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Preface    
 

 

 

This PhD thesis aims to develop reliable, affordable, robust biosensors with graphene 

electrodes fabricated by direct writing (inkjet printing and direct laser writing). 

The state-of-the-art studies carried out will be published as a review: 

Design and rapid prototyping of graphene-based electrodes fabricated by direct writing for 

electrochemical biosensing towards point-of-care testing. 

The experimental work performed conducted to three publications: 

Kudr, J.; Zhao, L.; Nguyen, E. P.; Arola, H.; Nevanen, T. K.; Adam, V.; Zitka, O.; Merkoçi, 

A. Inkjet-printed electrochemically reduced graphene oxide microelectrode as a platform for 

HT-2 mycotoxin immunoenzymatic biosensing. Biosens. Bioelectron. 2020, 156, 112109 

Zhao, L.; Rosati, G.; Piper, A; de Carvalho Castro, E. S. C.; Hu,L; Yang, Q.; Pelle; 

Álvarez, R, Merkoçi, A. Laser Reduced Graphene Oxide Electrode for Pathogenic Escherichia 

Coli Detection. ACS Appl. Mater. Interfaces, 2023, 15, 7, 9024–9033. 

Rosati, G.; Urban, M.; Zhao, L.; Yang, Q.; de Carvalho Castro, E. S. C.; Bonaldo, S.; 

Parolo, C.; Nguyen, E. P.; Ortega, G.; Fornasiero, P.; Merkoçi, A. A plug, print & play inkjet 

printing and impedance-based biosensing technology operating through a smartphone for 

clinical diagnostics. Biosens. Bioelectron. 2022, 196, 113737 

Besides, the author participated in several conferences, presenting his work: 

TNT2021 International Conference (Tirana-Albania, 04-08 October, 2021) – oral contribution 

31st Anniversary World Congress on Biosensors (online, 26-29 July 2021) – oral contribution 
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Abstract 

Environmental pollution, food contamination and pandemics (e.g., 

COVID-19), require reliable strategies for the early detection of 

analytes. The rapid diagnostic of diseases and contaminants, and the 

accurate and precise monitoring of their changes over time are of great 

importance. In this sense, electrochemical biosensors are of particular 

interest due to their low cost, high sensitivity, and ease of 

miniaturization. Graphene-based materials, with their unique 

properties such as high surface area and biocompatibility, have great 

potential for biosensing applications. However, the production of 

graphene electrodes is typically slow, expensive and inefficient. There 

is therefore a drive within the research community to develop low-cost, 

large-scale graphene fabrication methods. Moreover, the development 

of reliable, affordable, sensitive devices for real-world applications has 

yet to find broad success. This thesis addresses the aforementioned 

issues about graphene electrodes, proposing a maskless, non-contact, 

low-cost graphene electrode fabrication method, i.e., the direct writing 

(inkjet printing and direct laser scribing), allowing for the 

miniaturization of the electrode and sensing platform. 

Initially, the researcher approached the limits of inkjet printing by 

fabricating reduced graphene oxide microelectrodes after a 

comparative study between commercial and research-grade inkjet 

printers. Using the research-grade inkjet printer, 78 μm wide graphene 
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microwires were printed and functionalized for the detection of HT-2 

mycotoxin. A low LOD of 1.6 ng/mL and a linear dynamic range of 

6.3-100 ng/mL were achieved with the sensing system. 

Then, reduced graphene oxide electrodes were fabricated on large scale 

and at low cost by direct laser scribing combined with inkjet printing 

and a stamp transfer process. Based on such electrodes, biosensors were 

developed for the detection of Escherichia coli with a wide dynamic 

range (917 - 2.1×107 CFU/mL) and a low LOD (283 CFU/mL). The 

assay was validated in spiked artificial urine, and the sensor was 

integrated into a portable wireless system driven and measured by a 

smartphone. 

These works demonstrated the potential of biosensors based on the 

direct-written graphene electrodes for real-world, point-of-care 

applications and could be modified for other bacteria or biomarker 

detection by replacing appropriate bioreceptors. 

 

Keywords graphene, electrode fabrication, electrochemical biosensor, 

inkjet printing, direct laser writing, point-of-care testing  
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This thesis is divided into four chapters. A brief explanation of each chapter is given below: 
Chapter 1. Introduction. This chapter provides an introduction to the main topics of the thesis 

and covers the basic theories and state-of-the-art related to them. It begins with the motivation 

and objectives of the thesis and then moves on to introduce biosensors, with a specific emphasis 

on electrochemical biosensors. The discussion covers electrochemical cells and techniques, as 

well as point-of-care testing. Following this, the chapter describes graphene-based materials, 

including their properties, production, characterization, and advantages for electrochemical 

biosensing. Rapid prototyping of graphene electrodes is also discussed, with a focus on simple, 

efficient, and maskless direct writing methods e.g., inkjet printing and laser scribing strategies, 

along with their working mechanisms and critical parameters. Finally, the chapter concludes 

with a discussion of biosensing applications of graphene electrodes and the challenges 

associated with them. (Figure 1) 

 

Figure 1 (a) Illustration of the working mechanism of electrochemical biosensors. (b) 

Representative chemical structures of typical graphene-based materials. (c) Direct writing of 

graphene electrode and its biosensing applications. 

Chapter 2. Inkjet-printed electrochemically reduced graphene oxide microelectrode for 

HT-2 detection. In this section, a water-based graphene oxide ink was formulated to fabricate 

rGO microelectrodes and demonstrate their biosensing ability. The performance of both 

consumer and research-grade inkjet printers was evaluated to choose the appropriate printer for 

this purpose. A three-electrode system was constructed with a GO micropattern printed with 

the research grade printer on plastic as the working electrode, screen-printed carbon and 

Ag/AgCl as the counter and reference electrodes, respectively. After optimizing the GO 

reduction parameters, electrochemically reduced graphene oxide (ERGO) microelectrodes 
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were produced. An enzymatic immunosensor was constructed based on the as-prepared 

electrode for the detection of HT-2 mycotoxin, with detailed optimization of the biosensor. The 

LOD of the biosensor was 1.6 ng/mL, and a linear dynamic range between 6.3 and 100 ng/mL 

was obtained. The proposed biosensor achieved biologically relevant analytical parameters and 

satisfactory recovery in a biological matrix, indicating its potential for real-life applications. 

(Figure 2) 

 

Figure 2 (a) Scheme of ERGO microelectrode fabrication process. (b) Optical microscope 

image of the printed GO microelectrode. (c) Illustration of the sensing platform for HT-2 toxin 

detection and (d) the obtained calibration curve.  

Chapter 3 Laser reduced graphene oxide electrode for E. coli detection. This chapter 

presents a novel approach for the large-scale, low-cost fabrication of reduced graphene oxide 

electrodes using direct writing techniques (laser scribing and inkjet printing) combined with a 

stamp-transferring method. In this process, graphene oxide is reduced and patterned 

simultaneously with a laser before being press-stamped onto polyester sheets. The transferred 

electrodes were characterized using SEM, XPS, Raman, and electrochemical methods. The 

functionalized electrodes were used to develop an electrochemical biosensor for the detection 

of Escherichia coli, which exhibited a wide dynamic range (917-2.1×107 CFU/mL) and a low 

limit of detection (283 CFU/mL) using only 5 μL of the sample. The biosensor was also 
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validated in spiked artificial urine and integrated into a portable smartphone-based wireless 

system. Such biosensors have the potential to be used for real-world, point-of-care applications, 

and can potentially detect other pathogenic bacteria by changing the bioreceptors. (Figure 3)  

 

Figure 3 Illustration of the sensor fabrication procedure and the E. coli detection process. 

Chapter 4. Conclusions and perspectives. Based on the motivation of the thesis and the 

results obtained in Chapters 2 and 3, this chapter summarizes the achievements of the thesis 

and identifies possible areas for improvement. The study shows that the consumer inkjet printer 

is an affordable and fast option for printing, but it is not as accurate and reliable as the research-

grade printer, which is qualified for ink patterning with precision and resolution in the tens of 

micrometer scale. Direct writing has proven to be a powerful tool for producing simple, 

scalable, and low-cost graphene electrodes, and biosensors based on these electrodes show 

great promise for sensing towards point-of-care applications. 

To further improve the fabrication of sensors, multichannel printing with consumer printers 

could be explored as an area of interest. The development of graphene microelectrode arrays 

by direct writing on various substrates would be promising for multiplex sensing and could 

help address the challenges faced in different sensing scenarios. Overall, the thesis presents a 

significant contribution to the development of low-cost and efficient graphene-based 

biosensors for point-of-care applications, with potential for further advancements in the field. 
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1.1 Motivation and objectives 

Global issues, such as mycotoxin contamination and bacterial infections, pose serious threats 

to human health. Therefore, reliable strategies for timely and accurate hazard monitoring are 

necessary. Chromatography, mass spectrometry, spectroscopy, polymerase chain reaction, 

enzyme linked immunosorbent assay, and sample culture are well-established techniques for 

this purpose, but they have limitations such as long operational times, laborious procedures, 

and the need for highly trained personnel and sophisticated instruments, hindering their utility 

for rapid, low-cost, and on-field detection[1-3]. 

Electrochemical biosensors have proven to be an excellent alternative due to their low cost, 

high sensitivity, and ease of miniaturization[4]. The tunable electrical conductivity, high 

surface area, versatile functionality, and biocompatibility make graphene-based materials show 

great potential for developing sensitive electrochemical sensors[5]. However, the fabrication 

of graphene electrodes remains slow, expensive, and inefficient. It is still a challenge to develop 

affordable, user-friendly, rapid, and robust devices that can be delivered to end-users for real-

world applications. 

Maskless, non-contact direct writing methods, such as inkjet printing and direct laser writing, 

offer a promising solution for rapid prototyping of devices and could lead to the development 

of smaller, faster, and more efficient sensors[5-7]. To address the aforementioned issue, this 

thesis will employ direct writing methods for the simple, low-cost, large-scale fabrication of 

graphene electrodes and further development of electrochemical sensors that can be applied for 

practical use towards the point-of-care level. 

The research will begin with an investigation of state-of-the-art graphene-based 

electrochemical biosensing platforms, focusing on electrode development and optimization, as 

well as advancements in applications. To address the need for portable, wearable, or point-of-

care electrochemical sensing platforms where miniaturized electrodes/devices are essential, 

graphene microelectrodes will be fabricated by inkjet printing. The research will first explore 

and compare the performances of research- and consumer-grade inkjet printers for electrode 

production. Then, a stable, well-printable, and easy-to-cure ink suitable will be formulated for 

printing graphene microelectrodes with the proper printer. The microelectrodes will be used for 

the sensitive monitoring of mycotoxin by creating an enzymatic electrochemical immunosensor. 

Finally, the research will optimize and validate the sensor in buffer and biological matrix for 

HT2 mycotoxin detection. 
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The challenges will also be addressed by direct laser writing of graphene electrodes to develop 

a complete electrochemical biosensing platform for the detection of bacteria. The research will 

fabricate graphene electrodes by direct laser writing and a stamp-transferring process, 

characterize the electrodes in detail using different techniques, and verify the electrodes' 

efficacy in bacterial detection in buffer and artificial urine. Finally, the sensor will be integrated 

with a wireless system controlled by a smartphone for sensing towards the point-of-care. 

Overall, the proposed research will have the potential to make a significant contribution to the 

field of graphene electrode production and its biosensing applications, and could have a 

positive impact on global health by enabling rapid and accurate detection of hazardous 

contaminants. 

1.2 Theoretical backgrounds  

1.2.1 Biosensors  

1.2.1.1 Definition & application & market 

"Biosensor" was defined by the International Union of Pure Appl. Chem. (IUPAC) [8], as “a 

device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, 

tissues, organelles or whole cells to detect chemical compounds usually by electrical, thermal 

or optical signals”. In the detection process, biosensors utilize a bioreceptor to recognize and 

bind to the analyte, leading to physiological changes or the presence of chemicals/biological 

materials. These changes are then recorded by a transducer and converted into measurable 

signals, providing qualitative and/or quantitative information about the analyte. 

Biosensors have numerous applications in fields such as disease diagnostics, environmental 

monitoring, food control, forensics, and medical research. They are recognized as a rising trend 

in the scientific and technical communities, as evidenced by the projected market growth from 

approximately $25.5 billion in 2021 to $36.7 billion by 2026 [9]. This growth is driven by the 

impressive developments of cutting-edge technologies and paradigms, such as nanotechnology, 

artificial intelligence, and the internet of things, as well as the pressing need for diagnostic tools 

that can be used at the bedside or near the patient [9]. The recent COVID-19 pandemic has 

further emphasized this need and the urgency to expand access to biosensors around the world.  

1.2.1.2 Biosensor evaluation  

There are several criteria used to evaluate the performance of biosensors, including selectivity, 
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reproducibility, stability, detection range, and limit of detection [10-14]. These parameters are 

primarily related to the mechanism of detection of the sensor, the stability and affinity of the 

bioreceptor to the target molecule, i.e., the analyte, and the efficiency of the transducer.  

Selectivity refers to the ability of the biosensor to distinguish the target analyte from other 

similar substances, and it is determined by the specificity of the bioreceptors (e.g., enzyme 

towards the substrate, antibody towards the antigen and aptamer towards the respective target). 

Practically the selectivity is evaluated by testing the sensor in complex media, with a known 

concentration of the target molecule.  

Reproducibility reflects the consistency of the data obtained from the biosensor under the same 

protocol and tested under the same conditions (such as the same analyte, reagents, equipment, 

and instruments), and it can be evaluated by the standard deviations (SDs) of at least triplicate 

tests of multiple concentrations (at least three) of the analyte from the calibration curve [15]. 

The reproducibility can be also evaluated based on both the intra-batch variations, i.e. the 

variability of sensors produced in the same batch, and the inter-batch variations, i.e., the signal 

variations between sensors from different batches. Ideally, both these variations should be as 

small as possible, but in practice, they depend on many factors.  

Stability is important to estimate, especially for the sensors involved in multiple incubating 

steps and continuous measurements, and it is related to the structure of the biosensor, 

biorecognition element, and transducer. The operational (using) stability reflects the sensor’s 

susceptibility to ambient disturbances in and around the biosensing system[11, 15]. It is related 

to the structure of the biosensor, biorecognition element, transducer and the operational 

atmosphere; analyte concentration, temperature, pH, buffer solution, sample matrix 

composition, etc. need to be evaluated to obtain a stable sensing response [16]. The storage 

(shelf) stability shows the usability of a sensor after a period of storage. It is determined by the 

response deviations of the sensor tested under identical conditions after being stored in a 

specific atmosphere (usually 4 °C or ambient conditions) for different periods[16].  

A very important tool to evaluate the characteristics of a biosensor is the calibration curve, 

presenting the relationship between the biosensor's signal output and the target analyte 

concentration. The curve is typically fitted with a linear equation but more complicated 

equations can be considered [17-20]; a fit is considered “good” if the corresponding R-square 

(R2) value is higher than 0.99. The detection range (dynamic range) of the biosensor is defined 

as the range of analyte concentrations giving the 10% ~90% of the maximum signal response 
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in the calibration curve [21, 22]. Ideally, the biosensor should show a linear range in its 

calibration curve, where the output signal is proportional to the analyte concentration. In that 

case, the sensitivity of the biosensor is defined as the slope of its linear fit in the detection range.  

Besides, qualified biosensors should have a limit of detection (LOD) in (or below) the clinical 

range of the interested analyte. The LOD is the lowest concentration which can be detected by 

the sensor. A standard method is to measure the signal response of the biosensor to a series of 

decreasing analyte concentrations until the signal falls below the noise level, and then the LOD 

is calculated as the analyte concentration corresponding to the SNR threshold, which is 

typically 3:1. It can also be obtained generally, by substituting, the sum of the mean value of 

the blank (at least twenty) and its three-time SD (blank+3SD), into the calibration curve[20, 

21]. It is important to note that the LOD is not always equivalent to the biosensor's lowest 

detectable concentration, as the LOD is influenced by various factors such as the signal stability 

and reproducibility, which can affect the biosensor's sensitivity and accuracy [20, 23-25].  

1.2.1.3 Clarification based on the bioreceptors 

Based on the bioreceptor types, biosensors can be categorized into three groups: (i) biocatalytic 

biosensors, typically employing enzymes (enzymatic biosensors); (ii) affinity biosensors using 

antibodies (immunosensors), nucleic acids (DNA, RNA), or aptamers; (iii) whole-cell 

biosensors, employing microorganisms as bioreceptors. 

1.2.1.3.1 Enzymatic sensor  

An enzymatic sensor uses an enzyme that specifically catalyzes the reaction of a relative 

substrate as a receptor to identify and quantify targets. Enzymes serve as both recognition and 

amplification elements, so the sensor's performance depends highly on the activity, sensitivity, 

and affinity of the enzyme towards the target analyte. The concentration of the analyte can be 

determined by the amount of product(s) from the biocatalytic reaction or by the 

inhibition/promotion of the enzyme's catalytic activity if the analyte affects the performance of 

the enzyme.  

The immobilization of enzymes plays an important role in biosensor fabrication as it may 

change the enzyme's behaviors, such as stability and catalytic properties. Various approaches 

have been applied, including physical encapsulation, chemical encapsulation (embedding the 

enzyme in the polymer matrix during the polymerization process), electrostatic absorption, 

covalent anchoring, and bio-specific interaction (e.g., biotin–avidin complex) [26]. Numerous 
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enzymes, including glutamate oxidase, tyrosinase, nitrate reductase, polyphenol oxidase, 

sulphite oxidase, glutamate dehydrogenase, and alkaline phosphatase, have been used for the 

detection of many analytes [19]. Note that some elements may reduce enzyme activity, such as 

immobilization strategies, working solvents, and toxic compounds present in the sample. 

Furthermore, components in the sample may interfere with the enzyme, generating false 

positives. Additionally, enzyme sensitivity is highly related to its structure, which puts a heavy 

burden on improving sensitivity, stability, and adaptability[27].  

 

Figure 1.1 Antibody structure. The basic structure of an antibody (shaded area) and different 

isotypes of antibodies (surrounding area). VH –heavy chain variable domain, VL- light chain 

variable domain, CH – heavy chain constant domain, CL – light chain constant domain. 

Adapted from [28]. 

1.2.1.3.2 Immunosensor  

Immunosensors rely on the specific molecular recognition between antigens and antibodies. 

During the sensing process, the immune recognition is recorded and converted to a measurable 

signal (optical, electrochemical, or mass change) by a transducer. 

Antibodies, also known as immunoglobulins (Ig), are produced by B-cells as the primary 
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immune defense against antigens, which are anything that the immune system identifies as 

foreign. Antibodies consist of one or more copies of Y-shaped units formed by four polypeptide 

chains, with a molecular weight of approximately 150 kDa (Figure 1.1) [29, 30]. The four 

chains consist of two identical heavy chains (H) and two identical light chains (L), with 

different sequences and lengths (heavy chain contains more amino acids). The variable part 

(V), known as the fragment antigen-binding region, F(ab), can bond specifically to an antigen 

through noncovalent interactions, such as Van Der Waals forces, hydrogen bonds, and 

electrostatic forces, based on its shape and size. A constant region (C) forms the "legs" of an 

antibody, called the fragment crystallizable region (Fc). In biosensor fabrication, the Fc is 

frequently functionalized, for example, with a thiol group to form a self-assembling layer or 

with enzymes for signal transformation and/or amplification. In mammals, based on the Y unit 

number and arrangement order, antibodies are divided into five isotypes: IgG, IgM, IgA, IgD, 

and IgE (Figure 1.1)[30]; the Fc region is identical in all antibodies of the same isotype but 

varies in different isotypes. Note that antibody fragments (Fab) often show reduced nonspecific 

binding and steric hindrance compared to full-sized antibodies and have demonstrated success 

in electrochemical sensing [31]. 

Antibodies can be classified, based on the species number of the producing B cell, as polyclonal 

and monoclonal antibodies [30, 32, 33]. A monoclonal antibody is produced by a single clone 

of B cells via hybridoma technology and binds with an exclusive epitope (a specific part of an 

antigen recognizable by the antibody), while polyclonal antibodies are a pool of antibodies 

from different clones of B cells, and can bind to several epitopes from the same antigen. Thus, 

a kind of polyclonal antibody could be considered a mixture of monoclonal antibodies against 

the same antigen. The properties of monoclonal and polyclonal antibodies are listed in Table 

1.1 (it is a general comparison, and depends on each case). 

In general, polyclonal antibodies have multiple epitope-binding sites that enable robust, quick, 

and highly sensitive target detection. However, their affinity towards the antigen can vary when 

produced in different animals or even in the same animals at different times. Affinity 

purification of the serum is essential to reduce cross-reactivity between different antibodies. 

By contrast, monoclonal antibodies display identical production and much less cross-reactivity, 

resulting in highly reproducible and selective sensing results. However, they may lose their 

binding capability against antigens when encountering even minor changes, such as 

denaturation, polymorphism, or conformational changes.  
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Table 1.1 Characteristic comparison of monoclonal and polyclonal antibodies.  

Property Monoclonal Antibodies Polyclonal Antibodies 

Source Single clone of B cells Multiple clones of B cells 

Specificity 
Recognize a single 

epitope 
Recognize multiple epitopes 

Homogeneity Homogeneous Heterogeneous 

Reproducibility Highly reproducible Less reproducible 

Cost High Low 

Production time Longer Shorter 

Storage condition Restrict 
Tolerant to ph or buff 

changes 

Tolerance to the antigen 

variation 
Low High 

Cross-reactivity Low High 

 

1.2.1.3.3 Aptasensor  

Aptasensor applies aptamer as the bio-recognizing element which may bind to nearly any type 

of target specifically by complementary shape [34], and are becoming a strong competitor 

against immunosensor. Aptamers are short oligonucleotides (RNA or single-stranded DNA) 

with 30–40 nucleobases and can be synthesized in vitro without animal or cell cultures [35]. 

The structural and functional stability endow aptamers’ tolerance over a wide range of 

temperatures and storage conditions. They can be mass-produced from oligonucleotide 

libraries, by SELEX (Systematic Evolution of Ligands by Exponential enrichment) [36], and 

exhibit much low cost than antibodies.  

Aptamer has high batch-to-batch reproducibility, and shows high affinity, comparable with 

antibody-antigen interaction, to its target, but the binding activity is easily influenced by the 

operation atmospheres (e.g., ionic strength, interfering molecules)[34].  
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1.2.1.3.4 DNA biosensors  

DNA biosensors employ DNA hybridization events to detect a wide range of targets. Hydrogen 

bonds between DNA base pairs[37] play a crucial role in the recognition of target DNA by the 

probe (single-stranded DNA with 20–40 base pairs), which is complementary to the target. To 

ensure high reactivity and prevent non-specific binding/adsorption events, careful control of 

probe immobilization is essential. Similar to aptamer sensors, the hybridization conditions, 

such as ionic strength, temperature, and time, can significantly affect the sensitivity and 

selectivity of DNA biosensors. 

1.2.1.3.5 Whole-cell-based biosensors  

Whole-cell-based biosensors use microorganisms (such as bacteria, fungi, algae, protozoa, and 

viruses) as biorecognition elements to monitor target species. These targets induce variations 

in the metabolic processes of the cells, which can be recorded by the transducer and result in 

signal changes proportional to the concentration of the analytes. For further details, please refer 

to the references [38-40]. 

1.2.1.4 Clarification based on the transducing methods 

Biosensors can be categorized based on their transducer as (will be discussed in detail in section 

1.2.2), thermal, and gravimetric biosensors [41]. Optical biosensors measure optical signals 

correlated with the concentrations of the analytes. Paper-based lateral flow assays, e.g., a 

pregnancy test strip or Covid-19 antigen test strip, are examples of colorimetric-based optical 

biosensors that have been widely used in our daily life. Enzyme linked immunosorbent assay 

(ELISA), fluorescent biosensors, chemiluminescence biosensors and surface plasmon 

resonance (SPR) biosensors are among the most used optical sensors. Fluorescent biosensors 

[42] display the quantity of the analyte by measurement of the fluorescence signal generated 

by the transducer (fluorophores). Chemiluminescence biosensors [43] detect the emitting light 

induced by chemical reactions. Surface plasmon resonance biosensors [44] record the change 

in the refractive index of a polarized light caused by the binding of an analyte to the bioreceptor 

immobilized onto a metal surface (usually gold).  

ELISA is a plate-based technique used to detect a target using an enzyme-labelled antibody as 

the bioreceptor in which the enzyme works as a signal amplifier. The typical model has a 

sandwich structure, as shown in Figure 1.2: capture antibody binds to the ELISA plate by 

physical absorbing; it selectively captures the target via immune recognition; an enzyme 
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conjugated with the detection antibody (the same or different from the capture antibody) 

catalases a colorless substrate into a colored product; the concentration of the target is 

determined based the color intensity of the resulting product[45]. ELISA has been widely used 

as a ‘gold standard’ method for quantifying analysis in disease diagnostics, drug screening, 

food safety, and environmental monitoring, due to its high specificity, sensitivity and 

reproducibility [46]. However, it suffers from long operational time (from hours to even days), 

large sample volumes requirement (100–200 μL), laborious procedures, highly trained 

personnel and sophisticated instruments, thus limiting its utility in rapid and low-cost 

detection[47].  

 

Figure 1.2 Illustration of typical ELISA with 3,3’,5,5’-tetramethylbenzidine (TMB) as substrate. 

Horseradish Peroxidase (HRP) catalyzes the generation of OH radicals from H2O2, and these 

radicals oxidize colorless TMB to blue-colored oxidized TMB (oxTMB). The reaction then is 

stopped by adding H2SO4, and the resulting mixture displays a yellow color, which can be 

quantified by a spectrophotometer.  

Gravimetric biosensors detect targets by the mass changes after material binding (usually with 

a quartz crystal microbalance). Thermal biosensors detect targets by recording the thermal 

phenomenon during biological reactions.  

1.2.2 Electrochemical biosensors  

Electrochemical biosensors use electrochemical cells as transducers to convert biological 

interaction events such as enzyme catalytic reactions, antibody-antigen binding, aptamer/DNA 

recognition, and microbe metabolism into electrochemical signals (current, voltage, and 

impedance). These signals can then be linked to qualitative and quantitative information about 

the target analytes (Figure 1.3). 

https://en.wikipedia.org/wiki/Medical_diagnosis
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Figure 1.3 Scheme of electrochemical biosensors. 

In 1962, Clark developed the first electrochemical biosensor for glucose monitoring in blood, 

in which the enzyme was immobilized on the electrode as a bioreceptor [48]. Since then, 

advancements in material science and manufacturing techniques such as printing technologies 

have provided numerous opportunities for the fabrication of robust, inexpensive, sensitive, and 

user-friendly electrochemical devices. These devices are leading among currently available 

sensors due to their low cost, high selectivity and sensitivity, ability to be miniaturize (hence 

analytical multiplexing), and availability of various measuring techniques. Electrochemical 

methods are surface techniques that do not rely on the detection solution volume significantly, 

so small sample volumes in microliters can be applied for measurements [49]. As a result, 

electrochemical biosensors have demonstrated great promise in healthcare, industrial analyses, 

environmental sensing, and agricultural monitoring. 

1.2.2.1 Electrochemical cell 

An electrochemical cell consists of typically three electrodes immersed inside the electrolyte 

solution, namely working, counter (or auxiliary) and reference electrodes (Figure 1.4). 

In an electrochemical sensor, electrochemical processes triggered by the target analytes take 

place at the electrode-solution interface and are monitored. The working electrode (WE) is the 

most important element in an electrochemical cell as it monitors the interfacial/reaction 

phenomenon of interest. The reference electrode (RE) provides a constant, reproducible, and 

stable half-cell potential in a wide variety of sample solutions and situations, and the potential 

of the working electrode can be observed or controlled with respect to the reference[50]. The 

counter electrode (CE) is responsible for establishing a closed loop of the electric circuit 
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between the WE and CE. 

For a reference electrode to work properly, it should be non-polarizable (no current passing 

through it), but when the current is negligible, it can be used as the CE at the same time[50]. 

Two-electrode systems[4, 51, 52] have been used in conductometry, capacitive measurements, 

and electrochemical impedance spectroscopy, especially in non-faradaic impedance cases. 

Additionally, a variety of commercially available glucose sensors usually have two electrodes, 

where the RE and CE are combined in one electrode made up of Ag/AgCl or an inert metal 

conductor[53]. 

 

Figure 1.4 Illustration of a typical three-electrode cell. 

To obtain reliable sensing results, proper design of the electrochemical cell, especially the 

electrodes, is crucial. The current between the WE and CE, which is related to the amount of 

analyte, is typically recorded after applying a potential perturbation between the WE and RE. 

while applying a potential also results in an ohmic potential drop (potential error) from the cell 

resistance, mainly the solution resistance, which can affect the accuracy of the target detection. 

To reduce this error, various strategies can be used, such as placing the RE as close as possible 

to the WE without creating a short circuit, or increasing the ionic strength of the solution to 

decrease its resistance. In a flow cell, the RE and CE should be positioned downstream of the 

WE to avoid disturbance from reaction products or leakage from the RE (e.g., silver and 

chloride ions from Ag/AgCl reference electrode). Current density is another crucial aspect to 

consider, as it shows the highest current density at the points closest to the CE, and a 

homogeneous electrode surface is preferable for obtaining reliable and reproducible responses. 

Additionally, to ensure consistency, the placement of all three electrodes with respect to each 

other and the cell must remain constant. 
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1.2.2.2 Working electrode 

 

Figure 1.5 Potential windows of different materials in various electrolyte solutions. ITO, 

indium tin oxide; FTO, fluorine-doped tin oxide; AZO, aluminum-doped zinc oxide; SS 304, 

stainless steel 304, GC, glassy carbon; HOPG, highly oriented pyrolytic graphite; Et4NOH, 

tetraethylammonium hydroxide; NaAc, sodium acetate; E(RHE) = 0.059pH. Adapted from ref 

(a, b) [54], (c) [26]. 

The choice of material for the electrode, especially the WE, should be based on the application 

requirements, taking into consideration whether the electrode can provide a reproducible 

response with a high signal-to-noise (S/N) ratio. To achieve reproducible results, the WE 

always requires pretreatment and/or polishing to clean or activate it [19]. This can involve 

mechanical polishing (such as for glassy carbon and gold rod electrodes), chemical, 

electrochemical (e.g., cyclic voltammetry scanning in H2SO4), or thermal treatments. Other 

factors to consider include cost, availability, toxicity, conductivity, configuration, surface 

morphology, mechanical stability, and potential window. The potential window, or 

electrochemical window, is the potential range where no faradic reactions occur, meaning that 

the electrode and electrolyte are stable in that range [55, 56]. Lai et al. described the background 

signals and potential window of Au, Pt, and glassy carbon electrodes in several biological 

buffers [56]. Figure 1.5 shows the potential window of commonly used electrodes in analytical 

electrochemistry. 
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1.2.2.2.1 Metal electrode 

Mercury electrodes, including the hanging mercury drop electrode (HMDE) and the mercury 

film electrode (MFE), are some of the earliest and most extensively investigated and applied 

standard electrodes. Gold (Au) and platinum (Pt) electrodes are the most commonly used due 

to their chemical inertness, wide anodic potential window, and satisfactory electron transfer 

kinetics. Au electrodes are more popular since they are more inert and can facilitate the self-

assembly of various ligands via strong thiol-Au interaction, which is essential for the 

development of some biosensors. However, Au and Pt electrodes have cathodic potential 

windows as high as -0.2 to -0.5 V due to low hydrogen overpotential, which is influenced by 

pH. Other metals, such as silver, copper, nickel, and alloys, have found applications in specific 

situations, such as ion detection. 

Metal electrodes are fabricated using various methods, including cutting from bulk blocks, 

physical vapor deposition coupled with lithography techniques, printing techniques such as 

screen printing and inkjet printing, and selective layer melting. The electrodes are embedded 

in or deposited on electrochemically insulating substrates such as Teflon, plastics, glass, and 

ceramics. 

1.2.2.2.2 Carbon electrode 

Carbon-based electrodes have become increasingly popular in the past two decades due to their 

low cost, low background signal, wide potential window, and chemical inertness[57]. Their 

lower conductivity compared to metals results in slower electron transfer rates. The defects and 

edge planes from the aromatic ring, which is the basic structure of almost all the carbon 

electrodes, hold the highest electrochemical activity (change transfer rate) [58]. Therefore, the 

electrochemical activity of carbon electrodes depends heavily on their production strategies 

and surface treatments, such as polishing or functionalization. 

The most commonly used carbon electrodes include the glassy carbon electrode and the carbon 

paste electrode. The glassy carbon electrode is made of thin, tangled ribbons of cross-linked 

graphite-like sheets obtained by thermal treatment of polymeric resin in an inert 

atmosphere[26]. This electrode displays excellent mechanical and electrical properties and 

reproducible electrochemical performance. The carbon paste electrode is obtained from 

thermal heating of a mixture of graphite powder and organic liquid binders. The electrode can 

be factionalized by simply mixing the desired materials (such as protein, enzyme and 

nanoparticle) with carbon paste under optimized conditions; such electrode can be very cheap 
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with excellent response, coupling with printing methods (e.g., screen printing, inkjet printing 

and flexography). 

Boron-doped diamond electrode (BDD) is usually produced by chemical vapor deposition. It 

exhibits high hardness, electronic features from semiconductive to semi-metallic, antifouling 

property, a wide potential window (approaching 3V, due to the high overpotential for oxygen, 

hydrogen and chlorine evolution), and very low and stable background currents (ca. 1/10 of 

that of a glassy carbon electrode with the same working area) [26]. Additionally, BDD 

electrodes can operate under extreme situations, e.g., surfactant enriched solution with high 

anodic potentials.  

Graphene-based electrodes have found intensive applications in electrochemical biosensing, 

which will be introduced in section 1.3 and section 1.4.  

1.2.2.2.3 Transparent ceramic electrode 

These electrodes include indium tin oxide (ITO), fluorine-doped tin oxide (FTO), niobium-

doped anatase TiO2 (NTO), and doped zinc oxide. They are highly transparent to some light, 

making them of great interest for electrochemiluminescence in electroanalysis [59]. 

Transparent electrodes also allow for in-situ inspection of target binding using optical 

microscopy and enable hybridization with optical-based analytical methods. 

1.2.2.2.4 Conductive polymer electrode  

The charge transfer properties and biocompatibility of conducting polymers, such as 

polypyrrole, polythiophene, polyaniline, and poly(3,4-ethylene dioxythiophene) polystyrene 

sulfonate (PEDOT: PSS), have made them widely used in electrochemical biosensing. By 

reducing or oxidizing the polymer, the conductivity of the electrode can be reversibly switched 

between a neutral (insulating) state and a positively charged conductive state, which can attract 

or expel negatively charged entities from and to the electrolyte solution[26]. This controllable 

electrical conductivity and the fast transfer of the doping ions, along with the benefits of 

molecularly imprinted polymers (MIP), make conductive polymer electrodes a promising 

platform for biosensing [60].Additionally, incorporating other nanomaterials, such as 

metal/oxide particles, carbon nanotubes, and graphene, can improve performance of the sensors 

based on conductive polymer electrodes (sensitivity, stability, and reproducibility). 

1.2.2.2.5 Porous electrode 

The surface morphology of the electrode has a great influence on its electrochemical 
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performance[61]. A porous electrode possesses a higher surface-to-volume ratio compared with 

a flat electrode, so it offers the possibility to immobilize more bioreceptors[62], and enables 

the mass transport of electroactive species within the electrode, increasing the rates of electron 

transfer reactions[63]. The crucial role that electrode porosity plays in the data explanation of 

cyclic voltammetry (CV) has been theoretically predicted [64]. It was verified by Punckt et al. 

and the authors also proposed an equation for the evaluation of porosity by electrode porosity 

factor P [65] 

𝑃𝑃 = 𝑘𝑘 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

 with 𝑘𝑘 = �ν 𝑚𝑚𝑚𝑚𝑚𝑚

�ν 𝑚𝑚𝑚𝑚𝑚𝑚
         (eq.1.1) 

where νmax and νmin are the maximum and minimum scan rates applied in the CVs, respectively; 

Imax and Imin are the corresponding peak currents. 

The same group further verified that even a small degree of porosity affects the apparent 

reaction kinetics [63]: compared with a flat electrode, porous electrode shows decreased peak-

to-peak separation and enhanced peak current in CV for quasi-reversible systems; it shows 

large peak shifts for irreversible redox reactions; these phenomena are due to the synergism of 

semi-infinity diffusion (like on a flat electrode) and a superposition of thin-film diffusion. 

Moreover, it has been proved that mass transport can increase with the optimization of electrode 

porosity [66]. In addition, the surface morphology can also affect the surface wettability of the 

electrode[67]. 

1.2.2.2.6 Microelectrodes 

As the demand for point-of-care and wearable electrochemical sensors continues to increase, 

there is a growing need for miniaturized analytical platforms that can perform accurate and 

reliable measurements in a portable and convenient format. Microelectrodes, hold great 

promise for this purpose. Ultramicroelectrodes (UMEs) are of particular interest, which have 

at least one dimension smaller than 25 μm [26, 68]; they can probe the local concentration on 

a microscale (e.g., secretions from a single cell [69]) and display the capability of sensing in 

microfluidic systems with microliter samples. Their merits come from several factors led by 

the small size effects: the small total current at an UME can result in a low ohmic potential 

drop, making them able to work in highly resistive solutions, such as milk. UMEs show radial 

diffusion processes in contrast to the semi-infinity-diffusion of normal macro-electrodes, 

resulting in much faster mass transport rates. The superfast mass transport can bring a steady-

state current swiftly after the potential step, which means a fast sensor response. For instance, 
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a stable current can be obtained within ~10 ms for a 1-μm-diameter disk electrode, while it 

takes 1.3 s for a 10-μm-diameter counterpart in chronoamperometry [26]. Moreover, electrodes 

with dimensions comparable to the target species have shown enhanced sensitivity [70, 71]. 

1.2.2.3 Counter electrode 

Often, the area of the CE is made much larger than that of the WE to ensure that the half-

reaction happening at the CE electrode can occur fast enough, thus having negligible 

interference with the reaction at the WE. The CE usually consists of electrochemically inert 

conducting materials, including Pt wire or plate, gold, carbon, and polymers. It could also be 

the same materials as that of the WE, which was already discussed above, thus not requiring 

further description here. 

1.2.2.4 Reference electrode 

The constant composition of a redox couple (e.g. Ag/AgCl) endows a reference electrode (RE) 

with a stable potential with minor temperature dependence. The half-cell potential of the RE 

should have a small drift of a few microvolts in the operational environment and time period 

[72]. In practice, it is difficult to build a perfect RE due to potential drift caused by varying 

liquid junction potential (phase boundary potential) and/or diffusion potential [26]. 

Preferably, a RE should be cheap, robust and easy to fabricate and use. Standard hydrogen 

electrode (SHE or normal hydrogen electrode, NHE, Pt/H2 (activity, a = l)/H+ (a = 1, aqueous)) 

have been utilized for potential calibration for other electrodes, since hydrogen's standard 

electrode potential is defined to be zero volts at any temperature [73]. While this reference 

electrode is rarely used in practical sensing scenarios due to its large size and operational 

difficulty. Another common RE is the saturated calomel electrode (SCE, Hg/Hg2Cl2/KCl 

(saturated in water)) with the potential of 0.242 V vs. NHE. Whilst such electrode is nearly 

discarded owing to the toxicity of the mercury. The silver-silver chloride electrode, 

Ag/AgCl/KCl (saturated in water) with a potential of 0.197 V vs. NHE, is currently the most 

commonly used RE owing to its low toxicity, high stability, and small temperature dependence.  

A well-conditioned Ag/AgCl reference usually consists of Ag wire coated with AgCl placed in 

a tube (typically glass), and the tube is filled with concentrated KCl solution (in several M 

scales). At the end of the tube presents micro/nanoporous frits made of glass, polymer (e.g., 

Teflon) or ceramic as a salt bridge to separate the reference solution from the sample solution. 

The AgCl layer can be obtained by (electro)chemical converting of Ag in HCl, FeCl3 or NaClO 
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solution [74]. However, such electrode is not suitable for measurement in small-volume 

samples due to the size limitation and possibility of sample contamination. To solve this 

problem and to meet the requirement of electrode miniaturization for point-of-care sensing, 

solid-state Ag/AgCl electrodes have emerged, also called pseudoreference electrodes. Inkjet 

printing [75] and screen printing [76] have been applied for this purpose, using silver salts 

(needs sequent reduction) or nanoparticle solution (a following chlorination process is needed 

to produce the AgCl layer) or Ag/AgCl composite as ink. Such references are highly useful for 

disposable devices owing to the low-cost, scalable production, and capability of dry storage. 

However, they suffer from the potential draft in the presence of trace bromide and sulfide, and 

from the possible damage of the AgCl layer [77]. This issue can be solved by solid contact RE, 

where the porous frits and inner solution for the traditional Ag/AgCl electrode are replaced 

with a polymer membrane containing KCl, as the “reference solution” and electrode protecting 

layer. The electrode can be produced by simple drop casting, screen printing and inkjet printing. 

Polymers including polyvinyl acetate and polyvinyl chloride and polyurethane and urea-

formaldehyde resin [72], polypropylene [78], photoresist [79] and polyvinyl butyral [80] have 

been reported for the electrode production. In the last example [80], the fully inkjet-printed RE 

showed great stability irrespective of pH and Cl- concentration. Ag/AgCl reference was 

demonstrated in which porous frit was replaced with a conductive wire to prevent ion leakage 

[81]. Note that although numerous efforts have been devoted to it, the electrochemical 

mechanism of all-solid-state REs is not fully understood, which requires trial-error methods to 

fabricate new REs [72, 82]. Besides, Ag/AgBr protected by PVC heterogeneous membranes 

[82], graphene oxide coated PEDOT: PSS [83], Ag [84], Pt [85], carbon [86, 87], and ionic 

liquid [74] have been applied as REs for certain applications. 

1.2.2.5 Electrochemical techniques  

Most electrochemical techniques are highly adaptable for biosensing and can be categorized 

into four main types: potentiometry, voltammetry, conductometry, and electrochemical 

impedance spectroscopy. In the following text, we will concentrate on the most commonly used 

techniques and those utilized in the research conducted within this thesis. 

1.2.2.5.1 Fundamentals 

1.2.2.5.1.1 Electrical Double Layer  

An electrical double layer (DL) generates when a solid surface (electrode) exposes to an 

electrolyte solution, where two layers of unlike charges (ions, particles and/or dipoles) appear 
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on the interface. In electrochemistry, at a given potential, the electrode is negatively (or 

positively) charged (qe), thus attracting a layer of cations (anions) by Coulomb force in the 

nearby solution (qs); to reach a neutral state, the sum of qe and qs has to be zero. As depicted in 

Figure 1.6 (take a negatively charged electrode as an example), the accumulation of electrons 

results in a negative charge on the electrode surface, in a thin layer (<0.1 A [50]), while the 

solution side is composed of multiple layers. The first layer consists solvent molecules and 

some cations specifically absorbed on the electrode surface, called the inner Helmholtz plane 

(IHP), defined by the locus of the absorbed ions; the second layer, called the outer Helmholtz 

plane (OHP), is defined by the locus of the solvated cations in the proximity to the IHP; the 

IHP and OHP form a compact layer strongly attached to the electrode surface; the third layer, 

is a three-dimensional area contains freely moving cations influenced by electric attraction and 

random thermal motion, named as diffusion layer; this layer ranges from the OHP to the bulk 

solution and is loosely associated with the compact layer.  

 

 Figure 1.6 Illustration of the electrical double layer. 

The electrical DL has been experimentally modelled as a capacitor with capacitance in the 

range of 10 to 40 μF/cm2 [50]. It can be considered as a combination of two parallel-plate 

capacitors in series; one contains two “plates”, namely the electrode surface and the compact 

layer (with the capacitance of Ch); the other is formed by the electrode surface and the diffusion 

layer (with the capacitance of Cd). Conversely, the total DL capacitance (Cdl) can be expressed 

by 

 1
𝐶𝐶𝑑𝑑𝑑𝑑

= 1
𝐶𝐶ℎ

+ 1
𝐶𝐶𝑑𝑑

              (eq.1.2) 

in which the concentration of electrolytes (ionic strength) influences Cd dramatically, while Ch 

is independent of that strongly. The ions arrange a confined charge layer in the diffusion layer 
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close to the electrode surface with highly concentrated electrolytes, leading to a thin diffusion 

layer, thus appears a large Cd value (based on the capacitance of a plate capacitor, C = -ε /4πd), 

so Cdl ≈ Ch; in contrast, the diffusion layer is quite thick with dilute solutions (it may be more 

than 10 nm in extreme case [26]), resulting in small Cd value, and thus Cdl ≈ Cd. When the 

potential applied on the electrode changes, the charging of the double layer takes place, 

generating a charging current, which causes background signals for potential scanning 

techniques.  

1.2.2.5.1.2 Mass transfer process 

The mass transfer process in a cell consists of convection, migration, and diffusion [50]. 

Convection arises from external mechanical forces, such as stirring of the solution, which can 

disrupt the concentration gradient and lead to inaccurate results. Migration is caused by the 

movement of charged particles (e.g., ions) along an electrical field. Diffusion results from the 

concentration gradient, moving from a high concentration area to a low one. When a redox 

process occurs, a concentration gradient appears near the electrode surface, and diffusion 

occurs. An increasing concentration gradient increases the diffusion rate, and it reaches a 

maximum when the reaction occurs so rapidly that the concentration of the reactant is almost 

zero on the electrode surface. Most electrochemical methods are based on the hypothesis that 

only diffusion is present for the mass transfer; thus, it is crucial to hinder or eliminate 

convection and migration[50]. In practice, the migration of interested electroactive species can 

be suppressed by increasing the solution conductivity via adding supporting electrolytes of 

much higher concentrations than the analyte species. To minimize convection, measurements 

can be performed in a static solution or with a rotating electrode to create a controlled and 

uniform flow. Additionally, the use of microelectrodes can also reduce the effects of convection 

by minimizing the volume of the solution being studied. 

1.2.2.5.1.3 Charge transfer process 

The interfacial potential of an electrode immersed in a solution remains constant under a static 

state, known as open circuit potential (OCP). OCP is the potential that reflects the 

thermodynamic equilibrium of a redox couple, such as O + ne- ⇌ R, where O represents the 

oxidized state, and R represents the reduced form. When an external potential is applied, which 

is high enough to drive the electrode towards a positive direction, the energy of the electrons 

decreases, leading to the generation of positive holes on the electrode surface. This, in turn, 

causes the electrons in the highest occupied molecular orbital (HOMO) of R to transfer into 
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the electrode, resulting in an oxidation current (also called anodic current, as shown in Figure 

1.7a). Similarly, a negative-driven potential increases the energy of the electrons within the 

electrode, leading to an electron transfer from the electrode to the lowest unoccupied molecular 

orbital (LUMO) of O, causing a reaction shift in the forward direction, generating a reduction 

current (also called cathodic current, as shown in Figure 1.7b). The electron transfer process 

between the species in the solution and the electrode is called a faradic process, and the anodic 

and cathodic currents are faradic currents. Plotting the current against the applied potential 

results in a current–potential plot, named a voltammogram. 

 

Figure 1.7 Representation of (a) oxidation and (b) reduction processes for O + ne- ⇌ R. HOMO, 

highest occupied molecular orbital of R; LUMO, lowest unoccupied molecular orbital of O. 

Reproduced from reference [50]. 

1.2.2.5.2 Potentiometry 

Potentiometry is a technique that measures the potential between the working and reference 

electrodes under zero-current conditions (at an open circuit) or with a fixed current. In the 

former case, a two-electrode system can be used with an ion-selective electrode (ISE) as the 

working electrode, taking advantage of the fact that a specific ion can cause a potential change 

in the ISE [26]. In other words, the potential change can reflect the concentration of the ion. 

ISEs are capable of detecting ions directly and the substances that produce corresponding ions. 
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1.2.2.5.3 Voltammetry 

Voltammetry, also known as controlled-potential methods, measures the currents generated 

when a perturbing potential is applied to the electrochemical cell. Different techniques, 

including cyclic voltammetry, pulse voltammetry (such as differential pulse voltammetry, 

square wave voltammetry, and staircase voltammetry), and chronoamperometry, have been 

widely used in biosensing. 

1.2.2.5.3.1 Cyclic voltammetry  

Cyclic voltammetry (CV) is the most widely used technique for gaining quantitative and 

qualitative information about an electrochemical process [50]. It is usually the first 

measurement executed to investigate the adsorption, thermodynamics, and kinetics of charge 

transfer, from a redox process taking place at the electrode surface.  

 
Figure 1.8. Cyclic voltammetry (CV). (a) The applied potential. (b) A typical CV curve. (c) 

Illustration of the corresponding concentrations of the reductant (O) near the electrode at 

different stages of the CV curve; n means the electron transfer number in the half-cell; adapted 

from Ref[88]). 
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In CV, a linear potential scanning is imposed between the working and the reference electrode 

in both forward and backward directions (Figure 1.8a), and the current flowing through the 

working electrode (and the counter electrode) is recorded as a function of the applied potential, 

resulting in a CV curve (known as cyclic voltammogram, Figure 1.8b). Still taking O + ne- ⇌ 

R as an example, for the reducing process: when the starting potential is much higher than the 

formal potential (E0, measured potential of the half-cell when the concentrations of oxidized 

and reduced species are equal in the unit of mol/L [50]) there is only non-faradaic current (the 

charging current of the double layer, stage → Figure 1.8c) flowing until the potential 

reaches a “threshold” (stage ), where O starts being reduced, generating faradic (cathodic) 

current. The current keeps increasing along with the potential going more negative (stage 

→). When the potential passes E°, the diffusion approaches its maximum, but the 

concentration of O keeps decreasing (depletion) and that of R keeps increasing, resulting in a 

current peak (Ipc, stage →). Then the reaction is dominated and limited by diffusion, and 

the current starts to decline due to the depletion effect (stage →). When the potential is 

well negative of the E° (at least 90/n mV beyond the oxidation peak [26], n means the electron 

transfer number in the half-cell), the potential is reversely scanned, resulting in a reduction 

peak. Note that the method applying a linear potential scan in one direction is named linear 

sweep voltammetry (LSV), meaning, CV is a combination of two LSVs in opposite directions.  

If the concentrations of the redox probe near the electrode reach thermodynamic equilibrium 

immediately after a potential change, in other words, the process has a super-fast electron 

transfer kinetics and it is only affected by the mass-transport, it is said to be a Nernst process 

(the charge transfer can be described by Nernst equation) or a reversible process. For a 

reversible process, the anodic and cathodic currents should be equal in absolute value. The 

peak-to-peak separation (ΔEp) reflects the electrochemical reversibility of a redox couple on a 

given electrode; ideally, a reversible process possesses a ΔEp of 59/n mV (n, means electron 

transfer number in the half-reaction), and in practice, ΔEp is always larger than 59/n; small ΔEp 

means high reversibility (quasi-reversible process) and large ΔEp represents an irreversible 

process. It is worth pointing out that the average of the peak potential indicates the formal 

potential of a half-reaction ((Epa+Epc)/2 =E0). Besides, the electrochemical reversibility can 

also be evaluated by heterogeneous electron transfer rate (k◦, for the same redox couple upon 

different electrodes, higher k◦ indicates a more reversible process) [89, 90]. 

In CV, the peak current can be calculated from the Randles-Sevcik equation for a reversible 

process [50]: 
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Ip = 2.69 ∙ 105 ∙ A ∙ D1/2 ∙ n3/2 ∙ ν1/2 ∙ C       (eq.1.3) 

where Ip is anodic (or cathodic) peak current in amp, A is the electrochemical surface area 

(ECSA, in cm2), D is the diffusion coefficient of reductant (or oxidant) in solution (cm2/s), n is 

the number of electrons transferred in the half-reaction, ν is potential scan rate (V/s) and C is 

the concentration of reductant (or, oxidant, mol/cm3). The diffusion coefficient of some 

commonly used redox spices have been listed in literature [91, 92], such as [Ru(NH3)6]3+/2+, D0 

= DR = 6.5×10-6 cm2/s ; [Fe(CN)6]4-/3-, D0 = 7.63 × 10-6 cm2/s, DR = 6.32 × 10-6 cm2/s; Fe2+/3+ 

D0 = DR =7.9 × 10-6 cm2/s; dopamine D0 = 6.0 × 10-6 cm2/s, where D0 and DR are the diffusion 

coefficients of oxidized and reduced forms of the redox couple.  

In reality, the peak current is measurable with a potentiostat by subtraction of the baseline 

(charging current for electric double layer caused by potential-scanning). Plot the peak current 

against the square root of the scan rates, for quasi-reversible process, it displays a linear 

relationship, indicating a semi-infinite linear diffusion (diffusion-controlled) process. On the 

contrary, a non-linear plot indicates an adsorption-controlled process. Based on the Randles-

Sevcik equation, the mass transport limited ECSA of an electrode can be obtained. Note that 

this value is just an estimation, since the equation is strictly applicable to smooth electrode 

surfaces with planar semi-infinite diffusion of the redox couple [89]. 

Another effective strategy to calculate the ECSA, especially for porous electrodes, has been 

reported [93], in which non-faradic CV is performed at different scan rates, and the following 

equations are involved: 

𝑗𝑗 = 𝐼𝐼
𝑆𝑆
       (eq.1.4) 

Cs = 𝑗𝑗/𝑣𝑣        (eq.1.5) 

ECSA = 𝑆𝑆 ∙ 𝐶𝐶𝑆𝑆/𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅             (eq.1.6) 

where S is the geometric surface area of the electrode (cm2); v is scan rate (V/s); I is current 

(μA); j is current density (μA/cm2); CRef is the area specific double layer capacitance of a flat 

surface made of the same material as the working electrode (μF/cm2). Plotting j with υ, a linear 

relationship was obtained, in which the slope is equal to the area-specific double layer 

capacitance (CS) of the electrode, and then ECSA is derived from eq.1.6. Besides, methodology 

to assess the porosity of thin nanoporous metal films have been demonstrated by Stanislaw et 

al[94]. 
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When using CV as a sensing strategy, the peak current and peak potential are related to a 

specific electrochemical mediator or target analyte for quantitative and qualitative detection, 

respectively. 

1.2.2.5.3.2 Pulse voltammetry  

Pulse voltammetry superimposes pulse potentials on the base scanning potential, to dimmish 

the influence of background signals (charging current).  

 

Figure 1.9 Differential pulse voltammetry (DPV); the applied potential scanning (c) is a 

combination of fixed amplitude pulses (a) and linear potential scanning (b); (d) a typical DPV 

curve. Chronoamperometry (CA); (e) the stepped potential input signal; (e) a typical CA curve. 

Differential-pulse voltammetry (DPV) is a much more sensitive technique than CV, can be 

applied for trace-level analyte detection, and the limit of detection reaches 10−8 M 

(approximately 1μg/L) [26]. In DPV, the potential is scanned with fixed amplitude pulses 

(Figure 1.9a) at a specific frequency (indicated by interval time) and superimposed on a linear 

scanned base potential (Figure 1.9b). Often the interval time, pulse amplitude (modulation 

amplitude) and pulse width (modulation time), are in the range of 0.5 to 4 s, 10 to 100 mV and 

~50 ms (Figure 1.9c)[50]. The current is sampled just before the pulse application and again at 

the end of the pulse, during which period the non-faradic current (charging current) decays 

rapidly (exponentially) to nearly zero, while the faradaic current decays much more slowly. 

Then the former current is subtracted from the latter, and thus the contribution of the charging 

current is effectively reduced, obtaining a differential-pulse voltammogram by plotting the 
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current difference (ΔI) against the applied potential. It displays a current peak (Figure 1.9d), 

the peak position (potential) identifies the analyte and the peak height is directly proportional 

to the concentration. 

1.2.2.5.3.3 Chronoamperometry 

In chronoamperometry (CA), the potential is stepped on a (or several) constant value to trigger 

a redox reaction, and the current is recorded and plotted against time. Experimentally the later 

part of the transient is focused on, when the redox current reaches a relatively stable state, and 

meanwhile, the charging current decays to a negligible value. The current is proportional to the 

concentration of corresponding electroactive specie. (Figure 1.9 e, f). CA is intensively applied 

within biosensing, especially for enzymatic sensors, due to its simplicity and high signal-to-

noise ratio (originated from the diminishment of background signal). 

1.2.2.5.4 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a powerful sensing technique due to the 

capability of monitoring the faradic process and the mass transfer process on the electrode 

surface at high and low frequency potential sweeping, respectively. This is achieved by 

applying a sinusoidal potential perturbation with an amplitude typically of 2 - 10 mV [50] to 

the cell and measuring the current response. The applied potential and resulting current 

response are considered as two separated phasors rotated with the same speed ω (ω=2πf, f is 

the frequency in Hz), and often they are not in phase, with an angle, ф (Figure 1.10a). 

Impedance is generalized resistance obeying Ohm’s law, in the format of complex number, 

with value expressed as Z (or |Z|), real part as Z′ and imaginary part as Z′′, in which |Z′| = 

Z·cosф, |Z′′| = Z·sinф. A pure resistor holds ф as zero, while a pure capacitor is π/2.  

Bode plot (Figure 1.10b) where the Z and ф are plotted against frequency (f), and Nyquist plot 

(Figure 1.10c) where Z′′ is plotted against Z′ at varied frequencies can visualize the 

characteristics of impedance. In EIS, the electrochemical process can be modelled to an 

Electronic Equivalent Circuit with electronic components (Figure 1.10d and e). Note that 

practically there are few cases the double-layer can be presented as a perfect plate capacitor, 

thus a constant phase element (CPE) is used for the equivalent circuit instead of a capacitor. 
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Figure 1.10 Electrochemical impedance spectroscopy (EIS). (a) The input sinusoidal potential 

scanning and output current response. (b) Bode plot. (c) Nyquist plot. Typical equivalent 

circuits of non-faradic (d) and faradic (e) impedance response. 

Impedimetric sensors can be classified as non-faradic (capacitive), and faradic impedance 

sensors. In non-faradic impedance mode, the measurement is done in absence of redox probes. 

The working electrode surface is fully covered by a dielectric layer (usually bioreceptors, e.g., 

a self-assemble-layer of thiol-ended aptamer on a gold electrode)[95], and the specific-binding 

event decreases the double-layer capacitance at the electrode-solution interface. The response 

can be visualized by a bode plot (Figure 1.10b), and the equivalent circuit (Figure 1.10d) is 

modeled often by a resistor in serial with a capacitor (more likely a constant phase element). 

Fixed-frequency measurements can be applied for non-faradic impedance, which are operated 

based on the identification of single or several frequencies in the most sensitive frequency 

range to the specific-binding event. The changes in impedance are associated with the 

concentrations of the target. In faradic impedance mode (with the presence of a redox prob), 

the impedance is monitored in a range of frequencies (typically 0.1-100 kHz). Nyquist plots 

are usually used to display the measured responses (Figure 1.10c). Randles-Ershler electronic 

equivalent circuit is particularly useful to model the electrochemical interface and the electron 

transfer reaction. As shown in Figure 1.10e, the circuit includes the resistance of the electrolyte 

solution, Rs, the double layer capacitance at the interface, Cdl (more likely a constant phase 

element), the charge transfer resistance, Rct, and the Warburg impedance, which indicates the 

diffusion-limited process of the redox prob, Zw. Usually, the change of Rct is proportional to 

the concentration of the analyte. If the electron transfer is super-fast, the diffusion contributes 

to the impedance mainly, thus the spectrum displays only the linear part. While it shows only 

a large semicircle in a slow charge transfer process, such as when large amounts of biomaterials 
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cover the electrode. Other electronic equivalent circuits can be found in references [52, 95, 96]. 

In EIS, not only square or disc-shaped, but also interdigitated electrodes (IDEs) have been 

applied [97]. IDEs are made of two comb-likes planar electrodes consisting of alternated 

“fingers” with close spacing. The dimensional geometry is a crucial factor since it highly 

affects the electronic field distribution and mass transfer between the fingers. It has been 

reported that when the size of the analyte matches the features (mainly width and spacing) of 

IDEs, the sensor showed better responses [71]. The fingers often are 1-10 mm in length and 1-

20 μm both in width and spacing. Micro-IDEs allow the miniaturization of the electrode, hence 

multiplex sensing; their advantages of microelectrode (call back section 1.2.2.2.6 

Microelectrodes) and the narrow electrode distance, endow low ohmic drop, high signal-to-

noise ratio, low response time and thus increased sensitivity.  

1.2.3 Electrochemical sensor towards point-of-care testing  

In 2022, the global point-of-care (POC) diagnostics market was estimated to be USD 43.2 

billion, and was predicted to be USD 72.0 billion by 2027 [98]. The huge increase of the market 

is due to the epidemics such as flu and COVID-19, and the strong demand for POC devices, 

especially the non-invasive ones. POC test [99-101] refers to rapid, inexpensive testing at the 

beside or near the patient with a variety of criteria set by the World Health Organization (WHO) 

with the acronym ASSURED [102] (affordable, sensitive, specific, user-friendly, rapid and 

robust, equipment-free and deliverable to the end-users). Those criteria were future extended 

and perfected with two extra criteria, namely R (real-time connectivity) and E (ease of 

specimen collection and environmental friendliness), with the acronym REASSURED [103].  

Electrochemical sensors express great promise for effective diagnostics, particularly in vitro 

diagnostics, towards laboratory-free POC testing, as guidance for disease and infection 

treatment, especially in developing areas, where access to traditional laboratory-based testing 

may be limited. [70, 104]. Smartphones have also emerged as an attractive option for POC 

testing due to their low cost, portability, and ease of use [105], and an important component for 

wireless diagnostic platforms integrated with mini-electrochemical workstations. It could work 

as a power supply, signal collector, data processor for the sensor through wired accessories 

(USB or audio-port-based connectors), or wireless peripherals (Bluetooth and near-field 

communication). Moreover, further integration with cloud computing, artificial intelligence, 

and machine learning, could provide dramatic convenience for POC detection. Microfluidics 

are microscale laminar fluid flows facilitating the heat and mass transport, and hold the merits 
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of stability (flow in an isolated space) portability, transparency and easy controllability for 

sample transmission, mixing or separation of a small volume (in microliter). Thus, the 

combination of electrochemical devices with microfluidics has shown promise for POC tests 

[106, 107]. Overall, the combination of electrochemical sensors, microfluidics, and 

smartphones has the potential to revolutionize POC testing and improve healthcare outcomes. 

1.3 Graphene-based materials 

Graphene is ideally a single carbon atom-thick sheet consisting of a hexagonal network with 

no defect sites. It was first reported in 1968[108], and then the term “graphene” was officially 

defined as “a single carbon layer of graphite structure, describing its nature by analogy to a 

polycyclic aromatic hydrocarbon of quasi-infinite size” by IUPAC in 1995[109]. It has been 

catching tremendous attention since the “rediscovering” by Novoselov et al[110, 111] in 2004, 

who received the Nobel Prize in Physics together with Andre Geim in 2010 for their 

groundbreaking experiments on graphene. Intensive efforts have been devoted to efficient, low-

cost, high-quality graphene production, and the extension of graphene’s application in physical, 

chemical, and biological fields. The graphene market was predicted to increase from <$100 

million in 2020 to exceed $1 billion by 2032 [112]. Nowadays, graphene is usually defined as 

the following categories[113-116]: neat graphene, namely a-few-layered graphene (including 

single-layer graphene) with minimal defects; functionalized graphene represented by graphene 

oxide (GO) and reduced graphene oxide (rGO); modified graphene (through the dimension and 

structure) such as graphene quantum dots, graphene ribbons, graphene nanosheets, doped 

graphene, fluoridated graphene and its derivatives etc.  

 

Figure 1.11 Representative structures of (a) graphene, (b) graphene oxide and (c) reduced 

graphene oxide. Adapted from ref [115]. 

1.3.1 Properties: what makes graphene good for biosensing? 

1.3.1.1 Neat graphene 
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The sp2-hybridized carbon atoms in neat graphene are connected with three rigid σ bonds, 

forming a basal plane, which endows graphene sheets great thermal conductivity (∼5000 

W·m−1·K−1) and mechanical properties (Young’s modulus, 0. 1 TPa, fracture strength of 130 

GPa) [115]; the perpendicular pz orbitals towards the basal plane, enable the total delocalization 

of the electrons alongside the whole sheet, forming a fully π conjugated 2D structure, giving 

graphene remarkable conductivity (200000 cm2·V-1·s-1) (Figure 1.11a) [117]. The thickness of 

∼0.35 nm, gives graphene a theoretical specific surface area as high as 2630 cm2·g-1 [118]. 

Besides, graphene has extraordinary optical properties with visible light absorption of 

approximately 2.3%[115]. These fantastic features award graphene advantages over other 

nanomaterials in the field of electronics, energy storage and sensors.  

Being a nanomaterial, graphene has a natural ability to absorb proteins. Additionally, the highly 

delocalized π orbital electrons make graphene negatively charged, which enables further 

binding of bioreceptors through electrostatic adsorption, π-π stacking, or electrophilic addition 

reactions. The high surface-to-volume ratio of graphene also facilitates a greater number of 

bonded bioreceptors. However, graphene's lack of dispersibility in most solvents except those 

with surface energy of∼40 mJ/m2[119], showing aggregation tendency caused by π-π stacking 

and van der Waals interactions; this makes it difficult to manipulate. Besides, the low defect 

density is a disadvantage of graphene from an electrochemical point of view, since electron 

transfer events happen much faster (~106 times in the case of catalytic process) at the defects 

or edge-like parts compared to basal planes[58].  

1.3.1.2 Graphene oxide 

Graphene oxide (GO)[120-122] is functionalized graphene with numerous oxygen-containing 

groups including hydroxyl, carbonyl, carboxyl and epoxy groups. The commonly accepted 

structure model is the Lerf-Klinowski model[123], as depicted in Figure 1.11b, the hydroxyl 

and epoxy groups are more likely present in the basal plane, while carboxyl and carbonyl 

groups tend to stay at the edge. GO retains the high surface area and flexibility of graphene, 

while the hydrophilic functional groups make it easy to manipulate and functionalize in 

aqueous solutions. However, the introduction of functional groups changes the carbon atoms 

from sp2 to sp3 hybridization, which disrupts the graphene lattice, making GO thermally 

insulating and electrically resistive. This poor conductivity leads to a suboptimal 

electrochemical interface for biosensing. Additionally, the functionalization changes the 

bandgap of graphene from zero to non-zero, resulting in an excellent fluorescence quenching 
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effect of GO. 

1.3.1.3 Reduced graphene oxide  

Reduced graphene oxide (rGO) is produced by removing some of the oxygen-containing 

groups from GO (Figure 1.11c), resulting in improved conductivity and stability with defect 

sites[124, 125]. This makes rGO suitable for use as transducer materials in electrochemical 

devices. Despite the removal of some oxygen functionalities, rGO still has a high surface area 

and the graphene basal plane can be used for the immobilization of biomaterials. Various 

interactions can be used for immobilization, such as covalent bonding, electrostatic bonding, 

hydrophilic/hydrophobic bonding, hydrogen bonding, π-π stacking, and van der Waals forces. 

1.3.1.4 Other graphene-based materials 

Graphene quantum dots (GQDs) [126] are layered (less than 10) graphene strips or dots with a 

lateral dimension of less than 30 nm, which possess fluorescent properties due to the edge 

effects and significant quantum confinement. The fascinating fluorescent properties and good 

biocompatibility enable promising applications in biological systems. 3D graphene in the 

format of aerogel, foam and hydrogel have been applied in the fields such as sensing, water 

decontamination and energy conversing/storing, due to its high porosity, low density and 

unique electrochemical performance[127].  

1.3.1.5 About bio- and environmental-friendliness 

It is important to note that the toxicity and biocompatibility of graphene-based materials are 

still under investigation, While some studies have reported excellent biocompatibility towards 

different bioreceptors, others have suggested that graphene-based nanomaterials may be 

cytotoxic and capable of penetrating cell membranes and interacting with cellular components, 

exhibiting antibacterial activity. The toxicological effects of graphene are dependent on various 

factors, including concentration, size, shape, dispersants, and surface functionalities. Moreover, 

the quantity of graphene nanomaterials being released into the ecosystem is currently unknown, 

and their accumulation in the aquatic environment may pose a potential threat to both the 

environment and human health. 

Whilst graphene-based materials have been reported to possess excellent biocompatibility 

toward different bioreceptors[128-130], the toxicity and biocompatibility towards different 

living organisms are still under debate, and more data is needed to fully understand their 

potential side effects[131-133]. Graphene-based nanomaterials are cytotoxic and can penetrate 
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the cell membranes and interact with cellular components, showing antibacterial activity[133, 

134]. The concentration, size, shape, dispersants and surface functionalities of graphene play a 

significant role in their toxicological effects [135, 136]. Moreover, the quantity of graphene 

nanomaterials being released into the ecosystem is currently unknown [137], and their 

accumulation in the aquatic environment may pose a potential threat to both the environment 

and human health. 

1.3.2 Graphene production and the influence towards its properties 

Various methods have been established to produce graphene with diverse properties. In general, 

the preparation strategies could be classified into two groups, namely top-down and bottom-

up. Top-down methods produce graphene from graphite, by overcoming the van de Waals 

forces between the graphitic layers through physical, chemical or electrochemical methods. 

While for bottom-up methods, small molecules are used as “blocks” to build graphene through 

catalytic, thermal or chemical ways. In the following text, the most used procedures will be 

introduced.  

1.3.2.1 Mechanical exfoliation 

The first work of graphene production through mechanical exfoliation of graphite is reported 

by Novoselov et el. in 2004[138]. The famous ‘adhesive tape method’ produces nearly defect-

free and smooth graphene, by continuously peeling off the highly oriented pyrolytic graphite 

(HOPG) layers attached to SiO2-coated Si, until a single layer of carbon network was obtained. 

The resulting graphene is of the highest quality and is sized up to 1 mm. The method is 

extremely simple and cost-effective; thus, it is still being used nowadays. However, the low 

reproducibility of the sheet size and edge properties, and the impossibility of scalable 

production, limit this mothed to fundamental lab research.  

1.3.2.2 Liquid phase exfoliation 

This method[114] obtains graphene sheets under ultrasonication with the presence of aiding 

regents, which can intercalate into and separate the graphite layers. The aiding regents are 

typically organic solvents with surface tensions of ∼40 mJ/m2[119] such as N-methyl-2-

pyrrolidone (NMP) [139] and N, N-dimethylformamide (DMF)[140]; or surfactants, e.g., 

hydroxide tetra-butyl ammonium (TBA)[141], sodium dodecyl benzenesulfonate (SDBS)[142], 

sodium cholate (SC)[143], and 1-pyrenecarboxylic acid (PCA)[144]. The mass-scale 

production of the method is quite appealing, but besides the poor reproducibility similar to 
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mechanical exfoliation, the residual aiding regents could affect the obtained graphene’s 

properties.  

1.3.2.3 Electrochemical exfoliation 

The strategy[116] forces negatively/positively charged ions from the solution entering into the 

graphitic layers by applying a potential between the graphite working electrode and typically a 

platinum counter electrode, thus gaining separated graphene sheets. This method can alter the 

exfoliation speed and layer numbers of graphene by changing the potential or current. The 

applied anodic potential may oxidize the graphene, introducing sp2 hybridized carbon into the 

graphene lattice. Since it is performed under ambient conditions, this method is environment-

friendly, but still suffers from uncontrollable sheets size and layer number distribution.  

1.3.2.4 Chemical vapour deposition 

Chemical vapor deposition (CVD), decomposes carbon-containing small organic gases/liquids 

under H2 or an inert atmosphere at ~1000 °C, forming graphene lattice onto transitional metals 

or their alloys along the crystal phase[116, 145]. Methane, ethylene, acetylene, hexane and 1-

butanol have been reported as precursors to produce single or few-layer graphene[114]. The 

metals such as Cu, Ni, Pt, and Pd were used not only as hosting substrates but also as catalysts 

for the deposition of graphene. The method is scalable for industrial fabrication, but holds the 

disadvantage of high-temperature requirements and the necessity of graphene transferring to a 

different surface, which usually needs multiple tedious steps.  

1.3.2.5 Chemical exfoliation 

Interestingly, GO has a much longer history than graphene. Lord Brodie discovered GO in 1859 

during the process of determining the atomic weight of carbon where nitric acid and potassium 

chlorate mixture was used to oxidize graphite[146]. In 1898[147], Staudenmaier improved the 

method by adding sulphuric acid to the mixture. In 1958, Hummers and Offeman [148] used 

potassium permanganate as the oxidant in the presence of sulphuric acid and sodium nitrate 

solution to avoid the formation of dangerous ClO2. The formed oxygen functionalities increase 

the graphitic layer distance, weaken the layer cohesion strength, and thus enable easy layer 

separation by ultrasonication or high-shear-force stirring [149]. Following this, Tour et al. 

(2010)[150] made the production more efficient by discarding sodium nitrate and increasing 

the amount of potassium permanganate.  

1.3.2.6 Reduction of GO 
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The reduction of GO to rGO can be realized in thermal, chemical, electrochemical and optical 

ways.  

Chemical reduction is the most widely applied method. A variety of reagents have been used, 

including hydrazine, FeCl2, sodium borohydride, lithium aluminum hydride, hydroquinone, 

hydroxylamine, and more eco-friendly L-ascorbic acid, saccharides, tea extract, wild carrot 

root, and even bacteria[151]. Thermal reduction treats GO at about 1000 °C, leading to the 

decomposition of oxygen groups into molecules such as CO2, CO, and H2O[152]. This strategy 

can lead to structural damage and more defects than GO. Electrochemical reduction produces 

rGO by applying a negative potential to GO solution or thin films[153]. It can be performed 

under ambient conditions without toxic or dangerous chemical agents and is easily controlled 

with simple instruments. Thermal, chemical, and electrochemical method is simple and easily 

scalable. Optical reduction eliminates oxygen functionalities on GO by light exposure with 

photothermal or photochemical effects[154]. Various light sources have been used [155-159] 

for reducing and patterning GO simultaneously, to obtain rGO with different properties and 

functionalities[160-163], via masks or direct laser writing setups. 

1.3.2.7 Epitaxial growth  

Epitaxial growth deposits mono or multilayer defect-free graphene along the crystal phase of 

the host substrates (Ni[164], BN[165]) with carbon-containing gases as precursors, or form 

graphene layer by the sublimation of silicon from SiC at high temperature under vacuum 

atmosphere[166, 167]. The extreme conditions and the high cost of substrates limit these 

methods to high-end applications. Besides, organic molecules have been used to synthesise 

graphene ribbons, nanosheets, and quantum dots[154, 168, 169].  

1.3.2.8 Laser-assisted production 

Laser CVD growth. A laser can be used to replace the thermal heating source in the CVD 

process to synthesize graphene sheets[170], nanoribbons[170] or nano-matrix 

heterostructure[171].  

Laser-assisted exfoliation. In this procedure, a high-energy laser beam illuminates highly 

oriented pyrolytic graphite (HOPG) continuously under a vacuum or inert gas atmosphere to 

produce monolayer or few-layer graphene flakes or films[172, 173]. Temperature control of 

the substrate can adjust the size and thickness of the graphene. When the laser irradiation of 

graphite happens in an aqueous medium, such as in nitrogen and water, graphene [174]or 
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graphene quantum dots[175] can be obtained. Laser ablation of graphite does not need 

stabilizers as in the liquid exfoliation process. It can produce graphene that can be suspended 

stably in water, since the thermal decomposition of water during the irradiation can introduce 

hydrophilic oxygen-containing groups onto the graphite flakes [176].  

Flash graphene was proposed in 2020 by Tour’s group as an eco-friendly, low-cost, mass-

scale graphene production method [177]. Various precursors, including coal, petroleum coke, 

biochar, carbon black, discarded food, rubber tires and mixed plastic waste were converted to 

the so-called flash graphene (FG) with both turbostratic and wrinkled flacks via a flash Joule 

heating process[178]. The carbon-enriched materials were placed in a ceramic tube with two 

refractory electrodes on both sides; a high electrical discharge was generated from a capacitor 

bank, leading to a high temperature of 2700 °C, thus transforming the precursors into gram-

scale graphene in less than one second. This approach produces graphene without using any 

solvents or reactive gases so it may be applicable for industrial purposes. For instance, FG was 

synthesized from plastic waste and only costs  ~ $125 in electricity per ton of plastic, proving 

a very affordable way to recycle and transform plastic into a more valuable material [179].  

1.3.2.9 Production method introduced property changes 

The production methods affect graphene’s properties significantly. In electrochemical 

exfoliation and surfactant-aided liquid exfoliation strategies, the ions migrating from the 

solvent into the graphite layers can prevent the flakes aggregation. Ionic intercalants and 

(electro)chemical oxidation, could introduce additional defects to the graphene crystals or lead 

to oxidation and lattice distortions; the oxidation sides could promote the dispersing of 

graphene and subsequent functionalization of the electrode; the defects and lattice distortion 

can improve electron transfer process, which is important for faradic electrochemical sensing. 

The surface compositions and density of defects of rGO depend highly on the type of GO 

precursor and the reduction process. For example, the heating speed, final temperature and 

treatment time in the thermal reduction process; the types of reductants and reaction conditions 

in the chemical reduction process; the applied potential and electrolyte solutions in the 

electrochemical reduction process; the light wavelength and intensity in the optical reduction 

process.  

1.3.3 Characterization techniques 

1.3.3.1 Scanning electron microscopy  
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Scanning electron microscope (SEM) is a versatile advanced instrument widely used for non-

destructive surface phenomena observation within the sample depth of hundreds of 

nanometers[180]. A focused accelerated electron beam is projected over the specimen scanning 

it in a raster pattern, and the high energy electrons (primary electrons) hit the sample surface 

and interact with its nucleus and electrons, emitting a variety of signals which are collected and 

processed to form an image. The secondary electrons and backscattered electrons reflect the 

morphology and topography of the specimen in the resolution of several nanometers, while the 

X-ray (photons) generated could be gathered for elemental analysis. It is worth mentioning that 

electron accumulation (overcharging) on the sample can lead to poor SEM image in case the 

sample is not conductive; to avoid this, the non-conductive samples need to be coated with a 

thin carbon, gold, or platinum layer.  

1.3.3.2 Atomic force microscopy 

Atomic force microscope (AFM) measures sample topography, based on the detection of the 

van der Waals interactions between a sharp tip (<10 nm) and sample surface at a narrow 

distance[181, 182]. It is used for the topographic characterization of various samples such as 

polymers, magnetic films, metals, glasses, semiconductors and even biomaterials since it does 

not require a conductive surface.  

Mechanical, frictional, electrical, magnetic, and elastic properties of graphene-based materials 

can be investigated with different modes of AFM. For instance, it is possible to evaluate the 

layer number of the sheets, since graphene-based sheets have thicknesses from 0.34 to 1.2 nm.  

1.3.3.3 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface qualitative /semi-quantitative analysis 

tool that can disclose materials’ internal structural information in the depth of several 

nanometers (top 20 atomic layers of a material) [183, 184]. When X-rays with certain energies 

reach the sample, the electrons are excited and ejected from the sample surface at certain kinetic 

energies, which are detected and analyzed sequentially to obtain elemental composition, nature 

of bonding and even interactions such as spin-orbit splitting of the sample.  

XPS is widely used for the determination of the oxidation grade of graphene by analyzing the 

C 1s and O 1s spectra [185]. The peak areas of C and O from the survey spectrum reflect the 

C/O atom ratio, which is in the range of 2-3 for GO, and could reach 40 for rGO[186-188]. The 

C 1s spectrum can be fitted with different components (C-C sp2, C-C sp3, C-OH, O-C-O, C=O, 
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COOH and π-π*, etc.), displaying the covalent bond percentages of the materials by integral 

areas. Besides, the π-π peak at ~ 290.5 eV can distinguish GO and rGO since it presents 

obviously in rGO while negligible in GO.  

1.3.3.4 Raman spectroscopy 

Raman spectroscopy is a fast, non-destructive, and high-resolution tool to identify mainly the 

vibrational modes of a molecular system (rotational and other low-frequency modes could be 

distinguished as well)[189-191]. Photons from the incident light (visible, near-infrared, or near-

ultraviolet) interact with the molecular vibrations quantitatively, resulting in scattered light 

with red or blue shifts. The wavelength shifts are collected in a perpendicular direction to the 

incident light, giving information about the vibrational modes of the sample.  

 

Figure 1.12 Raman spectrum of graphene-related materials. (a) 1D carbon wire, sp-sp2 carbon, 

amorphous carbon (a-C), graphite, graphene, single-walled carbon nanotubes (SWNT), C60, 

and diamond. (b) Graphite, 1-layer graphene (1LG), 3-layer graphene (3LG), disordered 

graphene, graphene oxide and nano graphene. Adapted from ref: (a)[192], (b)[193]. 

Raman spectroscopy has been used as one of the most fundamental techniques to investigate 

the properties of graphene-based materials, such as layer number, functional groups, orientation, 

quality of edges, doping and structure disorder, and to distinguish them from other carbon 

materials (Figure 1.12). Graphene-based materials typically consist of distinct bands at ∼1350 

cm−1 (D band), ∼1580 cm−1(G band) and ∼2700 cm−1 (2D band). The G band appears due to 

the in-plane vibration of C atoms in the graphene lattice (stretching and bending of C-C bonds). 
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The defects and structural disorder generate collective in-plane vibration of atoms towards and 

away from the center of the hexagonal lattice, thus leading to the presence of the D band. 

Noticeable that there must be a D’ band at ~ 1610 cm−1 when a strong D band presents. The 

peak intensity of both the D band and D’ band is proportional to the quantity of defects present. 

A high concentration of defects will give a broad D’ band; since close to the G band, it merges 

into the G band often. The peak intensity ratio between the D and G bands (ID/IG) is usually 

applied for graphene quality verification, and a lower value means fewer defects in the sp2 

hybridizing hexagonal network and vice versa.  

2D, D+G (also refers to D+D’), and 2D’ bands are weak Raman active bands at high 

wavenumber region (2500 cm−1<2D<D+G<2D’ ), related to the structural organization of 

graphene[194]. The 2D and 2D’ bands are the second order of D and D’ bands respectively, 

and the intensity of both 2D and 2D’ bands is contrariwise proportional to the number of defects 

since they are activated by two-phonon (with opposite momentums) assisted double resonant 

processes. The D+G band is only distinguishable when the concentration of defects is high. 

The intensity ratio between 2D and D + G (I2D/ID+G) bands, is a valuable parameter to determine 

the graphene’s quality as well, for example, high I2D/ID+G indicates less defective 

graphene[195]. Besides, I2D/IG[196-198] can determine the doping states, and it equals 2 when 

referred to defect-free single-layer graphene. Moreover, the 2D band displays the layer number 

and states of graphene (Figure 1.12b). Single-layer graphene shows a single Lorentzian peak 

with a full width at half maximum (FWHM) of ~30 cm-1. Adding successive layers of graphene 

causes the 2D band to split into several overlapping modes. Additionally, the mean domain size 

or inter-defect distance (La) of graphene could be evaluated by an empirical equation La (nm)= 

2. 4 · 10-10λ4(ID/IG)-1[199-201], λ is the excitation laser wavelength (nm).  

1.4 Rapid prototyping of graphene electrode by direct writing for 

electrochemical biosensing  

In recent years the market of sensors and point-of-care tests showed remarkable growth, 

making cost-effective, large-area, and high-yield biosensor production in intensive demand. In 

this sense, rapid prototyping of devices is empirically required before commercialization. 

Rapid prototyping refers to various techniques for medium-throughput fabrication of a physical 

part or for patterning advanced architectures using two-or three-dimensional computer-aided 

design (CAD) designs[202-205]. It enables quick final product modification within minutes by 
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direct adjustment of the CAD design, without changing the fabrication process.  

Direct writing (DW), also known as digital writing or digital printing, is one of the star 

techniques for device rapid prototyping and offered transformational changes towards the 

fabrication of smaller, faster and more efficient devices for daily use[6, 7, 206-208]. It is a 

group of maskless material deposition techniques for conformal patterning from nanometer to 

centimeter scale. A variety of materials could be processed, including metals, ceramics, 

dielectrics, polymers and even biomaterials. The resulting patterns have thicknesses ranging 

from less than one nanometer (single-layer 2D materials) to hundreds of micrometers. Due to 

its flexibility, scalability, dimension and material compatibility, DW has been exceptionally 

applied in numerous directions, expanding the boundaries of both materials and patterning 

fields.  

There are various DW systems for precise, digital deposition of materials from 1D to 3D, such 

as inkjet printing[6, 7, 209], aerosol jet printing [142, 210, 211], 3D printing [210, 212], laser 

writing[91, 213], flow-based writing [206, 214], tip-based writing[206, 215, 216], and energy 

beam (ions and electrons)-based writing[217-219]. Based on the scope of the thesis, this section 

discusses the usage of the most matured or widely used DW technologies, namely inkjet 

printing and direct laser writing, for graphene electrode production.  

1.4.1 Inkjet printing  

Inkjet printing has attracted enormous attention in the past decades. It allows the direct, 

controlled, maskless and contactless deposition of materials onto rigid, flexible, and even 

deformable substrates [222-225]. The procedure is easy, and fast, and does not need a clean 

room or any particular conditions, with less material waste compared with any other printing 

technique. The flexibility, scalability, and variability enable its wide applications for the 

development of printed electronics [7, 226, 227], sensors [228-230], miniaturized power 

sources [231], tissue engineering [232, 233], and drug delivery[234].  

1.4.1.1 History  

Lord Rayleigh built a fundamental theoretical base for inkjet printing during his study of the 

formation of water drops from a continuous jet at the end of the 19th century[235, 236]. 

Following this, continuous inkjet printers were invented for high-speed, volume-controllable 

drop deposition[237-239], and soon drop-on-demand inkjet devices appeared [240, 241]. Until 

now, inkjet printing has been employed as a feasible solution for the deposition of various 
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materials on different substrates, which was reflected by the incremental trend of publications 

and market; in 2022 inkjet printing holds a market of $ 86.8 billion globally, and is expected to 

reach $ 128.9 billion in 2027[242].  

 

Figure 1.13 Schematic illustration of inkjet printing. (a) Continuous mode and drop-on-

demand mode with (b) piezoelectric and (c) thermal printhead. (d) Rheological parameters 

and expected printability of inkjet inks. (e) The drop formation process with a perfectly round 

drop and a poor printing process with satellite drop formation. Adapted from ref: (a-c)[220], 

(d) [209], (e) [221]. 
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1.4.1.2 Working mechanism  

Inkjet printing can be classified generally into two groups, namely continuous inkjet printing 

(CIP) and drop-on-demand printing (DOD) (Figure 1.13a, b and c). CIP usually deposits 

droplets with a diameter of ~100 μm, which meets the resolution requirement of coding and 

marking applications in the industry; DOD printers jet fluids with drop diameter of 20-50 μm 

and are preliminarily applied in graphics and text printing [243]. In CIP[224, 244, 245], 

pressurized continuous ink flows are ejected through nozzles and break down into charged 

drops; then the drops go through an electric field and are deflected to intended places, 

generating a pattern on the substrates. The continuous mode leads to unnecessary drops being 

collected by a waste tank. Conversely, DOD printers [222-225] only jet droplets when/where 

needed, and is prominent for the small drop size and excellent placement accuracy. DOD 

printers contain a transducer for each nozzle, which applies pressure to the ink chamber and 

forces the ink droplets out of the nozzle. The transducer can be a piezoelectric crystal, which 

undergoes physical deformation, or a thermal heater, which generates air bubbles by Joule 

heating of the ink solvent [227, 243, 246], after receiving electrical signals. The ink solvents 

for thermal inkjet printers are usually water or short-chain alcohols since it has to be volatile 

to create proper air bubbles, while piezoelectric printers are compatible with a wider range of 

solvents. Note that, thermal heating may degrade the inks, especially if containing biomaterials. 

Therefore, piezoelectric DOD printers have been far more applied for custom material 

deposition[247-249].  

1.4.1.3 Ink formulation requirements 

Traditionally metallic nanoparticle/ metal precursor inks are printed for conductive traces[250, 

251]; recently inks containing carbons, two-dimensional materials and polymers have been 

developing for the fabrication of various seniors[252-255].To pursue good printing quality, the 

inks need to be well-designed[256] based on the properties of the substrates, nozzle restrictions, 

and fluid rheological properties, such as density, surface tension and viscosity. Firstly, the 

average size of the dispersed pigments should be less than 1/50 (better 1/100) of the nozzle 

diameter, to avoid nozzle clogging; secondly, a low viscosity in the range of 4-30 cP is 

necessary to avoid a difficult ejection process; thirdly, the surface tension is suggested to be 

within 20-50 mN/m to keep a stream of droplets. Thanks to prolonged efforts by research 

communities, three-dimensional numbers have been defined to describe the relationship 

between nozzle diameter and rheological parameters of the ink, aiding a stable printing process. 



Chapter 1 

43 

 

These numbers include the Reynolds (Re), Weber (We) and Ohnesorge (Oh) numbers[257-

260]. Re number is the ratio of inertial and viscous forces, which predicts the ink flow patterns; 

smooth, constant laminar flow occurs when viscous forces are dominant (Re < 2100); while 

turbulent flows, such as chaotic eddies and vortices appear when inertial forces are greater (Re > 

3000). We number relates the inertia forces to the forces deriving from surface tension, which 

is used to analyze fluid flows, e.g., whether the droplet will be ejected or breakup. These were 

further elaborated to the Oh number, which doesn’t take into consideration the drop speed, and 

is defined as the ratio between the Re number and the square root of the We number; but due 

to historical reasons, the Laplace number (Z) is used more frequently: 

 

𝑅𝑅𝑅𝑅 = ρνd
η

                         (eq.1.7)  

𝑊𝑊𝑅𝑅 = ρν2d
γ

                        (eq.1.8)  

𝑍𝑍 = 1
𝑂𝑂ℎ

= 𝑅𝑅𝑅𝑅
√𝑊𝑊𝑅𝑅

= �ρdγ
η

                    (eq.1.9)  

Where ρ is the density of the ink, ν is the average drop velocity, d is the nozzle diameter, η is 

the viscosity and γ is the surface tension of the fluid.  

For stable printing without satellite drop, Z should be between 1 and 10. Very high energy is 

needed to overcome the surface tension, to form a droplet for a highly viscous ink; low viscosity 

ink can lead to random drop sizes and satellite droplets; high surface tension increases the 

jetting energy and hinders the drop spreading on the substrate; ink leakage from the printhead, 

air-ingestion and blurry pattern may occur in case of low surface tension [261]. The formation, 

spreading and drying of drops have been studied in detail with different colloidal 

suspensions[262]. The printable range predicted by the fluid rheological properties is shown in 

Figure 1.13d. Figure 1.13e displays the drop formation process with a perfectly round drop and 

poor printing with drop separation[221]. Noticeably, these parameters for the ink formulation 

are recommended, but there has not been a well-established theory for perfect printing, and 

thus it relies on a try-and-error process based on the printers, inks and substrates. 

1.4.1.4 Printers  

Based on their usage fields and cost, inkjet printers can be broadly categorized as consumer-

grade printers (CGPs) and high-end research-grade printers (RGPs). Generally, RGPs offer a 
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resolution of ~10s μm, while CGPs of ~50s μm. Many works related to RGPs have been 

reported due to their high accuracy and flexibility in custom material deposition, as evidenced 

by numerous studies [252-255, 263-267]. While the low cost and easy accessibility of CGPs, 

which cost hundreds of dollars compared to the 0.1 to 3 million US dollars of RGPs, make 

them an attractive alternative for cost-effective device fabrication. As a result, CGPs with 

different inks have been widely adopted for this purpose in various studies [204, 266, 268-273]. 

CGP prints much faster than RGP, resulting from the overwhelming nozzle number (more 

than~10s times of that for RGP); most RGP only can print one ink each time, and CGP could 

deposit 4-6 inks, giving the opportunity of depositing multiple materials simultaneously by 

replacing the original inks. However, consumer printers are customized for the inks the 

manufacturers supplied, and how the parameter settings affect the behaviors of ink deposition 

is unknown, hence it is quite challenging to fabricate inks that work for consumer inkjet printers. 

While RGP offers the choice of printheads with different jetting volumes[253], adjustable 

printing parameters (e.g., applied electrical signal and temperature), and visualization of ink 

droplet formation and drying process through the inbuilt cameras, thus far more appliable for 

custom material deposition. Since the office printer is determined for printing on paper and in 

some cases on discs of CD/DVD, it limits the substrate height in millimeter scale. While for 

RGP this can be tens of centimeter. Meanwhile, RCP is highly resistant to a variety of chemicals, 

including organic solvents of high dissolving power.  

Abundant reviews have focused on printing with RGPs, while few of them talked about 

CGPs[252-255, 263-267]. Until now, a range of inks, containing AgNPs[274], Ti3C2/Ag hybrid 

[275], PEDOT: PSS[273], graphene [274, 276, 277], carbon nanotube [278], and biomaterials 

[279], have been deposited by CGPs on diverse substrates including paper, glass, silicon, 

plastics and bio-edible papers. For example, carbon nanotubes were printed on paper with CGP 

in 2006 (Figure 1.14a)[278]; AgNP and PEDOT: PSS films were printed on poly (ethylene 

terephthalate) (PET) substrate with a printer cost only 60 $[280]; Blom et al. demonstrated 

data-enriched (QR code) edible pharmaceuticals on potato starch substrate (Figure 1.14b)[270].  

Except for the simple replacement of the genuine inks, as most works done with CGPs, only a 

few examples made modifications to the hardware and/or software. Mechanical modifications 

were introduced and showed multiple prints without smearing[268]. The results displayed 

improved printing accuracy up to 50 folds on different substrates (rigid, elastic, liquid, granular, 

and sticky). Microelectrodes were printed with carbon nanotubes by a customized inkjet printer 
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with a spatial resolution of ~12 µm, but lowest line width of 120 µm [281]. Figure 1.14c shows 

different patterns with various drop spacing, and even droplet overlapping can be observed. 

Waasdorp et al. reported a remarkable work in which single nozzle control of a CGP was 

realized by programming the command language of the printing driver[282]. The smallest drop 

has an average diameter of 62±6.9 μm with a volume of ∼4 pL. The position precision reached 

5.4 μm and 8.4 μm in the vertical and horizontal directions, respectively. Figure 1.14d shows 

the droplets with uniform size distribution.  

The aforementioned works show the possibility that non-professionals could use a simple CGP 

to easily fabricate devices in their own homes.  

 

Figure 1.14 Patterns/devices printed with consumer-grade printers. (a) Scanned image of a 

photograph printed with carbon nanotube on paper. (b) Photo of a QR code printed on potato 

starch substrate. (c) Carbon nanotube patterns printed on a PET film and single-drop lines of 

carbon nanotubes with different spacing between drops. (d) Microscopy image of printed single 

droplets. Adapted from ref: (a) [278], (b) [270], (c) [281], (d) [282]. 

1.4.1.5 Coffee ring effect 

The coffee ring effect (CRE, Figure 1.15a) is generally considered as a drawback for inkjet 

printing since it leads to inhomogeneous patterns. It is a phenomenon that happens frequently 

during the drop drying process; the solvent evaporates and induces a capillary flow which will 

carry the pigments from the interior toward the drop edge, resulting in a ring-like structure on 

the drop surface perimeter (Figure 1.15b)[283, 284]. CRE can be avoided in several ways: 1) 
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Enhancing the Marangoni flow induced by surface tension gradient. It replenishes fluid from 

the edge to the center [285, 286]. Water drop has a weak Marangoni flow [287], and can be 

promoted by mixing or replacing water with other solvents (usually organic solvents) [288]. 

Based on this, Hu et al. proposed a universal ink formula (Isopropanol:2-butanol, 1:9 in volume) 

to print various 2D materials with uniform drops (Figure 1.15c) [284]. 2) Adjusting the 

evaporation temperature [289, 290]. 3) Surface treatments of the substrates with ultraviolet 

light, plasma or chemical reagents. E.g., hexamethyldisilane was used to decrease the surface 

energy of the SiO2 plate to obtain homogeneous graphene deposition (Figure 1.15d) [276]. Park. 

et al. revealed that O2 or Ar plasma can change the diameter of printed silver dots (Figure 

1.15e) [291]. 4) Adding surfactants. They can modify liquids’ surface tension, and aid the 

dispersing of materials [245, 292, 293]. The evaluation of how the concentration of surfactant 

can affect the solution’s surface tension is helpful, as the work done with SDC by Richard et 

al [294].  

In addition, waveform, drop spacing, distance between the substrate and the print head, 

surface energy and topology of the substrate, and the affinity between the ink and substrate 

are important factors to obtain good printing and final patterns as well[252-255].  

 

Figure 1.15 (a) Coffee-ring effect displayed by a dried particle-containing colloidal drop. (b) 

Coffee ring formation process. (c) A dried inkjet-printed droplet on clean glass with MoS2 

suspended in isopropanol and 2-butanol mixture; scale bar 50 μm. (d) Microscope pictures 

reflecting much more uniform graphene distribution within a dried drop on hexamethyldisilane 

modified silicon. (e) Inkjet-printed silver with diameters as a function of O2 or Ar plasma 

treatment time. Adapted from ref: (a) [262], (b and c) [284], (d) [276] and (e) [291]. 
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1.4.1.6 Substrates  

Inkjet printing can be performed on various substrates including rigid, flexible, or stretchable 

materials, depending on the requirements of the specific application. Mechanical properties, 

thermal stability, chemical resistance, and biocompatibility/biodegradability should be taken 

into account when selecting a suitable substrate. To achieve good wettability and adhesion, the 

substrate's surface energy should be 7-10 dynes/cm higher than the surface tension of the 

ink[295]. Substrates such as Si/SiO2 and glass are commonly used when high-temperature post-

printing treatments are required. Plastics such as polyethylene terephthalate (PET), 

polyethylene naphthalate (PEN), polyimide (PI), polyurethane (PU), polycarbonate (PC), 

polypropylene (PP) and polyvinyl alcohol (PVA) are still the most commonly used substrates 

for printed electronics due to their low cost, flexibility, and transparency[258]. However, their 

low glass transition temperature and poor thermal expansion coefficient limit their use in high-

temperature applications. Note that PI could withstand temperatures above 350 ⁰C, but not 

suitable for optical based applications due to its low optical transparency[296]. Papers are an 

eco-friendly and biodegradable option for substrate materials, but they suffer from poor heat 

and chemical resistance. Treatment of paper with certain chemicals or coating with polymers 

and ceramic nanoparticles can improve its surface properties, enhancing the functionality of 

the final devices [251]. Textiles hold the merit of comfort and compatibility with human skin, 

hence suitable substrates for wearable electronics, showing promise in the fields of energy 

production/storage, tactile sensors and health monitoring kits [256]. The excellent 

biocompatibility and stretchability of PDMS films have facilitated their usage for flexible 

electronics and biosensors[297]. Porous substrates can absorb the solvent of inks, control the 

drop spreading and hinder or even eliminate the coffee ring effect. The inks display higher 

affinity towards the porous substrate, are less prone to form cracks under substate deformation, 

and often show improve conductive compared to that deposited on flat surfaces[251, 298]. 

Recently, starch, hydrogels, tattoo paper, parchment paper, and bacterial cellulose have 

emerged as novel substrate materials for smart device fabrication [251, 279, 299]. 

1.4.1.7 Sintering  

Sintering (or curing) is a necessary post-printing process that typically involves evaporating 

the ink solvents, removing additives, and binding the material together to achieve good 

conductivity of the printed patterns. Thermal sintering, which usually involves temperatures of 

200-350°C for 10-20 minutes [258], is a simple, inexpensive method that can be applied for 
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large-area and batch processing, making it the most common and widely used strategy, 

particularly for metallic nanoparticle inks. However, this method is generally not suitable for 

flexible substrates (such as paper, plastic, and fabrics) due to their low thermal resistance. To 

overcome this limitation, efforts have been made to develop inks that can be cured at low 

temperatures, such as AuNP ink sintered at 100°C [300]. Additionally, some low-temperature 

curable inks are now available on the market, including DryCure Au-J (AuNP ink, curable at 

100-250°C, C-INK Co., Ltd), JS-A102A (AgNP ink, curable at ~120°C, Novacentrix Co., Ltd), 

and Sicrys I40DM-106 (AgNP ink, curable at ~120°C, PV Nano Cell Co., Ltd). Photonic 

sintering has been demonstrated to be an excellent alternative to thermal sintering, as it can 

achieve spatial photochemical and/or photothermal effects with lamps, lasers, and flash/pulse 

light, thereby minimizing thermal damage to the substrate [251]. Chemical sintering involves 

removing the protective or insulating layer of the nanomaterials by chemical agents and can be 

applied to heat- and intense light-sensitive substrates, although the chemicals used may be toxic 

and extra washing steps are needed to remove the residues [251, 301]. Microwave [302], 

plasma [303], and electrical (Joule heating)[304] sintering have also been used to produce 

highly conductive traces[253]. 

1.4.2 Inkjet printing of graphene electrode-inks  

The recent advances in graphene printing have facilitated the cost-effective, large-area, and 

high-yield mass production of electrochemical biosensors for various practical 

applications[129, 305, 306]. Particularly, inkjet printing endows high design freedom for 

graphene-based devices and maintains the great electrochemical performance of graphene. The 

nanosheet-based structure, with its large surface area, ensures higher surface coverage of the 

ink on the substrate. Additionally, two-dimensional contacts (rather than point contacts, as in 

the case of nanoparticles and nanowires) with low contact resistance form in a layer-by-layer 

fashion due to the capillary force between adjacent graphene sheets, resulting in low barrier 

density and low height of the connections. 

Various graphene synthesis methodologies have been introduced in section 1.3.2, from bottom-

up growth to top-down reduction/oxidation and exfoliation; this offers plenty of choices for the 

graphene ink formulation.  

1.4.2.1 Graphene inks  

The choice of solvent plays an important role to form graphene dispersions and it depends 
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significantly on the compatibility of the solvents against the substrate and application scenarios 

of the devices[307]. A number of solvents are used for graphene ink preparation, such as N-

methyl-2-pyrrolidone (NMP), N, N-dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO), terpineol, ethanol, isopropanol, ethylene glycol, glycerol, ethylene acetate and 

deionized water[7, 258, 292, 308-310]. General properties of various types of substrates and 

solvents have been listed in literature [220, 249, 311]. 

A comparative study was carried out for inkjet-printed flexible electronics with graphene 

dispersed in ethanol, DMF, and NMP, and transparent conductive film was demonstrated 

(Figure 1.17a)[312]. After annealing at 350 °C for 150 min, a sheet resistance of 260 Ω/sq was 

obtained with a thickness of 160 nm. Although DMF, NMP and DMSO are commonly used, as 

listed in reference[313], the high boiling points (>150 °C) of these solvents require high-

temperature post-printing treatments; this hinders the printing on temperature-sensitive 

substrates. Moreover, the high cost and the toxicity, make them unfeasible for wide, practical 

use. Thus, researchers are making effort to replace them with more volatile, eco-friendly 

alternatives such as water, short alcohols and ketones[313, 314].  

Parvez et al. inkjet printed water-based graphene inks on glass slides, in which graphene flakes 

were electrochemically exfoliated [185]. The ink was stabilized with pyrene sulfonic acid 

sodium salt and annealed at 300°C for 1 h, yielding a high electrical conductivity of 

3.91 × 104 S/m. The ink remained stable for one month with a high graphene load of 2. 25 mg 

/ mL, but 5-day sonication was needed to prepare the ink. The dots in Figure 1.16 b and c 

indicated a uniform graphene distribution after sintering and the minimum features could reach 

20 μm (Figure 1.16d). In another work a universal ink formula was proposed, consisting of 

propylene glycol and water (by mass, 1:10), ≥0.06 mg/mL Triton x-100 and ≥0.1 mg/mL 

xanthan gum[315]. Water-soluble single-layered graphene oxide (GO) and few-layered 

graphene oxide (FGO) inks (Figure 1.16e) have been demonstrated with high-quality patterns 

on diverse flexible substrates, including paper, PET and PI [277]. Figure 1.16f displays a 

portrait printed on normal office paper with FGO ink. To avoid the high-temperature annealing 

process, a water-based graphene ink was developed and it reached low sheet resistance of 30 

Ω/sq without long-time high-temperature treatment (5 min annealing at 100 °C) and the 

transparency of different layers of printing was investigated (Figure 1.16g) [316]. Although 

water is the most preferred solvent due to its non-toxic nature and low boiling point, the high 

surface tension (72.8 mJ/m2) is not favorable for stable inkjet printing without additives.  
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Figure 1.16 (a) Graphene transparent conducting films printed on a plastic substrate. (b) 

Microscopy picture of an array of graphene dots printed on Si/SiO2 substrate. (c) Magnified 

image of a single dot; scale bars in both (b) and (c) are 50 μm. (d) Two printed graphene 

contacts with a gap of ~20 µm on PEL P60 paper. (e) Stable inks made of single-layered 

graphene oxide (GO ink) and few-layered graphene oxide (FGO ink). (f) A portrait printed on 

normal office paper with FGO ink. (g) Photograph of printed graphene films with various 

printing layers (from 1 to 6). (h) A single-drop line and a drop (inset, scale bar, 40 μm) illustrate 

the uniformity of the printed features. (i) TEM image of graphene-quantum-dot stabilized 

graphene nanosheets. The scale bar is 500 nm. Adapted from ref: (a) [312], (b-d) [185], (e and 

f) [277], (g) [316], (h)[317], (i) [318]. 

Solvent mixtures, such as terpineol /cyclohexanone [317, 319, 320], isopropanol 

/polyvinylpyrrolidone [321] and glycol/water [276], are promising alternatives to overcome the 

problem of unsuitable surface tension from small molecule liquid. Figure 1.16h shows highly 

uniform tracks printed with graphene suspended in terpineol /cyclohexanone [317]. Torrisi et 

al. produced a stable ink by liquid exfoliation of graphene in NMP in 2012, which was 
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suspended in a mixture of ethylene glycol and water, and the ink was applied for the fabrication 

of graphene-based transistor for the first time with good conductivity and transmittance[276]. 

The work also probed inkjet printing under inappropriate jet parameters (graphene in water 

with Z = 24). In another case, GO dispersed in water/ethanol / ethylene glycol (1: 1: 1) mixture 

was inkjet-printed onto PET, followed by intense pulsed light reduction with a xenon lamp to 

gain patterns with low resistance and good flexibility [322]. A comparative study was 

performed to inspect the effects of solvent mixtures, including DMF: xylene, DMF: toluene, 

DMF: ethanol, and DMF: acetone [311]. The graphene ink suspended in mixture of DMF: 

ethanol showed a higher degree of stability and wettability, and 5% enhanced conductivity. A 

similar study was demonstrated with mixtures of water (DI): ethylene glycol (EG): glycol (G), 

isopropyl alcohol (IPA): EG: G, and DMF: EG: G [274]. It revealed the ink prepared in DMF: 

EG: G solutions had better wettability, electrical conductivity, and higher stability.  

Additives are frequently used to stabilize graphene inks through π-π stacking, van der Waals 

forces, hydrogen bonding or electrostatic activity [209, 323], to overcome the dispersing 

difficulties of graphene into water, resulting from the hydrophobic nature of graphene. Ethyl 

cellulose is one of the starting and commonly used materials to improve the stability of 

graphene inks [143, 319, 324]. Surfactants are widely applied to adjust the surface tension of 

the ink and to stabilize the dispersing of graphene. A comparison of the influence of a range of 

surfactants was conducted for the preparation of graphene inks, including 8 ionic surfactants, 

and 4 non-ionic surfactants[142]. The results showed all the surfactants can stabilize the 

graphene inks, while the best ones were sodium dodecyl sulfate (SDS) (0. 011 mg/mL) and 

sodium cholate (SC), (0. 026 mg/mL). In this work, UV–vis absorption spectroscopy was 

proposed for the concentration estimation of the inks. A detailed investigation displayed that 

graphene ink with 0.3 wt.% of SDS showed the best performance for printed electronic 

applications [325]. Natural-based surfactants such as gum arabic, cellulose nanocrystals and 

alkali lignin have been applied for graphene ink production [326]. Graphene quantum dot 

(GQD) was investigated by Zeng et al. to improve the stability of graphene inks (Figure 

1.16i)[318]. The GQD works as a surface tension modifier and stabilizer by π-π interactions 

between graphene and GQD. In addition, biomaterials, such as BSA [327], have been used as 

stabilizers as well.  

1.4.2.2 Graphene hybrid inks 

Despite the remarkable advantages, pure graphene-based inks suffer from poor conductivity, 

https://www.sciencedirect.com/topics/engineering/gum-arabic
https://www.sciencedirect.com/topics/engineering/cellulose-nanocrystals
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which confines their wide-range applications [292]. In this sense, hybridizing graphene with 

metallic nanoparticles or conductive polymers, such as poly (3,4-ethylenedioxythiophene) poly 

(styrene sulfonate) (PEDOT: PSS) and polyaniline (PANI), poly pyrrole (PPy), are great 

choices[328-330].  

Silver nanoparticle inks are dominant among metal-particle-based conductive inks for printed 

electronics due to their excellent electrical conductivity and easy access to the market[331-

333]. Wang et al. [334] inkjet printed graphene/Ag nanoparticle (Ag NP) hybrid inks on 

polyimide sheets and gained a low resistivity of 4.62×10−4 Ω/m after annealing at 300 °C for 

40 min. Pan et al. [335] formulated graphene/Au NP inks for electrochemical detection of 

bisphenol A. Ag@Au nanocore-shell nanotriangle platelets decorated GO sheets were also 

prepared for inkjet printing and displayed stable sheet resistance of ∼ 149.5 Ω/sq after 

reduction with hydrazine at 110 °C for 3 h[301].  

PEDOT: PSS possess high conductivity, transparency, stability and good biocompatibility; thus 

is an attractive material for electrochemical biosensing. Liu et al. compared graphene ink, 

graphene/Ag NP hybrid ink and graphene/PEDOT: PSS hybrid ink, showing that the last ink 

presented better stability and surface conductivity [336]. PANI/graphene inks were formed in 

the presence of SDBS under probe-sonication, and conductive patterns (846 Ω/sq) were 

realized by annealing at 80 °C for 2 h [337].  

In summary, the integration of conductive additives not only could prohibit aggregation of 

graphene flakes in water, improving the stability of the ink, but also can increase the 

conductivity of the printed patterns. AgNP/graphene hybrid inks have the advantage of being 

low-cost, lightweight, and transparency, thus appliable for conductive circuits; on the other 

hand, the good biocompatibility of graphene, gold and polymers, enables their hybrid inks 

promising application in biosensing.  

1.4.3 Electrochemical (bio)sensing applications of inkjet printed 

graphene electrodes  

The bio-functionalization of graphene with different biomaterials, such as enzymes, aptamers, 

antibodies, and DNA sequences could facilitate diverse biosensor development for diseases 

diagnostic[338-340], bacterial detection [3, 341], and cell activity monitoring [341, 342], etc. 

[343-349]. As introduced above, inkjet printing is prone to fabricate analytical platforms based 

on graphene electrodes, although the research focus is more towards flexible electronics other 
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than biosensing[256, 258, 292, 336, 350].  

 

Figure 1.17 (a) A fully inkjet printed three-electrode system, which consists of a multilayered 

graphene working electrode, a platinum counter, and a Ag/AgCl reference. (b) Sensitivity test 

of ACTH on graphene electrodes fabricated by salt impregnated inkjet maskless lithography 

(SIIML, blue, 28.3 μA/nM) and inkjet maskless lithography (IML, red, 13.3 μA/nM); inset, 

current versus concentration. (c) Microscope image of the fully printed bacteria sensor. 

Adapted from ref: (a) [351], (b) [352], (c) [353]. 

Twinkle et al. built a fully inkjet-printed three-electrode system on a PI substrate (Figure 1.17a) 

for pH and ferric/ferrocyanide sensing[351]. The graphene working electrode displayed 

repeatable electrochemical performance and sheet resistance even after over 1000 bend cycles.  

Graphene nanocomposites can be advantageous to electrochemical sensing. Ti3C2/GO 

nanocomposites were inkjet-printed to fabricate a H2O2 sensor, which kept the biological 

activity of the enzyme and showed a dynamic range of 2 μM-1 mM with a LOD of 1.95 μM 

[354]. Graphene/polyaniline nanocomposite was inkjet printed to modify screen-printed carbon 

electrode (SPCE), for detection of polyphenolic antioxidants; compared with the bare SPCE, 

the modified electrode showed 2-4 times higher electrochemical sensitivity [355].  

The post printing treatments can affect the characteristics of the inkjet-printed graphene 

electrodes and thus their sensing ability. Suprem et al. demonstrated that UV treatment could 

improve the conductivity of graphene and introduce 3D petal-like nanostructures into the 

printed planar rGO, which facilitated the electrochemical performance, showing a sensitivity 

of 3.32 μA/mM and a response time of <5 s towards H2O2[358]. John et al., patterned graphene 

electrode by inkjet printing of a polymer as scarifying layer and formed porous graphene films 

with salt as scarifying templated[352]. The electrode showed three-ordered improvements in 

conductivity and enhanced sensitivity to acetylthiocholine (ACTH) compared to the non-
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porous graphene electrode (Figure 1.17b).  

 

Figure 1.18 (a) Inkjet-printed graphene microelectrodes. (b) Adhesion of N27 cells on a 

graphene microelectrode tip. (c) Photo of the OECTs with graphene gates. (d) Top-view 

schematics of a graphene-gated OECT and a silver-gated OECT, showing the materials, the 

simplified enzymatic reaction, and the bias applied during testing. Adapted from ref: (a, b) 

[356], (c, d) [357].  

Cells can be monitored with inkjet-printed graphene microelectrodes. Bhawna et al. formulated 

a highly concentrated edge-oxidized graphene nanosheet (EOGN) ink ( 30 mg/mL ) in a solvent 

mixture of NMP and propylene glycol, with optical annealing a fully inkjet-printed 

electrochemical sensors was obtained for living bacterial detection (Figure 1.17c)[353]. Amir 

et al. [356], monitored neural cell activities on time by EIS (Figure 1.18a and b); the graphene 

microelectrode showed great biocompatibility, offering suitable attachment sites for the cell 

network; and the microelectrode arrays showed good sensing performance and were capable 

of multiplexed detection of cellular activities in minutes.  

A graphene FET was assembled on flexible PI by inkjet printing for infectious pathogen 

detection [359]. Fully inkjet-printed graphene-gated organic electrochemical transistors 

(OECTs) were also demonstrated on polymeric foil for the enzymatic-based biosensing of 

glucose (Figure 1.18c and d)[357].  
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1.4.4 Direct laser writing  

1.4.4.1 Working mechanism 

Direct laser writing (DLW) is an easy, efficient, low-cost, eco-friendly and maskless method to 

simultaneously produce and pattern electrodes without any catalysts or harmful solvents [154, 

157, 158, 207, 349, 360]. DLW is usually performed by a laser machine, which works in a “2D 

printing mode” with a focused laser beam as a “print nozzle”, like a DOD inkjet printer. In the 

DLW process, a laser beam irradiates the samples, and donates high-energy photons, which 

interact with the electrons of the material, thus leading to various reactions by photochemical 

and/or photothermal effects[156, 361, 362]. The samples can be site-selectively heated 

(>1000 °C), with superfast temperature changing speed (106-1012 °C/s) [157]. 

1.4.4.2 Laser processing parameters 

The properties of the resulting materials can be fine-tuned by varying the parameters of the 

laser source. In addition, the pressure, temperature, and surrounding atmosphere during laser 

exposure also have an impact on the resulting samples. 

Wavelength determines how the light interacts with the material, such as the degree of 

reflection, absorption, transmission, and beam penetrating depth[363-365]. In general, infrared 

lasers are used for localized heating by photothermal effect with a penetrating depth of 1-100s 

micrometers. The thermal conductivity and the surrounding atmosphere govern the heat 

dissipation within the sample, and affect the material near the irradiated region. Although the 

penetration depth of ultraviolet light is lower (10s to 100s nanometers) [154], the relatively 

high energy photons enable it a good tool for material ablation. Wavelength also regulates the 

resolution of the final pattern, and it is confined by the diffraction limit [154], which is half of 

the wavelength. In fact, the dimension of the final pattern is much larger than that due to the 

heat dissipation towards the non-irradiated area. For instance, DLW has been shown to produce 

minimum graphene lines of approximately 12 μm under a 405 nm laser, 50 μm under an 

ultraviolet laser, and 60–100 μm under infrared lasers[366, 367]. 

Laser power represents the quantity of energy that the laser generates in the time unit, and it 

is a time-averaged value. Often a pulse laser works at constant pulse energy with different pulse 

widths and frequencies. Figure 1.19a displays the relationship between laser power and pulse 

frequency for a commercial 355 nm diode-pumped solid-state (DPSS) laser [154]. The slope 

of the curve stands for the value of pulse energy and it remains constant (∼200 µJ) up to ~90 
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kHz. Thus, the laser power can be solely a consequence of different pulse frequencies and does 

not reflect the instantaneous energy interaction between the laser and the sample.  

Pulse width (or duration) is the quantity of time that the laser beam interacts with the sample. 

There are numerous commercial laser devices with specific pulse widths (milliseconds to 

femtoseconds), except for continuously emitting lasers, which exit laser with an infinite “pulse 

width”. Figure 1.19a shows average laser powers less than 20 W, but the instant power can 

reach 5 kW, when the laser pulse was 20 ns (nominal pulse width)[154]. Therefore, pulse width 

plays an important role in laser scribing applications, especially when using ultrafast lasers, 

like femtosecond lasers.  

 

Figure 1.19 (a) Laser power as a function of pulse frequency for a commercial laser. (b) 

Gaussian beam profile and the equation of beam intensity vs. radial position. (c) An illustration 

shows that a pattern smaller than the spot size can be obtained when the ablation energy 

threshold is at a proper place on the Gaussian beam profile. Adapted with permissions from 

reference[154]. 

Writing speed of the laser affects the interaction time between the beam and the sample, and 

thus the resulting product.  

Laser fluence is the energy density of the irradiated area [368], which can be adjusted by 

alternating the pulse energy or beam spot size. Since most commercial lasers have constant 

pulse energy, changing the beam spot focus is much easier, and could be done with splitters, 

filters, pinholes, polarizers and wave plates.  

Beam energy profile. The majority of lasers possess a circular cross-section and a Gaussian 

beam energy (Figure 1.19b) profile[154, 369, 370], leading to a much higher intensity at the 

center than at the edge. Laser fluence is an average of the energy density of the laser spot; thus, 

it is possible to obtain patterns smaller than the minimum theoretical spot size by taking 
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advantage of the ununiform energy distribution (Figure 1.19c). Excimer lasers are an exception, 

since it exhibits rectangular beam cross-section and an almost constant beam energy profile 

with uniform energy density.  

Number of lasering repetitions could influence the properties of the resulting materials. For 

example, the reduction degree of GO reached a maximum after 5-time lasering steps with an 

infrared laser (λ = 788 nm, 5 mW, embedded in a standard LightScribe)[371]. Yieu et al. 

produced graphene from a list of materials through a two-step laser scribing process (CO2 

laser)[158]. The first laser irradiation converted the precursors into amorphous carbon, and the 

following lasing further transformed the amorphous carbon into graphene.  

Cutting/engraving  

Laser cutting and engraving are two different processes. Cutting involves the local evaporation 

of material under laser irradiation, while engraving is controlled cutting to a certain depth[372]. 

Cutting is typically done using vector files and is faster than the raster printing process used 

for engraving. Laser engraving can be achieved with lower laser power or using a shorter focal 

length lens for finer spot size and higher patterning quality. In contrast, a longer focal length 

lens is more tolerant of focus height variations and produces less taper in the cut edge [373].  

1.4.5 Direct laser written graphene  

Three-dimensional (3D) graphene-based materials [157, 207, 374] feature interrelated porous 

networks, good chemical and thermal stability, and a large active surface area, making them 

excellent electrode materials for biosensing. The high surface area supports the immobilization 

of bioreceptors, and the highly porous structure with abundant defect sites is advantageous for 

efficient electrolyte transportation and charge transfer. 

Conventional CVD has been extensively used to produce 3D graphene foams, in which 

graphene is first grown on a porous template at high temperature, and the template is 

subsequently etched away. However, the high-temperature requirement and high cost limit its 

mass-scale production[375-377]. Self-assembly of GO with a subsequent reduction process to 

improve its conductivity is a scalable and cost-effective way to form 3D graphene structures 

[378-380]. The reduction can be achieved by chemical, thermal, and solvothermal methods 

[124, 125, 181, 381]. However, these methods suffer from poor control over the shape of the 

3D graphene and have long synthesis routes. Moreover, often extra depositing and patterning 

processes are needed to fabricate graphene electrodes on the substrate. 
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Recently, many researchers have reported notable results in synthesizing graphene-based 

materials with dots (in the micro-scale), lines, planar, and hierarchical structures (quasi 0D to 

3D structures) by direct laser writing (DLW) [207, 349, 382-388]. The DLW process not only 

produces graphene but also enables the patterning of the electrode. Under sufficient laser 

energy, the functional groups on GO can be eliminated to restore the graphene lattices, and 

carbon-containing precursors can be graphitized into turbostratic arrangement graphene flakes. 

The layer numbers, reduction degree, and physical, chemical, and electrical properties of the 

obtained graphene can be adjusted by manipulating laser parameters, modifying the precursor, 

and changing the laser environment[176, 198, 389-391]. 

Moreover, heteroatom-doped porous graphene can be formed by adding additives into the 

precursor, and metal/metal oxide nanoparticles could also be embedded into the graphene 

complex. These features endow direct laser-written graphene with great potential for practical 

use in gas sensors[382, 383], micro supercapacitors[384, 385], field effect transistors (FET) 

[392, 393], transparent circuits[394], and biosensors[207, 349, 386-388]. 

1.4.5.1 Laser reduced graphene  

GO is one of the most commonly used precursors for producing reduced graphene oxide (rGO) 

electrodes through direct laser writing (DLW). Typically, a free-standing or substrate-supported 

GO film is first formed through methods such as drop casting, spray coating, spin coating, 

vacuum filtration, or inkjet printing. Under laser irradiation, oxygen-containing groups are 

partially eliminated, restoring the graphene hexagonal network while also introducing new 

defects such as vacancies, resulting in rGO electrodes with varying properties. The physical, 

(electro)chemical, and electrical properties of the resulting rGO depend strongly on the quality 

of the GO (e.g., morphology, concentration, and oxidation degree) and the laser parameters. 

In 2010, Sokolov et al. reduced graphite oxide through continuous laser irradiation (532 nm) 

in both air and a nitrogen atmosphere[395]. In the same year, reduced graphite oxide 

micropatterns with stable conductivities were produced through DLW using a femtosecond 

laser (790 nm) [396]. Later, the reduction of GO to graphene through picosecond pulsed laser 

exposure (1064 nm, 10 ps, 100 kHz, 50 mW) was investigated, and dynamic modeling showed 

the temperature distribution of on the 300 nm thick GO film, up to 1400 °C on the surface and 

600 °C inside [397]. 

In 2011, Wei et al. fabricated microscale supercapacitors through DLW of free-standing 

hydrated GO films obtained through vacuum filtration [384]. The unreduced GO film not only 



Chapter 1 

59 

 

separates the rGO electrodes but also serves as the electrolyte since GO is dielectric and its 

oxygen-containing groups are good ionic conductors. A similar approach was taken by Kumar 

et al. in 2019 with a nanosecond ultraviolet laser (λ = 355 nm)[385]. 

 

Figure 1.20 (a) Fabrication process of laser scribed graphene (LSG) and an assembled 

supercapacitor. (b) Interdigitated electrodes made of LSG on PI and (c) electrodes transferred 

onto polydimethylsiloxane (PDMS). (d, e) LSG micro-device arrays. Adapted from ref: (a) 

[159], (b-e) [382].  

DLW can be used to produce graphene electrodes at a low cost, as demonstrated by Kaner’s 

group [159]. They used an infrared laser (λ = 788 nm, 5 mW) embedded in a standard 

LightScribe DVD driver to reduce and pattern GO with high resolution (~20 μm), and the total 

cost of electrode production, including the laser, was less than $20 (Figure 1.20a). The laser-
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scribed graphene (LSG) exhibited high conductivity (1738 S/m) and porous structures with a 

high surface area (1520 m2/g). The method was further elaborated to produce all-organic, 

flexible interdigitated graphene electrodes for the detection of NO2 [382]. Figure 1.20b shows 

the LSG electrodes on PI substrate, and Figure 1.20c shows the transferred electrodes on 

polydimethylsiloxane (PDMS) obtained through selective lift-off. The group further expanded 

the technique for scalable supercapacitor production, with a device being obtained in 18 s, and 

over 100 devices fabricated on a PI sheet with the size of a DVD disc (Figure 1.20d and e). 

 

Figure 1.21 (a) Preparation process of highly vertically ordered pillar array of graphene 

framework (HOPGF). GO suspension (a1) was freeze-dried to obtain a GO aerogel (a2); then 

(a3) was reduced by a laser pen (1 W); (a4) HOPGF was obtained by etching with a high-

precision laser. (b and c) Top and cross-sectional SEM images of HOPGF, showing the highly 

vertically aligned pillar array structure. The inset in (c) shows the enlarged SEM image of the 

vertically aligned pillar with macroporous graphene networks. (d) SEM images of LSG micro-

devices with different shapes (scale bar, 50 μm). (e) Optical pictures display the overwhelming 

number of LSG micro-devices in a 1 cm2 area (scale bar, 150 μm). Adapted from ref : (a-

c)[398],(d, e) [399]. 

DLW has been used to produce graphene nanocomposite electrodes. Li et al. created rGO/Au 

microelectrodes by using DLW to laser a mixture of GO and HAuCl4 onto commercial photo 
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paper [400]. Additionally, DLW has been utilized to fabricate sophisticated hierarchical 

graphene electrodes. Zhang et al. produced a highly vertically ordered pillar array of graphene 

framework (HOPGF) for water evaporation by using DLW and sequence laser etching. They 

prepared GO hydrogel, which was then transformed into reduced graphene oxide framework 

(rGF) by laser irradiation, and shaped into desired structures using a highly precise laser to 

produce HOPGF with macroporous networks (Figure 1.21 a-c) [398]. 

In another impressive study, Yuan et al. demonstrated the use of LSG electrodes with a spatially 

shaped femtosecond laser (SSFL), which enabled the production of over 30,000 devices in 10 

minutes (Figure 1.21d and e) [399].The patterns generated were 10 microns in dimension with 

arrow gaps of 500 nm. Unlike 2D-printing-based conversational DLW, the SSFL technique 

uses a set of phase modulations to alternate the initial Gaussian beam into various beam shapes, 

producing a laser beam in a framework style, similar to a variable 3D "photonic stamp." This 

technique can directly process samples in batches without requiring the cooperation of any 

other method or the assistance of conversational DLW. It is especially promising for advanced 

miniaturized electronics, providing a pathway for high-throughput graphene electrode 

production on an industrial scale. 

1.4.5.2 Laser induced graphene  

1.4.5.2.1 Polyimide based LIG 

Polyimide (PI) is a thermally stable plastic that undergoes oxygen and nitrogen outgassing at 

550 °C, carbonization at 700 °C, and graphitization at 3000 °C [296, 401]. In 2014, Lin et al. 

accidentally obtained 3D porous carbon by DLW on PI sheets with a CO2 laser (3.6 W), which 

they termed "laser-induced graphene" (LIG) [402]. Detailed characterization revealed that the 

carbon possessed properties of layered, highly crystallized graphene, and different LIG patterns 

could be obtained with a porous structure consisting of abundant five- and seven-membered 

rings instead of the conventional hexagonal lattice of graphene (Figure 1.22a-d). Since then, 

LIG has been extended to the graphitization of numerous materials [5, 154, 157, 158, 349, 403], 

including polymers [157], carbons[403] and even food[158]. LIGs exhibit high surface area, 

thermal stability, and excellent conductivity, making them promising materials in different 

fields[404], including batteries[405], oxygen electrocatalysis[406], triboelectric 

nanogenerators[407], CO2 capture[408], gas sensors[409], wastewater treatment[410], and 

bacterial capture and killing (by Joule-heating) [411]. In particular, the fast electron transfer 

rates and excellent electrocatalytic properties of LIGs make them ideal for electrochemical 
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sensing [412, 413].  

 

Figure 1.22 LIGs formed from commercial PI films. (a) Schematic of LIG production from PI. 

(b) SEM image of LIG with an owl shape, scale bar, 1 mm. (c) Cross-sectional SEM image of 

the LIG film, scale bar, 20 µm, inset is a higher magnification, scale bar, 1 µm. (d) 

Representative Raman spectra of the LIG film and the pristine PI film. (e) TEM image shows 

a heptagon with two pentagons and a hexagon. (f) SEM image of single LIG dot; inset is an 

optical picture with a scale bar of 50 µm. (g) SEM top view of laser induced graphene fiber 

(LIGF) surface. (h) SEM image of LIG line pattern with one-pixel width (∼13 μm); the inset 

shows the schematic of a LIG humidity sensor with a micro gap channel. (i) Photo of a 3D LIG 

foam. Reprinted from ref: (a-e) [402], (f, g) [414], (h) [367], (i) [415]. 

Intensive studies have been conducted with different laser sources ranging from UV-visible, 

IR, to ultra-short pulse laser, and the characteristics of the LIGs have been investigated in detail 

during those processes [5, 155, 157-159, 198, 371, 416-421].It has been demonstrated that 

long-wavelength lasers generate LIGs via a photothermal effect [417], while photochemical 

reactions play the leading role in the case of UV lasers [418-420]. CO2 laser treatment of PI 

results in micron-sized pores and a sheet structure with fewer pores, whereas UV treatment 
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yields micron-sized and nanometer-sized pores[421]. 

The resulting electrodes were demonstrated in shapes of quasi-0D dots (one pixel of the input 

digital pattern, from a printing point of view), quasi-1D lines, 2D planar patterns, and 

sophisticated 3D structures. 

Duy et al. showed that the graphitization of the PI process could occur only when the laser 

(10.6 μm) fluence was over 5 J/cm2, irrespective of the laser power [414]. LIG dots and LIG 

fiber arrays (Figure 1.22f and g) were created, and further inspection displayed that the 

morphology of LIG gradually changed from sheets to fibers and finally to droplets, along with 

the increasing radiation energy. 

Stanford et al. produced dot and line LIG patterns by DLW of PI with a visible 405 nm laser in 

a SEM chamber [367]. The LIG has a spatial resolution of ∼12 μm and a thickness of <5 μm 

and could be monitored in real-time by SEM. A humidity sensor was fabricated with two 

electrodes distanced 7 μm, which responded to human breath in 250 ms (Figure 1.22h). 

3D LIG foam can be formed by DLW with two laser devices [415]. CO2 laser (10.6 μm) 

irradiation led to LIGs; then 3D structures with higher resolution (Figure 1.22i) were obtained 

by a 1.06 μm fiber laser, since it can be absorbed by LIG while not by PI. 

Li et al. presented that the surface morphology and chemical composition of LIG can be tuned 

by changing the surrounding gas during the laser scribing process, leading to porous graphene 

with different wetting properties ranging from super hydrophilic (O2 or air) to super 

hydrophobic (Ar or H2)[422]. 

1.4.5.2.2 Natural material based LIG 

A green electrode for biosensing requires several features, including i) the use of vastly 

abundant and low-cost green resources; ii) a high-throughput, low-cost electrode production 

process that does not require or generate toxic materials; and iii) a biocompatible electrode that 

can be used for bio-interface construction with bio-degradability after its usage. In this context, 

natural materials such as wood, leaves, cellulose, and their derivatives are cheap, renewable, 

and thus great precursors for LIG. The advantages of DLW meet the aforementioned 

requirements for green LIG production. 

Free-standing 3D graphene foams were fabricated by DLW of sucrose with Ni powders as a 

sacrificial framework. The foams displayed high porosity (∼99.3%), low density (∼0.015g/cm), 

and good electrical conductivity (∼8.7 S/cm) [377]. Ye et al. converted wood into hierarchical 
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porous graphene [423] and hybridized graphene with inorganic nanostructures (Cu, Co, Ni, Fe) 

[424] by DLW. Romualdas et al. transformed pine wood into LIG and revealed that wood was 

heated to ∼2020 K by a pulsed nanosecond laser[425]. Le et al. patterned LIG on woods and 

leaves using a UV femtosecond laser in ambient air (UV FS laser, 343 nm, 220 fs, 500 kHz) 

[426]. Cellulose, hemicellulose, and lignin present in wood were turned into graphene. This 

work demonstrated a breakthrough toward the eco-friendly manufacture of green electronics 

by the construction of electrical interconnects, flexible temperature sensors, and a 

supercapacitor (Figure 1.23a). 

 

Figure 1.23 (a) Left, Photo of a LIG temperature sensor on a thin leaf; the inset displays an 

enlarged optical image of the electronic circuit (scale bar: 1 mm); right, photo of LIG 

electronics on a leaf for green electronics. Portraits of (b) Andre Geim and (c) Konstantin 

Novoselov on boric acid-treated paper constructed by LIG (dark area). (d) SEM picture of the 

LIG from filter paper. (e) SEM image of the MCG composites with porous structure and coral-

shaped flakes. (f) Illustration of MCG (dark areas) with origami structures on paper (light 

areas). Adapted from ref: (a) [426], (b, c) [429], (d) [430], (e)[431], (f) [432]. 



Chapter 1 

65 

 

Plastics are still the prominent substrates used in electronics and electrochemical sensors, 

which are largely available in the market. However, they pose great environmental risks since 

they can go into the final stage of the product cycle in the form of micro/nano-particles[427].. 

On the other hand, paper is biodegradable, with flexible and mechanically stable features, and 

could be a suitable precursor/substrate for LIG[428]. Tour et al. demonstrated graphene 

production by DLW of paper, presenting graphene artworks with photographs of A. Geim and 

K. Novoselov (Figure 1.23b and c) [429]. The process was achieved by two times laser 

irradiation: the first one turned the boric acid-treated paper into amorphous char, and the second 

one converted the char into porous LIG. The boric acid worked as a fire retardant to prevent 

the paper from volatilization, since DLW of paper would form levoglucosan and then various 

volatile products. Kulyk et al. explored the transformation from filter paper (cellulose) to 

graphene under CO2 laser in detail (Figure 1.23d) and showed that the laser focal plane position 

is empirical [430]. A conductive porous hybrid with coral-shaped flakes (Figure 1.23e), made 

of molybdenum/carbide/graphene (MCG) composite on paper, was demonstrated as a strain 

sensor[431]. Then, 3D origami folded MCG structures were fabricated (Figure 1.23f), taking 

advantage of the physical behaviors of paper and enhancing the design possibility for paper-

based electronics[432]. The electrode showed good structural stability, indicated by the 

conductivity maintenance (less than 5% degradation) after 750 cycles of 180-degree 

mechanical deformation. 

1.4.5.2.3 Other LIGs 

The characteristics of LIG have been extensively investigated, but little attention has been paid 

to the intrinsic properties of the carriers (precursors/substrates). The stability of the carriers 

under exposure to acid/base or organic solvent is of great importance for the application of LIG, 

particularly for devices that may operate under harsh conditions. For example, PI and 

polyetherimide are commonly used in printed electronics, but they are sensitive to alkali and 

can collapse under long-term incubation[433], leading to damage to the hosted LIG. 

Additionally, renewable resources such as wood and paper have complex and variable 

components, which can make it difficult to ensure the reproducibility and stability of the 

resulting LIG.  

These issues can be addressed by exploring other precursors or substrates. Yu et al. produced 

LIG from polybenzoxazine and demonstrated its stability in acid/alkali environments, along 

with the polymer substrate[434]. Other polymers, such as polysulfone, poly (ether sulfone), 
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and polyphenylsulfone[435], and photoresist[436] have also been transformed into LIG. Yieu 

et al. reported a versatile method to produce graphene by DLW of diverse materials such as 

cross-linked polystyrene, epoxy, and cellulose [158]. The first laser irradiation converted the 

substrates into amorphous carbon, and the following lasering transformed the amorphous 

carbon into graphene. They also proposed an alternative way to realize LIG in a single scribing 

step with a defocused laser. Cellulose-dominated materials such as wood, cloth, and coconut 

shell, which easily decay into volatile compounds with DLW, were converted to LIG, with or 

without pretreatment with a fire-retardant under room atmosphere. The resulting LIG displayed 

a low sheet resistance of around 5 Ω/sq and was demonstrated as supercapacitors on a coconut. 

Moreover, the work investigated lists of polymers that could be converted to LIG under room 

atmosphere and those that cannot. The method indicated that any precursor convertible into 

amorphous carbon can be transformed into graphene with multiple laser-exposing steps.  

1.4.5.3 Selectively transfer of direct-laser-written graphene  

In most cases, direct-laser-written graphene (DLWG) remains in the same plane as its precursor, 

which may not be suitable for various substrate requirements of graphene-based electronic 

devices for different applications. This is even more crucial for GO-based DLWG since 

unreduced GO dissolves in aqueous solutions and changes the solution composition, thereby 

destroying the device. Therefore, either the unreduced GO should be removed or the DLWG 

should be transferred to a different substrate.  

A strategy was reported for simultaneously patterning and transferring graphene or GO onto 

flexible plastic sheets with micrometer features [437].Laser irradiation (continuous wave laser 

diode, 976 nm) heated the graphene or GO film, resulting in the photothermal reduction of GO 

and localized melting of the PET film in contact with the graphene or GO. Upon cooling, strong 

welding occurred at the graphene-PET interface, resulting in partial transfer of graphene or 

rGO to the PET sheet (Figure 1.24a-c). 

The Merkoҫi group has recently reported a novel and simple stamping transfer method to obtain 

DLWG electrodes on a wide variety of substrates (Figure 1.24d and e) [156]. In this method, a 

GO film was formed on a PVDF filter membrane by vacuum filtration, before being patterned 

and reduced by a Light-Scribe DVD driver. The DLWG was then selectively transferred to 

various substrates, including PET, paper, nitrocellulose, glass, fabric, and silicon, with a 

mechanical press, leaving the GO on the host filter membrane. Meanwhile, the resulting 

electrodes were reinforced by the press. The DLWG consisted of a few-nanometer-thick 
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graphene flakes with considerable conductivity. 3D circuits, proximity sensors, nitrocellulose-

based electrochemical sensors, and electroluminescent lamps were fabricated to demonstrate 

the versatile utilities of the method. 

 

Figure 1.24 (a) Schematic of the laser-assisted selective transfer patterning of graphene and 

GO film (b) Photo and (c) SEM image (scale bar, 200 μm) of the transferred graphene patterns 

on PET film. (d) Schematic of laser patterning process of the graphene nanofilm. (e) Photo of 

the transferred DLWG electrodes on nitrocellulose (upper panel) and PET (bottom panel). 

Reprinted (adapted) from ref: (a-c)[437], (d, e) [156].  

Li et al. transferred layered LIG composites continuously with different patterns and 

functionalities to various thermoplastic films by a roll-to-roll process [438]. Patterned LIG 

composites were formed by DLW of PI and then laminated with polymer films of interest by 

passing through a modified commercial thermal laminator. The host PI can be removed by 

simply peeling off. Multilayer composites could be obtained by adding polymer films, followed 

by subsequent lamination. Devices, such as directly embedded electrodes, triboelectric 

nanogenerators, biomedically interesting surfaces, and puncture detectors, were produced, 

demonstrating the effectiveness of the strategy for rapid, large-area production of patterned, 

encapsulated LIG devices for real-life applications (Figure 1.25a).  

Conformal transfer of LIG to adhesive tape has been reported for miniaturized electronics or 

sensors [440]. But PDMS-based lift-off is the most popular method to transfer LIG, especially 

in flexible electronics. For example, a highly stretchable and sensitive strain sensor was 

fabricated by transfer and embedment of LIG pattern in PDMS (Figure 1.25b) [439].. 
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Figure 1.25 (a) Schematic of the lamination transfer process of LIG. (b) Schematic of the 

flexible strain sensor fabrication process :(i) attach PI tape to a PET sheet; (ii) pattern PI by 

DLW; (iii) pour and impregnate LIG with diluted uncured PDMS; (iv-v) peel off the PDMS 

sheet after solidification. Reprinted from ref: (a) [438], (b)[439].  

1.4.6  Electrochemical (bio)sensing applications of DLW graphene 

electrodes 

The large electrochemical potential window, fast electron transfer rate, and highly porous 

structure make direct-laser-written graphene (DLWG) electrodes powerful platforms for 

electrochemical (bio)sensors. The polymerization, heteroatom doping, and transitional metal 

nanoparticle decoration can form nanocomposites with DLWG, further improving the sensing 

performance. DLWG has demonstrated some of the best sensing performance so far as an 

electrode and transducer, opening the door toward real-world on-site applications, such as 

human health monitoring, food safety analysis, and environmental pollution detection. 

A flexible and highly sensitive non-enzymatic glucose sensor was fabricated by DLW of GO 

with a DVD-laser scriber [441].. Electrodeposited copper nanoparticles (Cu-NPs) were used as 

the catalyst for glucose oxidation, and silicone rubber was used to avoid the re-dispersion of 

unreduced GO into the electrolyte solution and to define the sensing area of the rGO electrode. 

The sensor exhibited a wide linear detection range (1 μM-4.54 mM) with a low LOD (0.35 

μM). Similarly, Eider et al. demonstrated a H2O2 sensor using silver nanoparticle decorated 
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LIG as electrodes (DVD-laser reduced GO), and the sensor showed a linear range from 0.1 to 

10 mM, and a low LOD of 7.9 μM [442]. 

Another non-enzymatic glucose sensor was developed based on surface engineering of laser-

scribed graphene (LSG from PI) by immobilization of copper oxide nanoparticles (CuO NPs). 

The size of the nanoparticles was optimized under focused sunlight to enhance the catalytic 

efficiency. The sensor displayed a LOD of 0.1 μM, linearity of 1 μM-5 mM in buffer, and high 

stability and reproducibility in various biofluids, including whole blood, serum, sweat, and 

urine. Furthermore, conformal transfer of the LSG to Scotch tape (LSGST) endowed wearable 

sensors for direct monitoring of glucose in sweat (Figure 1.26a) [440]. 

 

Figure 1.26 (i) Illustration of the electrode modification with CuO under sunlight. SEM image 

of the LSG before (ⅱ) and after (ⅲ) CuO formation. (ⅳ) Conformal transfer of the LSG 

electrode to Scotch tape. (ⅴ) Photograph of the miniaturized device on a human nail. (ⅵ) 

Photograph of wearable CuO/LSGST miniaturized sensor and the amperometry response for 

direct sweat measurement compared with baseline. (b) Illustration of LIG electrode array from 

paperboard. (c)The impedance response with various concentrations of E. coli O157:H7 

(1×102 to 1×108 cfu/mL). Reprinted (adapted) from ref: (a) [440], (b) [445], (c) [388]. 
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LSG from PI was demonstrated for thrombin detection in blood serum with a LOD of 1 pM in 

buffer and 5 pM in serum [443]. Nanostructured gold-modified LSG (LSG-AuNS) was 

demonstrated for electrochemical sensing of human epidermal growth factor receptor 2 (Her-

2). The aptasensor exhibited a LOD of 0. 008 ng/mL and a linear range of 0.1-200 ng/mL with 

square wave voltammetry measurements. The sensor was also verified in undiluted human 

serum. Besides, the potential for POC detection of the sensor was displayed by a hand-held 

electrochemical system controlled by a home-developed phone application[444].  

 

Figure 1.27 (a) An entirely laser-engraved multifunctional sensor for sweat UA and Tyr 

detection, sweat rate estimation, temperature sensing and vital-sign monitoring. (b) Structural 

illustration of the sensor. (c) Photographs of a healthy subject wearing the sensor patch at 

different body parts. (d) Working mechanism of the SARS-CoV-2 RapidPlex platform. Adapted 

from ref: (a-c) [446], (d) [447]. 

 



Chapter 1 

71 

 

William et al. produced a graphene @ aluminosilicate particle nanocomposite electrode (Figure 

1.26b) for the detection of ascorbic acid, caffeic acid, and picric acid using CV and DPV 

techniques [445]. The nanocomposite electrode was fabricated via one-step DLW of 

paperboard, demonstrating a scalable and environmentally-friendly fabrication method with 

promising potential for portable electrochemical devices. Noble metal nanoparticle-3D 

graphene hybrid nanocomposites were also utilized for the detection of bacterial (E. coli 

O157:H7) via EIS[388]. These hybrid nanocomposites were fabricated by one-step DLW of PI 

film coated with gold, silver or platinum salt-chitosan hydrogel ink (Figure 1.26c). 

 

Figure 1.28 (a) Schematic of the fabrication process of the LIG-FET. (b) Optical image of the 

LIG-FET. (c) Transfer characteristics of the LIG-FET biosensor responding to gate solutions 

with different molecules and different concentrations of the target spike protein. Adapted from 

ref [448] 

Wei's group reported an entirely laser-engraved sensor for simultaneous sweat sampling, 

chemical sensing, and vital sign monitoring (Figure 1.27a) [446]. The sensor contains five 

layers, including multiplexed LIG-based sensors on a PI sheet, microfluidic channels on a 

double-sided medical tape, a PET sheet, and another layer of medical tape (Figure 1.27b). The 

sensor can continuously detect human body temperature, respiration rate, uric acid (UA), and 

tyrosine (Tyr) in sweat using DPV. The sensor showed excellent performance when worn by 
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human subjects, including patients and healthy controls (Figure 1.27c). The same group also 

made significant efforts to address the COVID-19 situation. They proposed an ultrasensitive, 

low-cost, multiplexed electrochemical sensing system based on laser scribing of PI, named 

SARS-CoV-2 RapidPlex (Figure 1.27d) [447]. The system can detect SARS-CoV-2 viral 

proteins, antibodies, and an inflammatory biomarker through specific immuno-recognition. 

Rapid (1-minute incubation with the targets) and remote (wireless data transfer by mobile) 

assessment of COVID-19 was successfully achieved using serum and saliva samples from 

COVID-19-positive and negative subjects. The platform facilitated personalized, multiplexed 

detection of biomarkers, showing great potential for possible future pandemics. 

Tianrui et al. demonstrated the first use of a LIG-based field effect transistor (LIG-FET) for 

virus detection without sample pretreatment or labelling [448]. Different reduction degrees in 

the channel region and the source/drain electrode region were achieved by scribing with 

different laser powers. Highly specific antibodies facilitated quick and sensitive detection of 

the SARS-CoV-2 spike protein in 15 minutes (1 pg/mL in PBS, 1 ng/mL in human serum) (see 

Figure 1.28). 

1.5 Directly written graphene-based electrodes towards POC test: 

conclusions, challenges and perspectives 

Graphene-based electrodes have shown significant potential for developing sensitive 

electrochemical sensors, due to their tunable electrical conductivity, high surface area, versatile 

functionality, and biocompatibility. Various methods for graphene production have been 

reported, including bottom-up growth, top-down reduction/oxidation and exfoliation, each can 

profoundly affect graphene's properties. 

Direct writing, such as inkjet printing and laser writing, is a highly useful tool for rapid 

prototyping of graphene electrodes/devices, offering advantageous features such as conformal 

and on-demand writing, high design freedom, and low-cost, high-throughput production. Inkjet 

printing of graphene has mainly focused on flexible thin film electronics/sensors, and direct 

laser writing of graphene patterns has demonstrated considerable potential as a platform for 

electrochemical biosensing, given its highly porous structure and fast mass transportation and 

electron transfer rates. 

Directly written graphene electrodes as biosensors are transforming healthcare, food safety, 

and environmental monitoring. However, for practical point-of-care tests in real-life situations, 
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graphene-based devices are still in the prototype stage and face many challenges in the 

fabrication, operation, and data analysis processes. Addressing these challenges will require 

extensive efforts from research communities. Nonetheless, these challenges also present 

countless opportunities for innovation and advancement. 

1.5.1 Electrode production 

1.5.1.1 Inkjet printing 

Despite the various methods available for producing graphene-based materials, the large-scale, 

low-cost, and eco-friendly production of high-quality, uniformly structured graphene inks 

remains a significant challenge. Furthermore, the low ink loading rate, typically within the 

range of 0.002-1 wt.%, leads to low conductivity of the pattern or requires extensive layer 

printing. In addition, neat graphene or highly reduced graphene oxide inks tend to aggregate 

due to π-π stacking and van der Waals interactions, making printing difficult. Additives such 

as ethyl cellulose and surfactants are helpful, but they require removal through an annealing 

process (usually≥300 °C), which limits the choice of substrates to heat-resistant materials. 

Achieving a balance between excellent rheological properties of the ink and uniform/strong 

graphene adhesion to the substrate is also challenging, as it depends on various elements such 

as surface tension and viscosity of the ink, substrate surface energy, coffee ring effect, and the 

application scenario of the electrode. These issues can potentially be overcome by novel 

preparation, functionalization, and hybridization of the inks, pre-functionalization of substrates, 

and adjustment of the sintering process. Furthermore, the further development of inks that are 

compatible with consumer-grade inkjet printers could hold great promise for achieving low-

cost, high-throughput sensor production. This is of commercial interest and utmost importance 

for researchers with limited resources. 

1.5.1.2 Direct laser writing  

Despite abundant promising results, the underlying mechanism for precisely tuning the 

properties of graphene materials via laser irradiation is not yet fully understood. Meanwhile, a 

significant challenge of using direct-laser-written graphene (DLWG) is the effective transfer of 

DLWG to various substrates, to meet the needs of various application scenarios. Another 

challenge is the reproducibility of DLWG, which is influenced by anisotropic conductivity and 

a high dependence on the laser parameters. Moreover, renewable carbon resources such as 

wood and paper have variable components that may affect the reproducibility of DLWG. 
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Stability is also a concern, as the delicate porous structure of DLWG may degrade over long-

term exposure to the atmosphere, and solution evaporation-induced capillary forces can change 

the hierarchical structure during the drying process. Additionally, commonly used polymers 

such as PI and PEI are susceptible to alkaline conditions that can damage the hosted DLWG.  

1.5.1.3 Resolution  

Smaller sizes, diverse functionalities, and optimized architectures are favored for 

electrochemical sensors, especially multiplexed POC sensors. This requires high-resolution 

patterning of graphene. However, it is still difficult to achieve patterns with direct writing in 

micrometer resolution (1-10 μm). For instance, research-grade inkjet printers have a resolution 

of ~10s μm; consumer-grade ones have a resolution of ~50s μm; DLW graphene has a 

resolution of ~50 μm under ultraviolet laser and 60–100 μm under infrared laser. In this case, 

a spatially shaped femtosecond laser may be useful since it can achieve precise patterning of 

graphene in sub-micrometer scale, but the costly laser machine (tens of thousands of dollars) 

is not accessible for everyone. 

1.5.2 Sensor fabrication and disposal 

The stability of the bio-elements needs to be further improved since they play a vital role in the 

stability of electrochemical sensors and thus the precise detection. Moreover, despite the 

achievements made in electrochemical multiplexed detection, such as the application of 

microelectrode arrays, it still presents high risks of cross-interference and high cost in materials 

and fabrication processes led by miniaturization. Graphene-based materials show excellent 

biocompatibility toward different bioreceptors with antibacterial activity, while the bio-toxicity 

towards diverse living organisms and the environmental influences are still not fully 

investigated. Moreover, the widely used plastic substrates, heavy metals from the electric 

circuits, and other residues after the usage of the sensors need to be properly addressed for 

environmental sustainability. 

1.5.3 Practical detection in real sample 

Until now, only glucose meters have entered the market among electrochemical biosensors. 

One of the main reasons is the fouling of sensors due to the complexity of the biomatrix. 

Particularly, most biomolecules can adsorb on graphene, resulting in unfavorable performance 

of graphene-based biosensors in real samples. Nanoengineered structures and coatings can be 

a promising avenue for antifouling[449, 450]. Multiple washing steps are necessary for most 
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biosensing processes, which are time-consuming and require trained personnel, making them 

not user-friendly for POC testing. Label-free based sensing strategies display great potential 

for this aim, while stable specific bioreceptors with strong affinity towards the targets need to 

be carefully chosen to obtain enough sensitivity. The smartphone-based platform is a promising 

strategy to bring electrochemical sensors out of the lab for self-testing at the POC level. 

However, the possible low signal-to-noise ratio coming from device miniaturization also 

presents a challenge. Integrating microfluidics and/or lab-on-a-chip devices with smartphones 

could be highly beneficial for robust, portable, wireless, and rapid detection in different fields 

from healthcare, disease diagnostics to environmental monitoring.  
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2.1 Introduction 

The need for point-of-care and portable/wearable electrochemical sensors has led to a demand 

for miniaturized analytical platforms. Microelectrodes are an exciting avenue for 

electrochemical sensor construction due to their small size, fast and sensitive response [1-3]. 

However, traditional fabrication methods such as photolithography suffer from disadvantages 

such as complicated assembly processes, expensive instrumentation, and the use of harmful 

chemicals[4, 5].. 

Inkjet printing (IP) has emerged as a promising alternative technique for the production of 

advanced electronic devices. IP allows for direct and non-contact printing of patterns sized 

from micrometer to centimeter onto various substrates such as plastics, cellulose, and wearable 

e-textiles[6-8].. Furthermore, IP has the advantage of mass production of small, disposable, 

low-cost electrochemical biosensors. However, inkjet printers can vary significantly in cost, 

performance, and versatility, so it is important to have comprehensive information for users to 

choose the proper printer based on their budget and application scenarios. 

Recently, graphene has been considered as an alternative to metallic-nanoparticles-based inks, 

which are expensive, tend to oxidize, and require high-temperature post-printing sintering [9-

11]. Graphene consists of a single layer of carbon atoms arranged in a honeycomb lattice 

structure, presenting high surface-to-volume ratios[12], remarkable conductivity[13], and 

excellent biocompatibility[14]. These properties endow graphene wide application in 

electrochemical sensing [15-18]. Although the characteristics of IP graphene-based platforms 

cannot compete with the high conductivity, deposition control, and optical transparency of 

chemically deposited graphene, it has nonetheless attracted the attention of researchers 

worldwide [9, 10]. 

One of the primary challenges of printing with pristine graphene is the tendency of the material 

to aggregate, leading to low ink stability and printhead nozzle clogging [19]. To overcome this, 

exfoliated graphene oxide (GO) has been used as a source material. The oxygen content of GO, 

including hydroxyl, carbonyl, carboxyl and epoxy groups, increases the hydrophilicity and 

enables its dispersion in water-based inks; while these functionalities change some carbon 

atoms from sp2 to sp3 hybridization, destroying the π conjugated graphene lattice, making GO 

electrical resistive [20, 21]. GO inks can create continuous films over desired substrates, and 

reduced graphene oxide (rGO) film can be obtained using post-printing treatment [22].. rGO, 
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in which the oxygen-containing groups are partially reduced, possesses a good heterogeneous 

electron transfer rate but enough oxygen groups to facilitate functionalization [23]. 

Electrochemical reduction of GO is a fast, simple, and economic alternative approach to the 

commonly used chemical [24] and thermal reduction [25] methods. Chemical reduction either 

involves the use of toxic reducing agents or can lead to contamination of the resulting material. 

While thermal reduction is only applicable for heat-resistant materials, not for commonly used 

substrates, e.g., plastic and paper [26]. 

Regarding global agriculture, HT-2 toxin (C22H32O8, CAS No.26934-87-2), produced by 

different Fusarium species, is one of the most relevant mycotoxin groups [27]. HT-2 can 

contaminate small grain cereals and maize in the field, as well as during wet storage and 

inappropriate transport. Studies have shown that HT-2 toxin is only partially degraded during 

thermal food processing [28]. The harmful effects of HT-2 are not limited to inhibiting protein 

synthesis and cell proliferation in plants; it can also cause acute or chronic intoxication in 

humans and animals [29]. According to the Recommendation of the European Commission, 

the limit of detection for the sum of HT-2 and T-2 toxins should not exceed 25 μg/kg [30], 

while common levels of toxins in contaminated grains for human consumption and breakfast 

cereals range from the 10s to 100s of μg/kg [31] Therefore, a rapid and low-cost detection 

platform would be beneficial for the health and food safety industry. 

This chapter described the development of a water-based GO ink to fabricate rGO 

microelectrodes and demonstrate their biosensing ability, following the evaluation of consumer 

and research-grade printers' performance. A three-electrode system was built with inkjet-

printed GO micropattern on plastic as the working electrode, screen-printed carbon, and 

Ag/AgCl as the counter and reference electrodes, respectively. After optimizing the GO 

reduction parameters, electrochemically reduced graphene oxide (ERGO) microelectrodes 

were obtained. An enzymatic immunosensor was constructed based on the as-prepared 

electrode for detecting HT-2 mycotoxin, with detailed optimization, indicating its potential for 

real-life applications. 

2.2 Materials and methods 

2.2.1 Materials 

Silver nanoparticle ink MU01 and FD01, named Ag-1 and Ag-2 in the following contents 

respectfully, and a porous substrate (NB-TP-3GU100) were obtained from Mitsubishi paper 
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mill ltd. Ethylene glycol (EG), sodium dodecyl sulfate (SDS), 1-naphthyl phosphate 

monosodium salt (1-NP), 1-naphthol (1-N), diethanolamine (DEA), n-hydroxy succinimide 

(NHS), n-(3-dimethylaminopropyl)-n-ethyl carbodiimide hydrochloride (EDC), 2-(N-

Morpholino) ethane sulfonic acid (MES) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) in ACS purity and were used as received. All water-based solutions were prepared using 

milli-Q water (resistivity higher than 18.2 MΩ/cm at 25 °C) from Millipore (Burlington, MA, 

USA).  

2.2.2 Printer comparisons 

All patterns were designed with AutoCAD 2018 (Autodesk, USA). Silver nanoparticle inks 

were used since they are among the most developed and commonly used materials in the inkjet 

printing field due to their simple synthesis, low cost, and easy access [32-34]. Ag-2 was 

deposited with Dimatix 2831 (dubbed Dimatix, FUJIFILM Dimatix, USA) with a DMC-11610 

printhead dispensing 10 pL nominal drop volume (nozzle diameter of 21.5 μm). A waveform 

from the ink supplier was used, with a printing temperature of 35 °C, plate temperature of 35 °C, 

drop spacing of 15 µm, and jetting frequency of 2 kHz. The distance between the printhead and 

substrate was set to 500 μm. Ag-1 was deposited with Epson XP 15000 (dubbed Epson, Seiko 

Epson Corporation). It has 6 ink channels with gray, red, cyan, magenta, yellow, and black ink 

cartridges, and for each channel, there are 180 nozzles sized of ~26 μm with a distance of ~141 

μm, and the nozzle-line distance is ~2.2 mm. Ag-1 was filled in the yellow cartridge while 

keeping other cartridges with the original inks. The parameters used were the same as our 

previously reported work [35], in brief: use the best print quality, without any color correction, 

and turn off all the other functions of the printer (such as quiet printing mode, and reducing or 

enlarging documents). 

The pattern dimensions were calculated from relative optical pictures with a custom MATLAB 

function [36]. It is based on a defined constant value against which all other measured distances 

were determined. Briefly, after inspecting an SEM copper grid under SEM and optical 

microscope, the sizes (X μm) of the squares inside the grid were obtained from SEM, and the 

pixel number of X μm in the optical image was counted (Y); thus, giving the pixel size of the 

optical image (X/Y μm). Taking a picture of the target object under the optical microscope with 

the same setting as above, with the pixel number (Z), the dimension of the object could be 

determined as D=ZX/Y μm. All the pixels were identified and counted by MATLAB (Figure 

2.1). 
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Figure 2.1 Pattern dimension calculating process. 

2.2.3 Fabrication of electrode 

Poly (ethylene 2,6-naphthalate) (PEN, 0.075 mm thickness, Goodfellow, Huntingdon, UK) 

substrate was cleaned using atmospheric-pressure oxygen plasma for 30 min (Harrick Plasma, 

Ithaca, NY, USA), followed by soaking in 1 M NaOH bath for 30 min at 25 °C, then washed 

with water and dried with compressed air flow. The counter electrodes and graphite tracks of 

working electrodes were screen-printed using carbon sensor paste (C2030519P4, Gwent Group, 

Pontypool, UK). Pseudo-reference electrodes were printed using Ag/AgCl paste (C61003P7, 

Gwent Group, Pontypool, UK). The electrodes were cured at 120 °C for 30 min in an oven (JP 

Selecta, Barcelona, Spain).  

40 mL of single layer GO water solution (N002-PS-1.0, Angstron Materials, Dayton, OH, USA) 

of concentration 1 wt.% was sonicated for 2 h (80 % amplitude, 1 s pulse, 1 s pause, cooling 

temperature 15 °C, protecting temperature 40 °C) using an ultra-sonicator equipped with a 

1000 W sonic head and a water-cooling system (Col-Int TECH, Irmo, SC, USA). To create the 

ink, 600 mg of the sonicated GO solution, 6 mg of SDS, and 1.8 mL of EG were added to 

3.6 mL of milli-Q water, and mixed using a Q125 probe sonicator (Qsonica, Melville, NY, USA) 

with the following settings: time 300 s, amplitude 100 %, pulse 2 s, pause 1 s. The solution was 

cooled using an ice bath during sonication. The ink was obtained by filtering with a cellulose 

acetate syringe filter (0.45 μm cut-off, VWR, Radnor, PA, USA).  

The GO working electrodes were printed using the same parameters as before, but with 

modifications to the jetting voltage (11 V) and frequency (5 kHz) on a Dimatix printer. A single 

nozzle was used to print 10 mm-long working electrodes, with 30 printing cycles, 30 s pauses 

between layers, and a drop-spacing of 30 μm. A custom waveform profile was employed, as 

shown in Figure 2.2a. For piezo-based drop-on-demand inkjet printers, the jetting process is 

controlled by piezoelectric ceramics (PZT, in the case of Dimatix) which encounters shape 

deformation when applied an electric signal (waveform). As depicted in Figure 2.2b, the PZT 

bimorph is slightly bent towards the flow chamber at standby state under a voltage level of 25% 
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(100% corresponds to 11 V in this case). In segment one, the voltage is lowered to 7%, and the 

PZT moves towards a neutral straight position, causing ink to be drawn into the chamber from 

the ink cartridge. In segment two, the voltage is increased to 100%, and the PZT squeezes the 

chamber, forcing ink out of the nozzle. In segment three, the voltage is lowered back to the 

standby state (level 25%), and the PZT waits for the next ejection. 

 

Figure 2.2 (a)Waveform for GO electrode printing. (b) Illustration of the ink flow within the 

printhead at different waveform segments; adapted from ref[37]. 

Before the reduction of the GO, the electrodes were treated at 120°C for 2 hours to evaporate 

the ink solvents. Then, 50 μL of KCl solution in milli-Q water was pipetted onto the electrode 

to cover the pseudo-reference electrode, counter electrode, and the entire GO strip, including 

the undefined part of the graphite carbon working electrode track. Chronopotentiometry (CA) 

was used to reduce the electrodes at -1.5 V vs the onboard Ag/AgCl reference. After reduction, 

the electrodes were washed with milli-Q water and dried using compressed air. To prevent 

solutions from contacting the graphite part of the working electrode, an insulating line 

(Dielectric ink D2070423P5, Gwent Group, Pontypool, UK) was hand-pasted and cured at 

200°C for 5 min.  

2.2.4 Biosensor fabrication 

Anti-HT2 Fab and anti-IC-HT2 ScFv-ALP fusion antibodies were provided by VTT (Espoo, 

Finland) [38]. HT-2 toxin (C22H32O8, CAS No. 26934-87-2) was bought from Sigma-Aldrich 
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(St. Louis, MO, USA). The content of a whole vial of the mycotoxin was dissolved in dimethyl 

sulfoxide (1 mg/mL) to create the stock solution. Individual HT-2 concentrations were obtained 

by dilution. Gibco One Shot Fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, 

USA) was used as a matrix for real sample analysis. 

Anti-HT2 Fab was attached to the ERGO microelectrode via EDC/NHS linker chemistry. In 

detail, after the electrodes were washed with MES buffer (pH 6), a 30 μL drop of EDC/NHS 

solution (0.1 M, in MES buffer) was added to the printed area and left to incubate at room 

temperature for 30 min. The electrodes were then thoroughly washed with MES buffer to 

remove any excess EDC/NHS and 10 μL of Anti-HT2 Fab (10 μg/mL, in phosphate-buffered 

saline (PBS) pH 6.5) was added onto the electrode and incubated for another 30 min. The drop 

was then removed and 30 μL of Tris buffer (pH 8) was added to the electrode for 30 min to 

block the unreacted -COOH group on rGO. Subsequently, 30 μL of blocking buffer (2 % 

bovine serum albumin in PBS pH 7.4 with 0.05 % tween-20) was pipetted onto the electrode 

and incubated for 30 min to avoid unspecific fouling. The electrodes were washed twice with 

washing buffer (PBS pH 7.4 with 0.05 % tween-20) and samples containing the mycotoxin 

(30 μL total volume, diluted in blocking buffer in 1:1 ratio, 30 min incubation) were added. 

The electrodes were then washed thoroughly with washing buffer and dried at 25 °C. Anti-IC-

HT2 scFv-ALP was then added for 30 min and then removed with washing buffer. Analysis 

was performed by the addition of 5 mM 1-NP dissolved in 0.1 M DEA buffer (pH 9.8 

containing 1 mM MgCl2). After 5 min of incubation with 1-NP, DPV electrochemical analysis 

was performed vs the onboard Ag/AgCl reference electrode using the following settings: initial 

potential −0.8 V, end potential 0.7 V, scan rate 5 mV/s, modulation amplitude +175 mV, 

modulation time 10 ms, interval time 1 s, no deposition or conditioning potential was set.   

2.2.5 Electrochemical active surface area calculation 

To determine the mass transport limited electroactive area of the ERGO microelectrode, cyclic 

voltammograms (CV) were obtained using 1 mM [Fe(CN)6]3−/[Fe(CN)6]4− redox probe in 

0.1 M KCl. The electroactive surface was calculated according to the Randles-Sevcik equation 

for the (quasi) reversible electrode process: 

Ip = 2.69 ∙ 105 ∙ A ∙ D1/2 ∙ n3/2 ∙ ν1/2 ∙ C        

where Ip is the anodic current peak (in amps), A is the electroactive area (cm2), D is the 

diffusion coefficient of [Fe(CN)6]4− in solution and is 6.1 × 10−6 cm2/s [39], n is the number of 
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electrons transferred in half-reaction (1 in case of [Fe(CN)6]4−), ν is scan rate (0.1 V/s was 

chosen) and C is [Fe(CN)6]4− concentration (mol/cm3). 

2.2.6 Instrumentation 

SEM was taken with Magellan 400 L field emission scanning electron microscope (SEM, FEI, 

Hillsboro, OR, USA) at a working distance of 10 mm and voltage of 10 kV; the samples were 

mounted on aluminum stubs and then sputtered with Au. Microscope pictures were taken either 

by the inbuild fiducial camera of Dimatix or an optical microscope (Eclipse LV100DA, Nikon 

Corporation, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) measurements were 

performed at room temperature with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS 

GmbH, Berlin, Germany) in a base pressure of 5 ×10−10 mbar using monochromatic Al K-alpha 

radiation (1486.74 eV) as an excitation source. XPS spectra were then fitted with convolution 

of Gaussian and Lorentzian peak shapes after Shirley background subtraction. Raman spectra 

were obtained using a confocal Raman microscope alpha300r equipped with a 488 nm laser 

(WITec, Ulm, Germany) and parameters of 1.5 mW laser power, grating of 600 g / nm, 

objective 50x, exposure of 10 s and 3 accumulations for every single spectrum. For 

electrochemical measurements, an Autolab PGSTAT 302 (Metrohm, Herissau, Switzerland) 

equipped with a frequency response analyzer PGST30 was used. EIS was conducted at DC + 

0.185 vs Ag/AgCl, AC amplitude ± 10 mV, 0.01-1000 Hz with 1 mM 

[Fe(CN)6]3−/[Fe(CN)6]4− in 0.1 M KCl. The spectra including equivalent circuit elements 

calculations, were evaluated using NOVA (both Metrohm, Herissau, Switzerland). 

2.3 Results and discussion 

2.3.1 Printer comparisons  

The fineness and complexity of printed devices depend highly on the material depositing 

accuracy of the equipment used. Single droplets, which are the smallest elements an inkjet 

printer can deposit, were printed to compare printing accuracy. A porous substrate (NB-TP-

3GU100) was used because it can absorb the solvents inside the inks quickly and then pin the 

drops in situ, keeping the drop size and location on the substrate as printed, and eliminating the 

possible coffee ring effect. In other words, the droplet size is defined by the volume of ink 

deposited on the substrate instead of the solvent spreading area during drying. 
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Figure 2.3 (a) Obtained coordinates of 25 drops intended to print at (0, 0). (b) Microscope 

image of a droplet, and (c, d) optical images (by the fiducial camera) of droplet arrays with 

drop spacing of 100 μm. The arrays were printed for one (c) and two layers (d); the substrate 

was taken out of the printer after printing the first layer, and the second layer was deposited 

after position calibration with the inbuilt alignment system. 

Dimatix's printing accuracy was tested with ink Ag-2 by repeatedly printing a single droplet at 

a specific place (in this case, with coordinates X = 0, Y = 0). Figure 2.3a displays the obtained 

coordinates of 25 drops, and further analysis gives a statistical coordinate of 11.4 ± 8.9, -0.96 

± 7.9 μm. These results indicate that Dimatix has a depositing accuracy of approximately 20 

μm in the X-axis and 10 μm in the Y-axis, which is reasonable considering its motor moving 

steps (cartridge movement in the X direction is 11.502 µm/step, and plate/substrate movement 

in the Y direction is 1.875 µm/step). 

The optical picture in Figure 2.3b shows a smooth-edged, circle-shaped droplet with a diameter 

of approximately 46 μm. The droplet arrays with a drop spacing of 100 μm (Figure 2.3c) 

illustrate almost identical droplets (diameter 47.2 ± 2.5 μm). The actual drop distance (distance 

between droplet centers) measured is 99.4 ± 3.2 μm, which shows the printer has an intra-layer 

depositing error of 3.2 μm. Remarkably, the drops showed great overlapping after replacing 

the substrate and printing one more layer (Figure 2.3d), proving a high alignment accuracy of 

Dimatix. 

To obtain single droplet arrays by the Epson printer, we designed square-array patterns in which 

each of the squares (one pixel) results in one ejected droplet theoretically, with the maximum 

resolution of the PDF files that AutoCAD could export (4800×4800 DPI, 5.3 μm/pixel). The 

square diameter and distance were defined with the integer multiple of 5.3 μm, as 5.3, 10.6, 

15.9, 31.8, and 63.5 μm, with a distance of 211.7 μm for the first four arrays and 317.5 μm for 

the last one. The printing was defined as inline if printed along the printhead movement 

direction and outline if perpendicular to it. The results show that there were no patterns printed 
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with pixels sized 5.3 and 10.6 μm (Figure 2.4a and b), while there were when the pixels were 

larger (Figure 2.4c-e), demonstrating the minimum printable pixel as 15.9 μm. The obtained 

drop diameter ranged from 16.5 to 28.6 μm. This variation is accrued from the print spool 

process, which rasterizes the image data and converts it to printer-understandable command 

sequences. Then, the printer adjusts the jetting volume and numbers to ensure good 

visualization of the obtained pattern, leading to inconsistencies between the design and final 

pattern [40]. Some droplets displayed elliptical shapes with the major radius inline, which may 

be led by the high-speed movement of the printhead. 

 

Figure 2.4 Optical pictures of printed droplet arrays by Epson, from designed patterns with 

different pixel sizes and distances. (a-d) pixel size 5.3, 10.6, 15.9 and 31.8 μm, respectively, 

with a distance of 211.7 μm; (e) pixel size 63.5 μm with a distance of 317.5 μm. (k, l, m) are 

pictures of the same printed traces as (c, d, e) at a lower magnitude, respectively. The black 

grids are virtual patterns with line crosses as the intended printing spots. The green circles 

indicate the printed “domains”. The red squares indicate areas with missing dots. (f-j) Optical 

pictures of 3-layer printed droplet arrays with the same setting as that of the corresponding 

above (a-e) pictures. (a-j) have the same scale bar.  

Ideally, all the printed patterns should include droplets with the same diameter and distance. 

However, for the designed arrays with 15.9 μm pixels, the resulting pattern consisted of small 
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“domains” with a diameter of 79 ± 22 μm, containing 2 or 3 drops in one line (Figure 2.4 c and 

k), and the domain distance gives 223.3 ± 19.5 μm (211.7 μm in the design); that for 31.8 μm 

pixels are domain diameter 121 ± 25 μm, with 2 to 9 drops in one or two lines (Figure 2.4 d 

and l) and domain distance 221.8 ± 16.6 (211.7 μm in the design); that for 63.5 μm pixels are 

domain diameter 248 ± 35 μm, with 2 to 20 drops in one to four lines (Figure 2.4 e and m) and 

domain distance 335.7 ± 26.7 μm (317.5 μm in the design). These data indicate that the drops 

were randomly distributed around the intended printing places with considerable errors. 

Figures 2.4k-m also indicate that the drops were well-oriented inline but much more irregular 

outline. Additionally, some dots were missing inline, which may have been caused by blocked 

nozzles (it is difficult to have 180 nozzles unblocked at the same time) or the outline moving 

step not matching with the drop distance in the designed patterns. Three-layer overlap printing 

(with substrate replacement) showed a similar trend and larger variations compared to one-

layer printing (Figure 2.4f-j). 

 

Figure 2.5 Representative optical pictures (transmission mode) of the lines printed with 

Dimatix (row a and b) and Epson (row c and d). The (a) and (c) rows are inlines (parallel to 

the printhead moving direction); (b) and (d) rows are outlines (perpendicular to the printhead 

moving direction); the printed lines are indicated by black color; the scale bars are 100 μm in 

all the cases. 

To further compare the two printers, a series of lines were designed and printed. Since the exact 

minimum recognizable pixel size of Epson is unknown and the minimum printable pixel size 

is approximately 15 μm, the patterns were defined as integer multiples of 5 μm, based on the 
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printing resolution of Dimatix. (The maximum resolution of the pattern that Dimatix is capable 

of processing is 5080 DPI I[41],which corresponds to 5 μm per pixel.) The designs consisted 

of 2 cm long lines with widths ranging from 15 to 600 μm. As the line width increased, the 

printed traces could be considered as gradually changing from lines to squares. The lines 

printed with Dimatix appeared uniform, with high edge sharpness (Figure 2.5a and b). On the 

other hand, the lines printed with Epson presented defects such as uncovered areas among the 

intended printing places, disconnected lines, wave-like edges, and satellite drops (Figure 2.5c 

and d). 

 

Figure 2.6 (a) Width dependence of the printed lines on the designed ones; the dots are raw 

data, the red solid lines are fitted plots, and the green lines are plots of Y=X; the fittings were 

done on X range from 15 to 600 μm, since designed 10 and 15-μm lines give the same printing 

line width. (b) Width variations of the obtained lines. 

The actual width of the printed lines was determined using optical images. In Figure 2.6a, it 

can be observed that all the printed traces were wider than the designed lines, with an offset of 

approximately 85 μm for Epson and 35 μm for Dimatix. Epson showed greater variations in 

line width compared to Dimatix. Interestingly, the 10 and 15-μm lines had the same resulting 

width for Epson, indicating that Epson's minimum distinguishable pattern dimension is 15 μm, 

consistent with the results obtained with single droplet printing. Dimatix had a drop spacing of 

15 μm, meaning that any dimension less than 15 μm was considered as 15 μm, resulting in the 

same value for 10 and 15-μm lines designed. The minimum printable pattern size for Dimatix 

was 5 μm according to the data sheet and our test. From Figure 2.6b, it can be observed that 

variations in line width obtained from Dimatix were less than 5% in the whole range of 10-600 
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μm, both inline and outline, whereas Epson required a wider design width of over 150 μm 

inline and 300 μm outline. 

Epson is a readily available office consumer printer that costs approximately €400, while a 

Dimatix costs around €30,000. Epson has six ink channels that allow for multi-ink printing 

simultaneously. However, consumer printers are customized for the inks that manufacturers 

supply, and it is challenging to fabricate inks that work for consumer inkjet printers because 

how the parameter settings affect the behaviors of ink deposition is unknown. Dimatix offers 

the choice of printheads with different jetting volumes, adjustable printing parameters (e.g., 

applied electrical signal and temperature), and visualization of ink droplet formation and drying 

process through inbuilt cameras, making it more suitable for custom material deposition. 

However, the large nozzle number (180/channel) of Epson makes it much faster than Dimatix, 

which only has one channel with 16 nozzles. 

2.3.2 ERGO microelectrode fabrication 

Based on the findings discussed earlier, it is suggested that a research-grade inkjet printer 

(Dimatix) would be a suitable choice for microelectrode production. It is recommended that 

the size of the materials being used should be less than 1/100th the size of the nozzle to avoid 

nozzle obstruction and ensure successful printing [42]. To ensure that the GO sheets were of 

appropriate dimensions, they were first treated with continuous sonication, followed by 

filtration to remove undesired sizes. The lateral diameter of the treated GO significantly 

decreased after sonication, with a lateral range of 226-875 nm (Figure 2.7a), compared to the 

source GO with a lateral range of 3.0-4.5 μm (Figure 2.7b). It is well-known that sonication 

can induce fragmentation of the GO sheets, leading to crystal structure defects, which are 

important for heterogeneous electron transfer in electrochemistry [43, 44]. As the viscosity of 

water is too low and the surface tension is too high for inkjet printing, rheology modifier EG 

was added, along with SDS to adjust the ink's surface tension [45, 46]. 

The resolution and uniformity of printed designs depend on droplet spread and the ink's ability 

to wet the substrate [47]. Surface chemistry and roughness both contribute to substrate wetting. 

Here transparent and flexible PEN was chosen as substrate, which is commonly used for 

wearable electrode sensors [48]. Prior to printing, the substrate underwent atmospheric-

pressure oxygen plasma treatment and subsequent chemical hydrolysis with NaOH. Plasma 

treatment can oxidize the polymer chain's aromatic rings [49], and NaOH treatment can 

increase the roughness of PEN [50]. Figure 2.7c and d demonstrate that droplet contact angle 
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decreased after plasma and NaOH treatment, indicating improved substrate wettability. 

 

Figure 2.7 SEM micrograph of GO flakes contained in ink (a) and as obtained from 

manufacturer (b). Contact angle for a droplet of the ink on non-treated (c) and (d) treated PEN 

substrates. (e) SEM micrograph of the reported electrode, consists of inkjet printed GO strip 

(narrow black line, indicated by the dashed line), screen printed counter (dark arc) and 

reference electrodes (white arc). (f) Scheme of ERGO microelectrode fabrication. (i) carbon 

counter electrode and contacts were screen printed on plasma/NaOH treated PEN, and then 

oven-cured at 120 °C for 30 min; (ⅱ) The GO working electrodes were inkjet-printed and then 

oven-cured at 120 °C for 2h; (ⅲ) The Ag/AgCl reference electrodes were screen printed and 

oven-cured at 120 °C for 30 min; (ⅳ) GO strip was electrochemically reduced at −1.5 V vs the 

onboard Ag/AgCl reference; (ⅴ) dielectric ink was handy-pasted as insulating line to prevent 

solutions from having contact with the connecting tracks. 

A typical three-electrode configuration was built using various printing techniques. The 

working electrode was inkjet-printed using the developed GO ink, while the counter electrode 

and connections were screen-printed with carbon paste to avoid extra-long electrochemical 

reduction of GO. Ag/AgCl reference was screen-printed as well. Figure 2.7e shows an SEM 

micrograph of the entire electrode (the strip is invisible in the optical image of the electrode). 

After the reduction step, an insulating layer was added to cover the carbon connection of the 

working electrode and define the electrodes' active surface. The fabrication process is 

illustrated in Figure 2.7f. 



Inkjet-printed electrochemically reduced graphene oxide microelectrode for HT-2 detection 

120 

 

2.3.3 ERGO microelectrode characterization 

 

Figure 2.8 (a) Optical microscope image of IP GO strip electrode before reduction. The black 

feature is the end of the screen-printed connecting track, and the narrow grey line represents 

the inkjet-printed GO microelectrode. (b) Representative Raman spectra of GO electrode 

before reduction (red line), after thermal treatment (2 h at 120 °C and 5 min at 200 °C; blue 

line) and after electrochemical reduction with the same thermal treatment (green line). 

Deconvoluted XPS C 1s (c) and O 1s (d) spectra of ERGO.  

An optical microscope image shows the GO microelectrode with a width of 78 μm (Figure 

2.8a), which was then electrochemically reduced to gain ERGO, performed in 3 mM KCl 

solution at a potential of −1.5 V vs Ag/AgCl. The reduction was characterized using Raman 

spectroscopy by observation of the two characteristic D and G bands of graphene-based 

materials. It has been reported that the D band is related to the degree of defects and disorder 

within the hexagonal lattice and should not be observed in the case of pristine graphene, like 

that grown by chemical vapor deposition [51]. While the G band corresponds to the in-plane 

vibrations of sp2 carbon atoms of graphene lattice and thus increases with the reduction of C-

O/C=O. As such, the ratio of these peak intensities (ID/IG) is often used to survey the level of 

oxidation of graphene-based materials [52]. In both GO and ERGO samples, the D and G bands 

were observed at 1354 cm-1 and 1578 cm−1, respectively (Figure 2.8b) and without any shifts 
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upon a comparison of the spectra before and after the reduction. However, the intensities of 

these peaks show obvious variations and suggest the successful electrochemical reduction of 

the GO to ERGO as the ID/IG ratio increased from 0.90 to 1.25. The observation also suggests 

an increase in lattice defects during the reduction process and is in good agreement with a 

previous study [53]. Raman spectra of a thermally treated working electrode were obtained as 

a control, which is similar to that of GO and shows distinguished differences to that of ERGO, 

indicating the thermal treatment during the fabrication process has negligible influence on the 

electrode. The ERGO electrodes were also characterized using XPS to determine the chemical 

states of carbon and oxygen (Figure 2.8c and d). Upon evaluation of the C 1s spectrum, the 

carbon peak was deconvoluted to 5 individual peaks, C-C sp2 (284.5 eV), C-OH (285.5 eV), 

C-O (286.4 eV), C=O (287.6 eV) and O-C=O (289.9 eV); Four distinguishable oxygen-

containing peaks were observed in the O 1s spectrum (C=O at 530.7 eV, O-C=O at 532.2 eV, 

OH at 533.1 eV and C-O-C at 533.7 eV) [54-56]. It demonstrates that even after 

electrochemical reduction, carboxyl functional groups which will facilitate covalent attachment 

of antibodies were still presented within ERGO electrodes  

2.3.4 ERGO microelectrode optimization with 1-N 

The ERGO microelectrodes were characterized by cyclic voltammetry at varying speeds of 

polarization. As shown in Figure 2.9a, the ferri/ferrocyanide redox reaction exhibited clear 

oxidation and reduction peaks, with current increasing as scan rate increased. Plotting the anion 

oxidation current of ferrocyanide against the square root of scan rate revealed a linear 

correlation (Figure 2.9b), indicating a diffusion-controlled mechanism for the redox probe on 

the electrode. However, significant shifts in the faradaic peaks were observed, indicating slow 

electrode kinetics towards oxidation/reduction of the probe. This behavior was similar to that 

reported for highly ordered pyrolytic graphite electrodes [57]. The presence of oxygen in 

ERGO could also contribute to these shifts, as the ferri/ferrocyanide redox probe is highly 

sensitive to the oxygen content in the electrode material [58]. Using the Randles-Sevcik 

equation for (quasi) reversible electrode processes, the mass transport limited electroactive 

surface of the electrode was determined to be 5.2 mm2, 0.2 mm2 larger than the geometrical 

surface. The reduction condition of the electrode was optimized using DPV based on the 

detection of 1-naphthol (1-N, a reporting label for the subsequent enzymatic immunosensor). 

The experiments were conducted with electrodes fabricated using the same procedure as the 

microelectrodes, but with a larger geometric surface (1.0 mm × 5.0 mm) to observe greater  
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Figure 2.9 (a) CVs of 1 mM [Fe(CN)6]3−/[Fe(CN)6]4− in 0.1 M KCl recorded on 1200 s-

reduced ERGO electrode and (b) the dependence of anodic peak heights on the square root of 

scan rate. (c-g) Optimization for GO reduction based on the DPV oxidative detection of 1-N 

with the obtained ERGO electrode; (c) reduction time, (d) concentration of KCl, (e) modulation 

amplitude, (f) modulation time and (g) scan rate; red diamond indicates condition selected as 

optimal; typical DPV curves are shown within insets (at modulation amplitude 50 mV, 

modulation time 50 ms and scan rate 10 mV/s before optimization, with 1 mM of 1-N in DEA); 

the arrow is showing trend corresponding to x-axis parameter increase. (h) Signal response 

(DPV peak current at + 0.05 V) of 1-N on the optimized ERGO electrode. 

differences. As shown in Figure 2.9c, a distinct oxidation peak of 1-N (+0.05 V vs the onboard 

Ag/AgCl reference, inset plots) was present and increased with the reduction time of the GO 

electrodes, indicating improved electrode sensing performance. It is worth noting that after 300 

s of reduction at a constant potential of −1.5 V vs Ag/AgCl, the entire printed GO layer changed 

color from brown to black. However, a reduction time of 900 s increased the electrochemical 

signal by 45 ± 5% (n = 3). This increase may be attributed to the further reduction and denser 

packing of the graphene flakes, as indicated by Feng et al., who described the electrochemical 

reduction of GO as a multi-step process, with the reduction time determining the reduction 

degree [59]. Increasing the reduction time to 1200 s only negligibly enhanced electrode 

performance, thus 1000 s was typically used to ensure sufficient reduction. No significant 

changes in 1-N signals were observed with varying concentrations of KCl (Figure 2.9d). This 

suggests that the electrolyte solution had minimal effect on the performance of the ERGO 

microelectrode, and a concentration of 3 mM KCl was selected for the reduction. 
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The dependence of the 1-N DPV signal on the modulation amplitude, modulation time, and 

scan rate was evaluated. The red diamond in Figure 2.9e, f, and g indicates the optimal results, 

which had the highest oxidation current of 1-N. Therefore, for the DPV measurements, a 

modulation amplitude of +175 mV, modulation time of 10 ms, and a scan rate of 5 mV/s were 

used. Finally, the dependence of the 1-N oxidation signal at +0.05 V versus its concentration 

in DEA buffer was examined. The linear range of the calibration curve was observed to be 

between 31.25 and 0.24 μM, with an R2 value of 0.994. These results showed that an electrode 

with the above-mentioned settings provided reliable and sensitive detection of 1-N, as 

demonstrated in Figure 2.9h. 

2.3.5 ERGO strip microelectrode biosensor 

To demonstrate the capabilities of the electrodes for possible real-world applications, HT-2 

mycotoxin (chemical structure, Figure 2.10 inset) was detected with a typical electrochemical 

enzyme-linked immunosorbent assay (ELISA). Initially, anti-HT2 Fab was attached to the 

electrode through carbodiimide chemistry, using EDC/NHS, crosslinking the residual 

carboxylic groups found on the surface of ERGO to the primary amines of the Fab fragment. 

After the recognition of Anti-HT2 Fab with HT-2, anti-IC-HT2 scFv-ALP was applied, which 

is a single-chain variable antibody fragment (scFv) genetically fused with alkaline phosphatase 

(ALP) and can recognize the immunocomplex of HT-2 toxin & Anti-HT2 Fab. ALP cleaves 

non-electroactive 1-NP, producing electroactive 1-N, which can be oxidized with DPV, and 

thus, the oxidation peak current reports the concentration of the HT-2 in solution (Figure 2.10a). 

Noncompetitive ELISA is known to have better performance than indirect competitive 

ones[60], but competitive assays are commonly used for mycotoxin detection, since two 

antibodies cannot bind a mycotoxin simultaneously due to the small size of mycotoxins. 

Moreover, the anti-HT2 Fab is not able to specifically recognize HT-2 from T-2 toxin[61], due 

to their similar structures and T-2 is rapidly metabolized to HT-2 when consumed[62]. Thus, 

the specificity of the sensor was provided by anti-IC-HT2 scFv, which only binds with the 

immunocomplex of Anti-HT2 Fab & HT-2, instead of HT-2, T-2, and related molecules (T-2-

triol, T-2-tetraol, diacetoxyscirpenol, 15-acetyldeoxynivalenol, 3-acetyl deoxynivalenol, 

deoxynivalenol, deoxynivalenol-3-glucoside, nivalenol, and neosolaniol) [61]. It is worth 

noting that the ALP was genetically attached to the anti-IC-HT2 scFv opposite to the antigen-

binding site, without disturbing the antibody’s performance. This was accomplished through 

molecular cloning techniques, in contrast to chemical conjugation, which results in random 
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fusing locations and number [63]. 

 

Figure 2.10 (a) Scheme of the HT-2 toxin biosensor based on ERGO microelectrode; the inset 

shows the chemical structure of HT-2. (b) EIS Nyquist plot of the electrode modified with anti-

HT-2 Fab in 1 mM [Fe(CN)6]3−/[Fe(CN)6]4− in 0.1 M KCl and the equivalent circuit used for 

data evaluation in the inset; the amount of applied Anti-HT2 Fab was measured in nanograms 

per square millimeter on the working electrode (ng/mm2). (c) Dependence of Ris (interspace 

solution resistance within the antibody layer, obtained from the data in b) on applied anti-HT-

2 Fab. (d) DPV 1-N oxidation signal without applying of HT-2 toxin, indicating the dependence 

of the biosensor’s background signal on applied anti-HT-2 IC scFv-ALP. (e) Dependence of 1-

N oxidation signal on concentrations of applied HT-2 toxin, the inset shows corresponding 

baseline-corrected DPV responses. 

The successful attachment of Anti-HT2 Fab onto the ERGO working electrode was monitored 

using electrochemical impedance spectroscopy (EIS, 1 mM [Fe(CN)6]3−/[Fe(CN)6]4− in 0.1 M 

KCl, DC + 0.185 vs Ag/AgCl, AC amplitude ± 10 mV, at frequency range 0.01-1000 Hz). 

Figure 2.10b shows that an increasing concentration of attached Anti-HT2 Fab resulted in an 

incremental change of the depressed semi-circles at low frequencies in the Nyquist diagram. 

The strong affinity between the electrode and the antibody resulted in the formation of a porous 

protein layer, and the high density of protein led to considerable solution resistance within the 

layer interface [64]. The charges either charged the capacitive protein layer and the electric 

double layer at the electrode surface or travelled through the interspace of the protein layer and 
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the electrode surface, resulting in the modulation of an equivalent circuit as shown in the inset 

of Figure 2.10b. The circuit included solution resistance Rs, the capacitance of the protein layer 

CPEp (with a constant phase element used to compensate for structure inhomogeneity), electric 

double layer capacitance of the electrode Cdl, interspace solution resistance within the protein 

layer Ris, and charge transfer resistance Rct. Ris increased with the increasing amount of 

applied Anti-HT2 Fab and reached a plateau at 50 ng/mm2 (red diamond in Figure 2.10c), 

indicating the maximum immobilization of the antibody. 

To optimize the amount of applied anti-IC-HT2 scFv-ALP, the DPV oxidative signal of 1-N 

(in the presence of 5 mM 1-NP) was used to obtain minimal background response. Higher 

concentrations of anti-IC-HT2 scFv-ALP could result in a substantial increase in the 

background signal, which is undesirable. Various concentrations of anti-IC-HT2 scFv-ALP 

were incubated with the Anti-HT2 Fab modified electrodes without the introduction of the HT-

2 toxin. A concentration of 75 ng anti-IC-HT2 scFv-ALP (30 μL, 2.5 μg/mL) was selected as 

optimal (red diamond in Figure 2.10d). It should be noted that the current intensity in Figure 

2.10d are in nA scale, whereas but previous ones in μg (Figure 2.9). This difference is due to 

the fact that the tests in Figure 2.10 were performed on as-prepared microelectrodes, while 

those in Figure 2.9 were performed on enlarged electrodes (1.0 mm × 5.0 mm). 

Under the optimized conditions, the biosensor exhibited an increasing DPV 1-N signal in 

response to increasing concentrations of HT-2 toxin, with good linear dependence (Figure 

2.10e), a dynamic range of 6.3-100.0 ng/mL and a limit of detection (LOD) of 1.6 ng/mL. The 

low LOD observed is comparable to other methods such as ELISA, surface plasmon resonance 

biosensors, or high-performance liquid chromatography with fluorescence detection [65-67]. 

Khan et al. reported a fluorescence resonance energy transfer amplified aptasensor to detect T-

2 toxin (which is rapidly hydrolyzed to HT-2 toxin in vivo) with a LOD of 0.93 pg/mL[68]. A 

LOD of 0.38 ng/mL was reported for a non-competitive immunoassay based on the utilization 

of time-resolved fluorescence resonance energy transfer [61]. However, in our case, the 

sensitivity, as well as other detection parameters, can be further tuned by prolonging the 

incubation times of the substrate 1-NP with the immobilized ALP. During longer incubation 

times (longer incubation time, anti-IC-HT2 scFv-ALP will produce more 1-N). Notably, the 

peak of 1-N shifted from +0.05 V (in the case of 1-N sensing of the bare ERGO microelectrode) 

to -0.08 V (inset, Figure 2.10e). This shift can be attributed to a change in the quasi-reference 

electrode potential due to multiple incubation and washing steps. 
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As matrix effects can significantly influence the sensitivity of analysis, an assessment of the 

detection of HT-2 was performed using spiked fetal bovine serum (FBS). A HT-2 standard 

solution (1 μg/mL) was diluted with FBS solution (HT-2:FBS = 1:9 in volume) and then mixed 

with blocking buffer in a ratio of 1:1. The recovery of the standard ranged from 87.8% to 108.5% 

(n=5). 

2.4 Conclusions 

In this study, we focused on the fabrication of reduced graphene oxide microelectrodes, where 

reduced graphene was not only the modifier of highly conductive electrode material but also 

the electrode material itself. A comparison showed that the consumer printer was not as 

accurate and reliable as the research-grade printer under optimal conditions, and the latter is 

qualified for ink patterning on a 10s μm scale. A water-based commercial GO ink was 

formulated for microelectrode printing with the research-grade inkjet printer onto plasma-

treated and chemically etched PEN sheets. The electrode was 78 μm in width, and reduced in 

KCl solution, where the reduction parameters and electrolyte concentrations were optimized. 

The increase in peak ratio (ID/IG) observed from Raman spectra confirmed the successful 

reduction of the GO. Based on the electrode, an enzymatic electrochemical immunosensor was 

optimized for HT-2 mycotoxin detection, showing a dynamic range of 6.3 -100.0 ng/mL and a 

LOD of 1.6 ng/mL. The proposed biosensor reached biologically relevant analytical parameters 

and satisfactory recovery in the biological matrix. 

Nowadays, with miniaturized commercial potentiostats, ordinary smartphones can be used as 

electrochemical workstations. Consequently, the reported microelectrode can be used as a part 

of affordable and portable point-of-care analytical devices beneficial for food quality control 

[69, 70]. The reported fabrication procedure enables the manufacture of working electrode 

arrays which is attractive for analysis multiplexing. Moreover, the fabrication of such sensors 

on transparent plastic materials can be beneficial for the integration of additional sensing 

devices with optical readout.   
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3.1 Introduction 

Electrochemical sensors have been widely used in various fields, such as disease diagnostics, 

hazard monitoring and food quality control, due to their low cost, high sensitivity and ease of 

miniaturization [1-3]. The tunable conductivity, high surface area and biocompatibility make 

graphene a promising material for constructing electrochemical sensors[4-6]. Low-defect 

graphene is usually produced by physical exfoliation with expensive/toxic solvents (n-methyl-

2-pyrrolidone, dimethyl sulfoxide, N, N-dimethylformamide); or chemical vapor deposition 

[7], which shows low throughput and involves high temperatures and complicated transfer 

process, limiting the practical use of graphene electrodes. In this regard, functionalized 

graphene[8] such as graphene oxide (GO) has emerged as an alternative, but the inherent 

dielectric property of GO confines its application in electronic devices [9]. In contrast, reduced 

graphene oxide (rGO) shows good electrical conductivity and a high electron transfer rate, and 

maintains oxygen-containing groups for further functionalization[10]. Chemical[11], 

thermal[12] and electrochemical[13] methods have been reported to reduce GO, resulting in 

rGO electrodes with different surface composites and defect densities, which affect the 

performance of the electrode significantly. 

The patterning of graphene electrodes is of great importance for the fabrication of 

electrochemical sensors [4, 14, 15]. Often photolithographic techniques are used to pattern low-

defect graphene [15, 16], however, these methods are not widely available due to the need for 

expensive equipment and clean room facilities. Templated-based strategies such as vacuum 

filtration[17], chemical covalent bonding[18] and contact-transfer printing[19] have also been 

demonstrated for graphene patterning, but they require physically or chemically patterned 

models, and may need hazardous chemicals, making the process unscalable. Printing methods 

could produce graphene electrodes on large scale and at low cost[20]. However, to obtain good 

printing, additives are usually necessary to adjust the rheological properties of the graphene 

inks, which may affect the electrochemical performance of the final electrodes. Meanwhile, 

pre-treatment of the substrate may be needed to achieve stable and uniform ink adhesion. In 

addition, high-temperature annealing is usually required after printing [21], which limits the 

choice of substrates to heat-resistant materials. Since printing is a solution-based 

manufacturing process, the van der Waals force and π-π stacking effect can lead to restacking 

of graphene sheets during sintering, resulting in a reduced surface area of the graphene [22]. 

Direct laser writing has been proven an easy, efficient, low-cost, chemical and mask-free 
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method for graphene electrode fabrication, by simultaneously patterning and reducing GO, or 

in situ creation of graphene from carbon-based materials [23-25]. The Kaner group reported a 

pioneer work in which laser induced graphene (LIG) was produced with a standard LightScribe 

DVD driver, with a total cost of less than 20 $, including the laser [26]. Lin et al [27] developed 

porous graphene by direct laser writing of a commercial polyimide sheet with a CO2 laser in 

2014 and explained the mechanism first. Ever since, polyimide substrates have dominated the 

field, despite the intensive efforts devoted to graphene production with alternative materials, 

including other polymers, carbon and natural materials [14, 28, 29]. Various works have 

illustrated biosensors based on the electrodes formed by laser-scribed polyimide films [14, 23, 

25]. However, as far as we know, there is not any reported biosensor developed with electrodes 

made of the laser induced reduction of GO. The main issues behind this are: (1) The reduction 

happens in situ, meaning that GO and rGO are present in the same plane. It is not desirable 

since the highly soluble GO will dissolve in any biological media[22, 30]. (2) LIG is very 

fragile and can be damaged by gentle gas flows[31, 32]. To overcome these issues, the Nam 

group developed a method to transfer and pattern graphene simultaneously, but it is only 

applicable to the substrates that don’t absorb the excitation laser[33]. Our group have recently 

reported a novel, stamp transfer method, capable of fabricating rGO electrodes on a wide 

variety of substrates[34]. In this work, a GO film formed by vacuum filtration was reduced and 

patterned with a LightScribe DVD driver, and then was transferred to various substrates with 

a mechanical press while the GO remained on the original host substrate. At the same time, the 

mechanical properties of the LIG were enhanced during the pressing. However, this work only 

verified that such electrodes were applicable for electrochemical sensing, instead of biosensing. 

In addition, the process required a vacuum pump and expensive filter membranes, thus could 

only produce small batch sizes and was relatively slow.  

Herein we report a simple, efficient method for the large-scale production of laser reduced 

graphene oxide (LRGO) electrodes based on the above-mentioned work by our group and 

demonstrate its capability of biosensing. A typical three-electrode system was built, consisting 

of working and counter electrodes made of LRGO stamp-transferred onto polyester (PE) sheets, 

inkjet printed silver contacts and Ag/AgCl reference electrode (by a sequent chlorination 

process). As a proof of concept, a biosensor was demonstrated for the first time based on such 

electrodes to detect Escherichia coli (E. coli) by creating an electrochemical enzyme linked 

immunosorbent assay (ELISA). Its sensing ability was verified in phosphate buffered saline 

(PBS) buffer with a commercial potentiostat, showing a dynamic range of 917 -2.1×107 
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CFU/mL and a detection limit of 283 CFU/mL. The sensor was also tested in artificial urine, 

and on a portable, wireless system controlled by a mobile phone[35], demonstrating the 

potential of application towards the point of care. 

3.2 Experiments 

3.2.1 Materials  

GO solution, (GO water dispersion, 10 mg/mL) was purchased from Graphenea (San Sebastian, 

Spain). Polyester (PE) sheets (AUTOSTAT HT1802168201) were obtained from MacDermid 

Autotype Ltd. (Wantage, UK). Phosphate buffered saline tables, Tween™ 20 and Tryptic Soy 

Agar were ordered from Merck Life Science S.L.U (Madrid, Spain). Phosphate buffered saline 

buffer (PBS, 10 mM, pH 7.4) was prepared by dissolving PBS tablets in ultrapure water. PBS 

with Tween 20 (PBST) buffer was prepared by adding Tween™ 20 (final concentration 0.05 

wt.%) in PBS buffer (10 mM). Polyclonal anti-E. coli antibody (PA1-7213) was obtained from 

Fisher Scientific (Madrid, Spain). HRP-labelled antibodies (ab20425) and 3, 3', 5, 5'-

Tetramethylbenzidine (TMB) substrate (ab171523) were purchased from Abcam plc 

(Cambridge, UK). Escherichia coli (E. coli, CECT 4972) and Staphylococcus aureus subsp. 

Aureus (SA, CECT 5190) were purchased from CECT (Valencia, Spain), and Salmonella 

Typhimurium (ST, ATCC 14028) from ATCC (Virginia, USA). 

3.2.2 LRGO electrode production 

PE substrates were washed with isopropanol (IPA) and dried with nitrogen or compressed air. 

Afterwards, 5 ml of GO solution was drop-casted on an 8 × 8 cm square defined on the PE 

sheet with paper tape (to prevent the solution from spreading), shaken gently by hand and then 

dried at 60 °C for 2 h. A CO2 laser engraver (Rayjet 50 Laser Engraver, Trotec Laser GmbH, 

Marchtrenk, Austria) was used to scribe the GO film to produce laser reduced graphene oxide 

(LRGO), the laser settings were, power = 2.07 W and speed = 1.5 m/s. The LRGO was placed 

face down on the desired substrate, fixed tightly in place with scotch tape, sandwiched between 

four sheets of A4 paper (2 layers above and 2 layers below the sample) and placed in a hydraulic 

press (SPECAC manual hydraulic press 15 ton, UK). A 6-ton force was applied for 1 min to 

transfer the LRGO onto the hosting substrate, forming both the working electrode (WE) and 

counter electrode (CE). Silver contacts were inkjet printed with a Dimatix 2831 (FUJIFILM 

Dimatix, USA. Print temperature 30 °C, plate temperature 60 °C, drop space 25 µm, 3 layers), 
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using a silver ink (Sicrys I40DM-106, PV Nano Cell Ltd, Migdal Ha’Emek, Israel) and then 

oven-cured at 160 °C for 2 h. Poly dimethyl siloxane (PDMS, SYLGARD® 184 silicon 

elastomer kit, Dow corning, MI, USA) was used as an insulating layer; a schematic summary 

of the insulation process has been included in Figure 3.1. Ag/AgCl pseudo-reference electrodes 

(RE) were obtained by chlorinating the printed Ag trace with 0.4 % NaClO for 3 min[36].  

 

Figure 3.1 Schematic illustration of the insulation process using poly dimethyl siloxane 

(PDMS). (i) Mix the base solution and curing agent in a 10:1 weight ratio; (ii) place in a 

vacuum chamber for 5 min to remove the bubbles generated during mixing; (iii) paste the mixed 

liquid over the desired area (between the electrodes and connection points); (iv) Cure at 160 °C 

for 2 min. 

3.2.3 Characterizations of LRGO 

Cyclic voltammetry (CV) was done with a commercial potentiostat (PalmSens4, PalmSens BV, 

Houten, Netherlands), in an aqueous solution of 0.5 mM potassium ferrocyanide, 0.5 mM 

potassium ferricyanide and 0.1 M KCl at a scan rate of 50 mV/s. For defining the 

electrochemical active surface area (ECSA) with non-faradic mothed, CVs were performed in 

0.1 M NaClO4 (in ethanol) by using a 3 mm diameter LRGO disk as WE, four LRGO squares 

(Each 1 cm2) as CEs and a commercial Ag/AgCl electrode (CHI111, CH Instruments, Inc.) as 

the RE. The height of the films was measured by an optical profilometer (Profilm 3D, 

Filmetrics Inc.) equipped with a 10 × objective and using a stage movement speed of 0.12 mm/s. 

Scanning electron microscopy (SEM) was performed with a Quanta 650 (UK) at a working 

distance of 10 mm and voltage of 10 kV; the samples were mounted on aluminum stubs and 

sputtered with Au before imaging. The sheet resistance was obtained by measuring square (1 

cm×1 cm) samples with a Keithley 2400 using a four-point probe system (van der Pauw 

method). Raman spectra were obtained with a Raman microscope (Alpha300 R-Raman 

Imaging Microscope, Oxford Instruments) using a 488 nm laser with a spot size of 

approximately 3 μm. The parameters used were: laser power = 1 mW, grating = 600 gr/nm, 

objective = 50×, exposure time = 10 s, accumulations = 2, waveform range = 500~3500/cm. 
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XPS measurements were performed at room temperature with a SPECS PHOIBOS 150 

hemispherical analyzer (SPECS GmbH, Berlin, Germany) at a base pressure of 5x10-10 mbar 

using monochromatic Al K alpha radiation (1486.74 eV) as the excitation source, operated at 

300 W. The sampling area was 3.5 mm×1 mm and the energy resolution as measured by the 

full width at half maximum (FWHM) of the Ag 3d 5/2 peak for a sputtered silver foil and was 

found to be 0.62 eV. The fitting of the obtained spectra was done with XPSPEAK 41 with a 

Shirley background correction.  

3.2.4 LRGO electrode functionalization 

The LRGO working electrode was activated with 1-pyrenebutanoic acid succinimidyl ester 

solution (PBASE, 1 μL of 2 mg/mL in dimethylformamide) at room temperature for 4 h. The 

electrode was then cleaned twice with IPA and four times with ultrapure water. The capture 

antibody (cAb, 15 μg/mL in 10 mM PBS) was spontaneously immobilized by incubating 5 μL 

of the solution on the WE (4 °C, overnight). Ethylamine (4 μL, 0.1 M in PBS) was put on the 

WE for 30 min to block any unreacted PBASE, and then the electrode was further blocked with 

bovine serum albumin (BSA, 5µL, 5% in PBS) at 37°C for 1h to prevent non-specific fouling 

in complex media. Between each step, the electrode was washed twice with PBST and twice 

with PBS; all the steps above were performed in a humidity chamber. 

3.2.5 Bacteria preparation 

Bacteria were cultured overnight in Tryptic Soy Agar at 37 ºC. Afterwards, colonies were 

picked and suspended in PBS. Then the bacterial solutions were diluted to obtain an OD600 

value as close to 109 CFU/mL as possible[37]. Finally, the bacteria were heat-killed at 65 ºC 

for 20 min [38].  

3.2.6 Electrochemical Bacterial detection 

To perform the bacteria detection, 5 μL of the bacteria-containing solution was pipetted onto 

the WE, left for 30 min, and then washed twice with PBST and twice with PBS. Directly after 

cleaning, 4 μL of the detection antibody solution (dAb, ab20425, 2 μg/mL) was pipetted onto 

the WE and left for 30 min and then washed twice with PBST and 4 times with PBS. 

Subsequently, 50 μL of the TMB ELISA solution was added, and the chronoamperometric 

sensing started. Chronoamperometry (CA) was performed at +0.125 V, vs the onboard 

Ag/AgCl RE, with both the PalmSens4 and a wireless smartphone-driven potentiostat 
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developed in-house and fabricated according to a previous publication[35]. 

 

Figure 3.2 (a) Illustration of the fabrication process for laser reduced graphene oxide electrode 

(LRGO). (i) GO solution was drop cast on a defined area and dried at 60 °C, forming a GO 

film on a polyester (PE) sheet; (ⅱ) laser scribing to reduce and pattern the GO film, resulting 

LRGO; (ⅲ) place LRGO face-down onto the desired substrate; (ⅳ) apply a pressure to transfer 

the LRGO; (ⅴ) a mirrored LRGO pattern was transferred after the separation; (ⅵ) inkjet 

printing of the silver connections; (ⅶ) poly dimethyl siloxane (PDMS) was casted as dielectric 

layer; (ⅷ) By adding NaClO, Ag was transformed to AgCl, obtaining a reference electrode. 

(b) Optical pictures corresponding to each step shown in (a); (ⅸ) is an enlarged picture of the 

final electrode, consisting of LRGO working electrode (black spot), LRGO counter electrode 

(black arc) and Ag/AgCl pseudo-reference and PDMS insulation layer inside the dashed square. 

3.2.7 ELISA Bacterial detection 

The ELISA test was performed according to a previously established protocol with minor 

modifications[39]. Firstly, 100 μL of capture antibody (PA1-7213, 2 μg/mL in Carbonate-
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Bicarbonate Buffer, pH 9.6) was aliquoted into a 96-well ELISA plate (44-2404-21, MaxiSorp, 

Fisher Scientific, Spain) and incubated at 4 °C overnight. Secondly, 200 μL of BSA (3% in 

PBS) was added into the wells and incubated at 37 °C for 1 h, to prevent non-specific fouling 

of the wells. Thirdly, 100 μL of bacterial samples was added and kept at room temperature for 

1h. The wells were washed three times with PBST between each step and then incubated with 

100 μL of HRP-labeled detection antibodies (HRP-dAb, 0.33 μg/mL ab20425, in PBS) for 1 

hour at room temperature. Finally, the ELISA wells were washed 5 times with PBST. 

Afterwards, 100 μL of the TMB substrate solution was added into each well and left for 10 min 

at room temperature. Finally, 50 μL of 2 M H2SO4 was added into the wells and then the 

absorbance of each well was detected at 450 nm using a SpectraMax iD3 Multi-Mode 

Microplate Reader (Molecular Devices, USA). 

3.3 Results and discussions 

3.3.1 LRGO electrode fabrication and characterization  

 

Figure 3.3 SEM image of, the border between LRGO and GO film (a), LRGO (b), LRGO after 

being transferred on PE sheet, named T-LRGO (c). (d) Magnified image of the T-LRGO on PE; 

inset is an enlarged Figure of the same area. (e) One-dimensional surface profiles of GO, 

LRGO and T-LRGO.  

In this study, AutoCAD 2018 (Autodesk, USA) was used to design all patterns, which were 

then sent to the laser engraver and inkjet printer for fabrication of the LRGO electrodes. The 

combination of direct writing methods and stamp-transferring procedure enabled a simple, fast, 

maskless, and mass-scale production of the LRGO electrodes (Figure 3.2). The drop-casted 

GO film exhibited typical bumps and ravines of graphene-based materials[22, 30, 40], and was 

transformed into a porous structure with flakes of ~10 μm in length after laser scribing, as seen 
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in SEM images in Figure 3.3a and b. The color of the film also changed from dark brown to 

black, consistent with previous reports [34]. The film maintained a highly porous 3D 

framework, although it was flatter (Figure 3.3c and d) after transferring. The optical 

profilometer data (Figure 3.3e) indicated a thickness of 3-4.5 μm for the GO film, which 

became more heterogeneous and reached a height of 18.2 μm in some areas due to the violent 

expansion of the film caused by gases (H2O, CO and CO2) generated by the photothermal effect 

during the laser scribing process [14]. The thickness was then reduced to 0.4-1.3 μm due to the 

strong force applied during the transfer process. 

 

Figure 3.4 (a) XPS survey and high-resolution C 1s spectra of (b) GO, (c) LRGO and (d) T-

LRGO. (e) Representative Raman spectra of GO, LRGO and T-LRGO on PE. (f) Average 2D 

band of LRGO from 5-time random Raman measurements (shaded area indicates the standard 

deviation). 

GO, LRGO, and T-LRGO were characterized XPS characterization, where the dominant peaks 

of C and O were observed in all three samples (Figure 3.4a). The increase in the C/O ratio from 

GO (2.7) to LRGO (22.0) indicated a successful reduction. During the stamp-transferring 

process, the surface of LRGO was in contact with the new substrate, making the surface of T-

LRGO the inner layer of LRGO. A similar C/O ratio of T-LRGO (23.4) and LRGO (22.0) 

demonstrates that the laser reduction was not limited to the surface but penetrated the bulk of 

GO. The high-resolution C1s spectrum of GO (Figure 3.4b) showed peaks at 284.4, 286.4, and 
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287.7 eV, corresponding to carbons with the bonds of C-C, C-O, C=O, respectively[27, 41-46]. 

Further analysis revealed that the relative peak areas were 39.0% (284.4eV), 46.8% (286.4eV), 

and 13.9% (287.7eV) (Table 3.1), and the high proportion of oxygen verified the high oxidation 

degree of GO. The C1s spectrum of LRGO (Figure 3.4c) presented an irregular carbon peak at 

285.0 eV (25.6%) [45, 46], negligible C-O peak (8.8%), and disappeared C=O, further proving 

the effective reduction of GO by laser scribing. The increase of the sp2 carbon component and 

the significant increase of π-π* satellite peak (at 291.2eV, 9.2%; 0.3% in the case of GO) 

specified the restoration of the graphene lattice. The data for LRGO and T-LRGO were the 

same within error, indicating that the reduction was homogenous through the whole depth of 

GO, and the transfer did not affect the chemical properties of the graphene. Together, these 

results suggest that the reduction degree was high, and this is further supported by the 

conductivity difference. The sheet resistance of GO is >20 MΩ/sq[26], while it decreased 

significantly to 90.6±3.9Ω/sq (considering the thickness as 1 μm). 

Table 3.1 XPS C 1s elemental composition in GO, LRGO and T-LRGO; C/O* means C/O ratio 

obtained by the relative peak areas of C 1s and O 1s peak for the survey spectra. 

GO LRGO T-LRGO 

C1s 
Binding 
energy 
(eV)  

Area 
percentage 

(%)  
C1s 

Binding 
energy 
(eV)  

Area 
percentage 

(%)  
C1s 

Binding 
energy 
(eV)  

Area 
percentage 

(%)  

C-C 284.4 39.0 C-C 284.4 56.4 C-C 284.4 57.7 

C-O 286.4 46.8 disorder 285.0 25.6 disorder 285.0 26.0 

C=O 287.7 13.9 C-O 286.4 8.8 C-O 286.4 7.0 

π-π* 291.2 0.3 π-π* 291.2 9.2 π-π* 291.2 9.4 
C/O* 2.7 C/O * 22.0 C/O * 23.4 

 

The Raman spectra (shown in Figure 3.4e) reveal the presence of the characteristic D (~1345 

cm-1) and G (~1580 cm-1) bands of graphene in all samples, with peak intensity ratios (ID/IG) 

of 1.00±0.02 for GO, 0.41±0.07 for LRGO, and 0.99±0.01 for T-LRGO (n=6). Additionally, 

the 2D band at ~2700 cm-1 is only present in LRGO. The G band corresponds to the in-plane 

vibration of carbon atoms in the graphene lattice, while the D band reflects defects and 

structural disorder that generate collective in-plane vibration of atoms towards and away from 

the center of the hexagonal lattice. The 2D band is the second order of the D band and can 

indicate the layer number and states of graphene [40, 47, 48]. The significant decrease in ID/IG 
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after laser scribing confirms the reduction of GO, which is consistent with the results of XPS 

and sheet resistance measurements. The normalized average of the spectra recorded at five 

random locations on a single electrode showed small standard deviations (Figure 3.4f), 

indicating the uniform reduction across the GO film. The full width of half maximum (FWHM) 

of the 2D band, obtained by the Lorentzian function, was 74.97±2.93 cm-1, suggesting that the 

LRGO film consists of few-layered graphene. Interestingly, T-LRGO displayed Raman spectra 

that were the same as GO within error, in contrast to what was observed in XPS. This suggests 

that there may have been residues of unreduced GO on the surface of T-LRGO. It is worth 

noting that XPS samples a large area (spot size of 1 × 3.5 mm in this case), probing the sample 

to a certain depth and reflecting the average chemical components in a volume of the surface. 

In contrast, Raman is a surface characterization technique, meaning that the signals are 

dominated by what is present on the electrode surface. Therefore, it is assumed that a thin layer 

of GO remained on the surface of the electrode. 

 

Figure 3.5 SEM pictures of inkjet printed silver trace before (a) and after (b) the treatment with 

NaClO. (c) Open circuit potential measurements of the as-prepared quasi-reference electrodes 

vs. a commercial Ag/AgCl reference electrode. 

Figure 3.2b IX shows a photograph of the final electrodes, which consisted of LRGO working 

and counter electrodes, as well as Ag/AgCl quasi-reference electrodes. Inkjet-printed silver was 

used to create electrode connections and to fabricate the reference electrode with minor 

modifications from the reference[36]. From the SEM images (Figure 3.5a and b), the pristine 

Ag lines were composed of nanoparticles sized from approximately 30-120 nm, and after 

treatment with NaClO, flakes of around 300 nm with grains of approximately 30 nm appeared. 

Meanwhile, EDX data showed that the atomic ratio of Ag/Cl decreased from 96% to 1.8%, 

demonstrating the successful chlorination of Ag. Open circuit potential measurements of the 

printed quasi-reference electrodes (n=4) versus a commercial Ag/AgCl electrode (CHI111, CH 

Instruments, Inc.) showed a potential fluctuation of less than 4 mV and a potential difference 
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of less than 14 mV in 200 s (Figure 3.5c), indicating the functionality of the as-prepared 

reference. 

 

Figure 3.6 (a and b) Representative CVs obtained in different concentrations of [Fe(CN)6]3- / 

[Fe(CN)6]4- 0.1 M KCl (scan rate 50 mV/s, third scan shown). (c) CVs obtained in 500 μM 

[Fe(CN)6]3- / [Fe(CN)6]4- at different scan rates and (d) peak current plotted as a function of 

the square root of scan rate; the black dots represent raw data and the red line is a linear fit to 

the data. All the measurements were done vs the on-chip CE and RE. 

CV was conducted with [Fe(CN)6]3−/[Fe(CN)6]4− (redox probe), and the characteristic redox 

peaks (Figure 3.6a and b) were present in the concentration range of 5-500 μM, showing the 

high sensitivity of the electrode towards the redox probe. Further performing CV with 500 μM 

of the probe, the peak current increased with the increase of the scan rate (Figure 3.6c), and the 

dependence of the peak current on the square root of the scan rates revealed a linear relationship 

(Figure 3.6d). This suggests a diffusion-controlled mechanism for the oxidation/reduction of 

the redox couple. The small ΔE, 73 mV, at a scan rate of 30 mV/s, proves a redox process close 

to reversible (ΔE = 59/n mV, where n is the electron transfer number in the half reaction, and 

here is 1). According to the Randles-Sevcik equation[49]for the reversible electrode process, 

the mass transfer controlled ECSA was 0.124 ± 0.01 cm2, which was 1.77 times bigger than 

the geometric area of the electrode (0.07 cm2).  
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It is well known that highly reduced GO is hydrophobic [50], but the wetting property of T-

LRGO was found to vary from hydrophilic to hydrophobic, as reflected by the irregular water 

contact angle. This could be due to the rough surface, as indicated in Figure 3.3, and the 

randomly distributed GO flakes mentioned above. The capillary force induced by water 

evaporation during the drying process may compact the porous structure of the electrode, 

resulting in a reduced surface area. To avoid this, the electrodes were always kept in a humidity 

chamber after functionalization. PBASE has commonly been used to functionalize graphene-

based electrodes, which hinders the faradic charge transfer process on the electrodes [51]. 

Conversely, in our case, this was significantly enhanced after PBASE functionalization, as 

indicated by the improved peak current and reduced ΔE (from 116 to 75 mV, Figure 3.7a). This 

could be explained by the fact that PBASE turned the hydrophobic LRGO to hydrophilic. The 

reproducibility of the electrodes was evaluated by CV performed on 18 electrodes (6 electrodes 

selected randomly from each of three batches). The electrodes were modified with PBASE to 

make them hydrophilic, and then the measurements were conducted in 0.5 mM [Fe (CN) 6]4-

/[Fe (CN) 6]3- with 0.1 M KCl. The peak potentials were identical for all the electrodes tested 

(Figure 3.7b). Anodic peak currents display a relative standard deviation (RSD) of 4.2% intra-

batch and 5.6% inter-batch, proving the reproducibility of the prepared electrodes. 

The surface area, roughness, and porosity can significantly affect the performance of 

electrochemical sensors [1, 24]. To obtain ECSA of the LRGO electrodes, non-Faradic CVs at 

different scan rates were performed in 0.1 M NaClO4 dissolved in ethanol (to avoid the issue 

of hydrophobicity), as shown in Figure 3.7c. Plotting the current density (j) against the scan 

rate (υ), as shown in Figure 3.7d, revealed a linear relationship in which the slope equals the 

area-specific double layer capacitance (CS), and ECSA of the electrode could be calculated 

using the following equations [52]: 

𝑗𝑗 =
𝐼𝐼
𝑆𝑆

 

Cs = 𝑗𝑗/𝑣𝑣 

ECSA = 𝑆𝑆 ∙ 𝐶𝐶𝑆𝑆/𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 

Where S is the geometric surface area of the electrode; υ is scan rate; I is current; j is current 

density; CRef is the area specific double layer capacitance of a flat reference surface.  

Based on the reference capacitance (CRef) of graphite (~20 μF/cm2) [53, 54], the ECSA of the 

electrode was calculated to be 0.781 ± 0.022 cm2 from three replicates. This is 11 times larger 
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than the geometric area (0.07 cm2), which is expected given the highly rough and porous nature 

of the electrodes. The standard deviation of the three replicates indicates the reproducibility of 

the LRGO working electrodes. It is important to note that the Randles-Sevcik equation is 

strictly applicable to smooth electrode surfaces with planar semi-infinite diffusion of the redox 

couple for a (quasi) reversible process and can calculate the mass-transfer controlled ECSA 

[55]. Therefore, the obtained ECSA value (0.124 ± 0.01 cm2) is much smaller than that obtained 

above (0.781 ± 0.022 cm2), which is based on the CV measurements that show negligible 

resistance contributed from the mass transfer and the hydrophobicity of the electrode (ethanol 

as a solvent for NaClO4 vs water for ferro-ferricyanide). 

 

Figure 3.7 (a) Representative CVs of the bare electrode and that modified with PBASE; (b) 

CVs from 18 electrodes modified with PBASE; the CVs were obtained with 0.5 mM [Fe (CN) 

6]3- / [Fe (CN) 6]4- in 0.1 M KCl vs the onboard CE and RE at a scan rate of 50 mV/s. (c) CVs 

obtained in a solution of 0.1 M NaClO4 in ethanol vs a LRGO CE (4 cm2) and a Ag wire pseudo 

reference electrode, at a series of scan rates. (d) Current density from (c) plotted as a function 

of the scan rate. The black dots represent raw data and the red line is a linear fit to the data. 

3.3.2 LRGO-based electrochemical immunosensor for E. coli detection 

To demonstrate the potential of the electrode for biosensing, an immunosensor was developed 

for the detection of pathogenic bacteria. E. coli was chosen as a representative since its 

detection is of great importance for healthcare, food safety, and environmental monitoring [38, 

56]. Standard optical ELISA was performed to select the suitable capture and detection 
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antibodies and was used as a reference for the performance evaluation of the T-LRGO electrode 

based sensor. The optical ELISA was capable of detecting E. coli in the range of 9.35 × 104 - 

9.06 × 106 CFU/mL with a limit of detection (LOD) of 1.30 × 104 CFU/mL (Figure 3.8a, Table 

3.2). 

 

Figure 3.8 (a) Calibration curve of E. coli concentration vs normalized absorbance response 

from optical ELISA. (b) The portable wireless system used for the detection of E. coli (not to 

scale). (c) Scheme showing the mechanism of the electrochemical ELISA. (d) CV of TMB on 

functionalized T-LRGO (vs the onboard Ag/AgCl reference).  
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Table 3.2 4-Parameter Logistic model fitting parameters for the optical ELISA and 

electrochemical ELISA. 

Standard optical ELISA Electrochemical ELISA 

Model Logistic Model Logistic 

Equation y = A2 + (A1-A2) / 
(1 + (x/x0) ^p)  Equation y = A2 + (A1-A2) / 

(1 + (x/x0) ^p)  

Plot abs. Plot Normalized response 

A1 0.11 ± 7.62E-4 A1 -0.045 ± 0.035 

A2 2.03 ± 0.055 A2 1.04 ± 0.045 

x0 1300903 ± 109381 x0 133550 ± 47258 

p 1.13 ± 0.037 p 0.376 ± 0.055 

Adj. R-Square 0.9977 Adj. R-Square 0.99267 

 

The same antibodies were used to functionalize the T-LRGO and develop a point-of-care 

sensing platform, which was operated wirelessly by a smartphone, as shown in Figure 3.8b 

[35]. The electrochemical sensing mechanism is schematically represented in Figure 3.8c. 

Briefly, HRP catalyzes H2O2 and produces OH radicals, which can oxidize TMB. The oxidized 

TMB (oxTMB) can be detected electrochemically, where the generated reduction current is 

proportional to the amount of oxTMB present. The quantity of oxTMB is determined by the 

amount of HRP-labeled dAb, which is proportional to the number of bacteria captured on the 

electrode. Therefore, the reduction current evaluates E. coli quantitively. 

Figure 3.8d displays the CV of TMB on the functionalized T-LRGO. The oxidation peaks at 

+0.231 V and +0.411 V, and the reduction peaks at +0.166 V and +0.367 V are clearly 

distinguishable. Figure 3.9a illustrates the current vs time transients of the functionalized 

electrode with E. coli concentrations ranging from 0 to 109 CFU/mL. The normalized dose-

response curve in Figure 3.9b shows a sigmoidal response, which was fitted with a 4-Parameter 

Logistic model [64, 65]. The sensor achieved a LOD of 283 CFU/mL (Blank+3SD) with a 

detection range of 917-2.1×107 CFU/mL (the lowest and highest detectable concentrations 

calculated from 10% and 90% of the maximum signal response on the calibration curve). 

Compared to the conventional ELISA (Table 3.2), the T-LRGO electrode-based sensing 

platform showed enhanced performance, consistent with other reported electrochemical ELISA 

[64]. The sensor is applicable in the clinically relevant range of E. coli in urine (103 - 105 
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CFU/mL) [66-70], and it is advantageous that all the results were obtained with only 5 μL of 

sampling. Ultra-sensitive detection, even down to single cell, has been demonstrated [59, 61, 

62], but typically require tedious material synthesis and complicated sensor construction (Table 

3.3). Our platform showed comparable performance with other electrochemical sensors [57, 

58, 60], and could be further improved with optimization of the antibody concentrations. (This 

work mainly focused on the fabrication and characterization of the electrodes, and the sensor 

construction was merely a proof of concept.) 

Table 3.3. Representative nanomaterial-based biosensors for E. coli detection reported in 

literature. NPs = nanoparticles; N-GQDs = nitrogen-doped graphene quantum dots; MWCNTs 

= multiwall carbon nanotubes. 

Platform Technique 
Detection 
range 

(CFU/mL) 

LOD 
(CFU/mL) 

Response 
time 
(min) 

Sample 
volume 

(μL) 
Ref 

Metal NPs-LIG EIS 1 × 102-
1 × 108 102 30 - [57] 

Silica NPs CV 8 × 104 - 
8 × 106 2 × 103 30 10 [58] 

Au NPs LFA 104 - 106 104 10 150 [38] 

Fe3O4@SiO2/ 
polymer/ 

fluorescein 
Fluorescent 4 - 4 × 

108 3 75 1000 [59] 

MWCNTs/ 
chitosan / thionine CV 102-109 102 180 200 [60] 

N-GQDs/MIP ECL 10-107 5 140 - [61] 

rGO/Al2O3/Au 
NPs FET 1-100 Single 

cell 50 s 1 [62] 

MoS2/Au/optical 
fiber SPR 103 - 8 

×109 94 ~15 - [63] 

LRGO CA 917 - 
2.1×107 283 60 5 This 

work 

To verify the selectivity of the sensor, Salmonella enterica serovar Typhimurium (ST) and 

Staphylococcus aureus subsp. Aureus (SA) were tested in place of and alongside E. coli. The 

results shown in Figure 3.9c indicate that these bacteria did not produce signals higher than 

that of the blank. Likewise, when run alongside E. coli, the responses were the same as that 

when E. coli was present alone, and a similar trend was observed in the ELISA test (Figure 
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3.9d), proving that the sensor was specific towards E. coli. Other control tests (Figure 3.10a) 

confirmed that without E. coli and cAb, the signal response was negligible (-0.083±0.034 μA, 

N=4). When only E. coli was absent (blank control, N=4), it increased to -0.349±0.010 μA, 

demonstrating the cross-reactivity between the antibodies, which is common when using 

polyclonal antibodies [71, 72]. When only cAb was excluded, the current (-0.391±0.108 μA, 

N=4) was the same within error as that of the blank, indicating insignificant unspecific binding 

of E. coli towards the electrodes. 

 

Figure 3.9 (a) Representative current vs time transients of various E. coli concentrations, 

recorded at +0.125 V vs Ag/AgCl. (b) Calibration curve of E. coli concentration vs normalized 

current response from the chronoamperometry at + 0.125 V; the black stars were recorded with 

a commercial potentiostat in PBS, the green diamonds were recorded with the smartphone-

driven potentiostat developed in-house and the blue circles were performed with a commercial 

potentiostat in artificial urine. (c) Selectivity studies showing the current response without 

bacteria (orange), with Escherichia coli (green), Staphylococcus aureus (purple), Salmonella 

typhimurium (yellow), Escherichia coli and Staphylococcus aureus (blue), Escherichia coli and 

Salmonella typhimurium (pink); in all cases, each bacterial concentration was 104 CFU/mL, 

with a 1:1 mix of each in the last two conditions. (d) Selectivity test by ELISA with cAb 2 μg/ml 

and dAb 0.33 μg/ml, N=3. The stability of the sensors was tested in different storage conditions. 
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Batches of sensors were stored in humidity chambers at room temperature (20 °C), in the fridge 

(4 °C) and freezer (-20 °C), all under N2. Detection of E.coli was conducted in 30 days at 

several time points (Figure 3.10b, N=4), showing similar signal variations in 10 days under 

20°C and 4°C (RSD≤7.6%), comparable to the variations of the electrodes (5.6%) calculated 

previously. Even after being stored for 30 days, the sensors showed similar performance (RSD 

of the current response, 12.8% for 4°C, 13.0% for 20°C, and 14.0% for -20°C). Given all the 

above, the sensors were relatively stable, and the storage temperature did not significantly 

affect the sensor's stability. The slightly higher RSD of sensors stored under -20°C may be due 

to the freezing-thawing cycles when taking the sensor in and out of the freezer, which could 

damage the antibodies [73]. 

 

 

Figure 3.10 (a) Control experiments conducted either without the cAb, E. coli or without both. 

(b) Current response to 105 CFU/ mL of E. coli obtained from the sensors stored in different 

conditions for 1 month. 

The functionality of the sensors was evaluated in spiked artificial urine, and the results were 

shown in Figure 3.9b (blue circles), which were in good agreement with those obtained in PBS. 

The recovery rates obtained were 119% for 500 CFU/mL, 88% for 105 CFU/mL, and 90% for 

106 CFU/mL of E. coli, suggesting that this sensing platform is potentially applicable in real-

world matrices. 

The realization of point-of-care (POC) tests requires a sensitive, cheap, wireless, and portable 

sensing platform. To make the sensors more applicable for POC, a smartphone-based wireless 

system previously built [35] was used to detect three concentrations of E. coli and compared 

with a commercial potentiostat. The obtained current responses were the same within the error 

as those recorded with the commercial potentiostat (Figure 3.9b, green diamonds).  
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Table 3.4. Detailed timetable of electrode fabrication. 

Steps Time  Tools /  Pieces* 

Substrate cleaning 1 min Isopropanol ~1 

GO drop casting 5 min micro- pipette 4~6 

GO film forming 2 h oven ~250 

Laser reduction 10 min Rayjet 50 ~50 

Stamp-transferring ~1 min mechanical press 1 

Ag print ~10 min Dimatix 2831 ~20 

Ag sinter 2 h oven ~250 

Doctor blading of PDMS 1 min by hand ~4 

PDMS solidification 2 min oven ~250 

Ag chlorination 3 min micro- pipette ~3 

Pieces*, refers to the number of the substrate processable in each step; 12 electrodes can be 

made in one batch. The rate-limiting step was substrate treatment or stamp-transferring 

process, limited to 48 electrodes / 5 min. Under ideal conditions, considering working for 8 h 

a day and the batches could be made parallelly, a single user could produce 2016 electrodes 

per day.  

Table 3.5 detailed material cost for the device fabrication. 

Materials Quantity Price (€)  Number* Price/device (€)  

GO solution 1 L 300 24/5 mL 0.063 

Polyester  300 m2 450 24/128 cm2 0.001 

Ag ink 50 mL 400 >500/mL 0.016 

PDMS 1 kg 700 60/g 0.012 

cAb 1 mL 435 50/μL 0.009 

dAb 250 μL 490 125/μL 0.016 

Total price 0.1154 € 

Number*, refers to the electrode number per unit of materials. Polyimide substrate, IM301451, 

DuPont™ Kapton® FPC, thickness 0.125 mm, area 0.61×1 m=0.61 m2, ~700 €, ~1147 €/m2; 

GO solution, 5 mL liquid could cover a square area (8 × 8 cm), ~234 €/m2. 

The production of ~ 500 electrodes in one day confirms the scalability of such electrode 

fabrication mothed, although the whole process for making 12 electrodes (one batch) took ~ 
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4.5 hours. More than 2000 electrodes could be produced per day, according to the above 

calculation (Table 3.4). It is worth mentioning that, the cost for GO was 0.06 € per electrode, 4 

times cheaper than polyimide; the total cost of the materials is 0.09 € per electrode, and the 

whole sensor costs less than 0.12 € (Table 3.5). Despite the CO2 laser used here is not common 

lab equipment, other low-cost lasers with wavelengths ranging from 248 nm to 10.6 μm can be 

used for LRGO production [14, 24, 26, 34, 74]. Silver connections and the reference electrode 

can also be printed with many low-cost strategies, via consumer inkjet printers, screen printing 

or simple hand pasting. This means the sensing platforms based on T-LRGO electrodes could 

be developed in most research labs around the world. 

3.4 Conclusions and future work 

In this work, we reported a scalable method for LRGO electrode production on polyester 

substrate and verified the biosensing ability of the electrode by E. coli detection in PBS and 

artificial urine after the functionalization of the electrode. The proof-of-concept sensing 

platform is capable of detecting E. coli in the range of 917 - 2.1×107 CFU/mL, with a LOD of 

283 CFU/mL, within the clinically relevant range of E. coli in human urine. We believe the 

platform could be applied for the detection of other bacteria or biomarkers, by changing the 

antibodies. 

It is of interest to transfer such LRGO-based sensors to various substrates for other applications, 

such as wearable sensors[47, 75, 76]. Our primary study confirms that the LRGO film could 

be transferred to different substrates, as shown in Figure 3.11, demonstrating the potential 

applicability. Note that the maximum resolution and spot size of the laser defines the resolution 

of the obtained pattern, and with our device, it is down to tens of micrometer scale, thus making 

it possible to develop microelectrode.  



Chapter 3     
 

155 

 

 

Figure 3.11 T-LRGO on various substrates. The inset picture shows an interdigitated LRGO 

pattern before transferring. The scale bar is 1 cm unless labelled otherwise.  
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This thesis focuses on the design and fabrication of graphene-based electrodes with maskless, 

non-contact, low-cost direct writing methods for practical biosensing towards the point-of-care 

level. Considering the exposed objectives in Chapter 1 and the obtained results in Chapters 2, 

and 3 the following conclusion remarks are drawn:  

A. Comparative studies were conducted on the performance of piezo-DOD-based, consumer-

grade, and research-grade inkjet printers using Dimatix 2831 and Epson 15000 as 

representatives by printing Ag NP inks on a coated porous substrate. 

1) Dimatix showed precise and high-resolution (5 μm) material deposition, and could print 

patterns with a depositing accuracy of ~20 μm inline, ~10 μm outline, and intra-layer 

depositing error of 3.2 μm. 

2) Epson could distinguish input patterns with a minimum dimension of ~15 μm with 

considerable error, was featured for low printer cost, and superfast device production. 

3) To obtain good patterns (the variations of the obtained line width less than 5%), the design 

needs to be wider than 10 μm for Dimatix, while for Epson, wider than 150 μm inline and 

300 μm outline. 

4) Perspectives: Obtaining the whole electrode system (e.g., working, counter, and reference 

electrodes), or more ambitiously, a whole sensor (with bio-inks) by a single printer with 

various inks in different cartridges, should be of great interest via further exploration of 

multichannel printing with consumer printers. 

B. Graphene microelectrodes were fabricated on PEN by inkjet printing and a subsequent 

electrochemical reduction and were demonstrated for HT-2 mycotoxin sensing. 

1) Graphene microelectrodes with a width of 78 μm were obtained by inkjet printing of a 

water-based graphene oxide ink and the following electrochemical reduction. 

2) An immunoenzymatic electrochemical sensor was constructed for HT-2 mycotoxin 

sensitive detection based on the microelectrode platform. 

3) The sensor displays a low LOD of 1.6 ng/mL and a linear dynamic range of 6.3-100 ng/mL 

in PBS buffer, with satisfactory recovery in a biological matrix. 

4) The sensing platform should be applicable for the detection of other biomarkers, by 

changing the antibodies. 

5) Perspectives: Considering the small dimension of the electrode, it is worthwhile to 
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integrate more than one electrode on the platform for multiplex sensing. 

C. Graphene electrodes were fabricated with direct writing on polyester substrates and were 

used for E. coli detection towards the point-of-care. 

1) A simple, fast, and maskless method for large-scale, low-cost laser reduced graphene oxide 

electrode fabrication was developed through direct laser writing and inkjet printing 

coupled with a stamp-transferring method. 

2) The transferred electrodes were characterized by SEM, XPS, Raman, and electrochemical 

methods. 

3) The biosensing potential of the electrodes was proven by the proof-of-concept detection 

of E. coli with a wide dynamic range (917-2.1×107 CFU/mL) and low LOD (283 CFU/mL) 

using just 5 μL of the sample. 

4) The test was also verified in spiked artificial urine, and the sensor was integrated into a 

portable wireless system driven and measured by a smartphone. 

5) This work demonstrates the potential to use these biosensors for real-world, point-of-care 

applications. 

6) Perspectives: The development of microelectrode arrays by this method and the 

optimization of printing and stamping onto other substrates would be promising for 

different applications. 

Overall, this thesis provides valuable insights into the design and fabrication of graphene-based 

electrodes for biosensing towards point-of-care applications, with promising avenues for future 

research. 
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