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ABSTRACT
The widespread use of point of care testing in biomedical and clinical applications is a major aim
of the electrochemical field. A large number of groups are working on lab-on-a-chip systems or
sensor arrays which are underpinned by electrochemical detection methodologies. Miniaturised
transducers have the potential to be adopted in such systems for diagnosis of a range of diseases
in both clinical and non-clinical settings. In this review we will present the current trends and
state of the art for a selection of miniaturised sensing elements (microelectrodes, nanoelectrodes
and field-effect transistors) and provide an impression of current technologies, their associated
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performance characteristics and also considering the major barriers to adoption and how they
might be surmounted in future so these technologies can fulfil their early promise.
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Fabrication, Biosensors

1. INTRODUCTION
Miniaturised sensor systems have an important role to play in both the future development of
medical devices and biomedical research. The ability to sample in real time at the point of care or
through implantation will be vital to the effective diagnosis, monitoring of treatment response
and measurement and prognostication for long term chronic medical conditions. In biomedical
research, miniature systems have shown great promise in measuring cellular behaviour,
monitoring metabolism, and developing new treatments (e.g. bioelectronic medicine). With this
in mind, in this review we have chosen to focus on the transducing element of such systems,
namely the sensor. The review examines recent developments for three types of sensor suitable
for incorporation into microsystems (microelectrodes, nanoelectrodes and field-effect transistors
(FETs)) with particular emphasis on biomedical applications, and makes an assessment of the
state of progress for these technologies. Figure 1 presents an overview of the various
technologies and application areas this review covers.
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Figure 1. Overview of the technologies and application areas covered in this review utilising micro and nanoscale
sensors for biomedical sensing.

2. DEVELOPMENTS IN MICROELECTRODE SENSORS
2.1 Microelectrode Sensors
A microelectrode can be defined as an electrode with one critical dimension on the scale of
microns. This dimension can be e.g. diameter, edge length or band width. In practice, this
dimension is usually ~25 µm and is around the point where the critical dimension is smaller than
the diffusion layer. The electroanalytical advantages of microelectrodes are well known and
include: reduced iR drop (allowing measurements in poorly conducting media), reduced RC
constant (allows measurement of fast processes), improved signal to noise (enhanced Faradaic
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over non-Faradaic current ratio), simplified analytical expressions for data interpretation and
relative insensitivity to convection (ability to measure in a flow). These analytical advantages
mean that microelectrodes have found widespread application. To date, in biomedical sensing,
microelectrodes have been most widely adopted in the field of neuroscience where
microfabricated microelectrodes, microelectrode arrays (MEAs) and glass-pulled carbon fiber
electrodes have been widely used for in vitro experiments, detection of neurotransmitters and for
implantable studies. New applications of microelectrodes are being found so as well as
neuroscience, this section will cover a range of areas where studies showing the biomedical
application of microelectrodes have been recently published.
2.2 Fabrication
A key factor in producing either single electrodes or arrays is fabrication, with advances in
this area constantly permitting more facile and reliable sensor production. Improvements in
fabrication lead to more robust devices which can sample for longer, give more precise
measurements and of special interest to this topic dampen the inflammatory response associated
with implantation through use of e.g. inert or biocompatible materials. Recently, it has been
shown that a Hafnium oxide layer produced by atomic layer deposition (ALD) when deployed in
a bilayer with parylene-C is a suitable insulator for producing well defined planar
microelectrodes [1**]. The significance of this result is that conventional insulation materials
such as CVD films of silicon dioxide or nitride can contain “pinholes” which can act as points of
weakness and provide additional electrode area above that defined by the photomask. In
addition, the thickness of common insulation layers means that mass transport to a recessed
electrode can deviate significantly from the expected behaviour. The HfO2 film produced by
ALD was 10-60 nm thick and showed good passivation of the electrode, low leakage currents
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and reproduction of signal across time, implying high stability of the passivation material. The
layout of the glass chip used in this study is shown in Figure 2. Other notable advances in
fabrication include, production of a silver bi-band microelectrode which has two 25 µm band
working electrodes which can be fabricated easily, is easy to sterilise and which can be used for a
range of clinically relevant measurements [2] and an outline of a combined soft-lithographic and
electrochemical method for production of nano-structured Pt microelectrodes for a range of
biomedical applications [3].

Figure 2. (a) Layout of the glass chip patterned with six devices. Parylene coating with various aperture sizes.
(b-d) Side and top: close-up views of the region around the microelectrode active area with various insulator
coatings. Not to scale. Reprinted from [1], Copyright 2019, with permission from American Chemical Society.

2.3 Nucleic Acid and Protein Detection using Microelectrodes
Recent studies have emerged showing the functionalisation protocols necessary to modify
microelectrodes alongside interpretation of the sensor response for short chain alkane thiols [4],
DNA [5] and antibody molecules [6]. For nucleic acid detection, studies have shown detection of
antimicrobial resistance genes using an RPA assay in combination with electrophoresis [7],
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graphene modified MEAs for DNA detection [8] and a polypyrrole modified MEA for detection
of hypermethylation of DNA in cancer diagnosis [9]. Within the area of immunosensing,
interdigitated microelectrodes (IDEs) have been employed commonly, often with the use of a
capacitive measurement. Example studies for immunosensing in clinically important areas
include detection of the prostate cancer biomarker PSA using a 1D [10**] and 3D hydrogel
modified IDE array [11], amyloid as a marker for dementia and neurodegenerative disease [12,
13] and HIV detection via an electrochemical steric hindrance assay utilising microelectrodes
[14].
2.4 Neuroelectrochemistry
This is an area of research where microelectrode measurements have been in regular use
for decades. As a result, microelectrodes are well established, especially the carbon fibre
microelectrode, particularly in combination with fast scan cyclic voltammetry (FSCV). This
topic is well covered elsewhere so studies of note in other areas include: enhanced detection of
dopamine via amperometry using a carbon fibre electrode bearing small islands of electroplated
gold [15], glutamate detection amongst brain organoids using self-organised nanostructured
microelectrodes [16], the use of platinum-iridium films to improve behaviour of chronically
implanted electrodes [17], polypyrrole grafted gold nanoparticle modified microelectrodes for
enhanced signal recording from U87MG cells [18] and finally a key study on the role of
inflammation on the functionality of microelectrodes [19**].
2.5 Cellular Behaviour and Metabolism
Microelectrodes and in particular MEAs are becoming increasingly popular for
measurements of cells, cells in culture, cellular communication and metabolism. Examples of
complete culture systems include: measurement of anti-oxidant compounds from NIH-3T3 cells
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in a combined culture plate with MEA [20], and MEA system for osteogenic differentiation of
mesenchymal stem cells under electrical stimulation [21]. Notable studies detailing the
measurements and/or detection of cellular analytes and metabolic products include: important
studies detailing modified microelectrodes for enzyme free detection of glucose via a
nanostructured gold film on the microelectrode surface [22] and detection of alanine and glucose
using a silver-copper composite [23], the detection of dihydroxybenzoic acid isomers using a
carbon fibre microelectrode modified with gold nanoparticles themselves sensitised with carbon
nanotubes [24], the detection of compounds important in taste via an MEA functionalised with
cardiomyocytes [25**] and Pt nanoparticle modified carbon fibre microelectrodes for detection
of the important oxidative metabolite hydrogen peroxide [26]. Finally, the use of the “impacts”
or “collisions” principle where current pulses are recorded on a microelectrode; for platelet
detection in an electrochemical flow cytometry assay [27] and for bacterial detection assays
which can discriminate E. coli vs Stenotrophomonas maltophilia (which has promise for quickly
identifying the correct antibiotic to use in treatment) [28] and measurement of collisions of live
bacteria in a real time label-free manner using a poised microelectrode [29].
3. DEVELOPMENTS IN NANOSCALE SENSORS
3.1 The Benefits of Nanoelectrodes
As microelectrodes shrink in size, their sensing properties become further enhanced.
Capacitive charging becomes quicker, enabling them to measure even faster chemical processes,
and signal to noise ratio improves through reduced iR drop and more efficient mass transport
[30]. Their small size can also result in pronounced migration effects and electrode kinetics, as
opposed to the purely diffusional mass transport observed in microelectrodes [31]. Their rapid
response times and reduced dimensions mean nanoelectrodes also enjoy very high spatial and
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temporal resolution, making nanoelectrodes extremely convenient for probing biological systems
and processes.
3.2 Biosensors that employ Nanoparticles
These benefits have led many authors to functionalise macroelectrodes with nanoparticles
to imbue the larger, and easier to produce, electrodes with improved sensing properties. An
example of this is where Nunna et al. decorate gold interdigitated microelectrodes with a
thiourea monolayer, to which gold nanoparticles are bound, before being functionalised with
CA-125 capture antibodies [32]. The gold nanoparticles provided a higher sensing signal when
detecting CA – 125 antigens, explained by the increased surface area. An interested reader is
pointed to the many reviews on the subject of nanoparticles for electrochemical biosensing [33,
34]. Other popular strategies along these lines include the use of carbon nanotubes and graphene.
Silva et al. bound carbon nanotubes to a glassy carbon electrode and tethered it with the lectin
cratylia mollis, which enabled specific and sensitive detection of the fetuin glycoprotein, a
prostate cancer biomarker. The sensor detected down to 0.017 µg/mL using square wave
voltammetry and also successfully measured glycoprotein in patient samples [35].
3.3 Traditional Nanoelectrodes
Although nanoparticles and nanostructuring have the benefits of cost effectiveness and
ease of use; producing controllable and reproducible films is challenging, especially in a scalable
manner [36]. Biosensors based on nanosized electrodes themselves are somewhat less common
in literature, their use mostly hampered by the cost and complexity of producing them. One of
the more common methods has been the use of a nanoporous template material, through which
metal structures such as nanowires can be electroplated [37, 38]. This method has been
successfully used many times to create ensembles of nanoelectrodes or nanoneedles for
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biosensing. For the creation of more precise and controllable nanoelectrode arrays, micro and
nanofabrication methods are generally required (for further reading, see a review published in
Current Opinions recently on nanoelectrode arrays and ensembles for biosensing [39]). Popular
methods include electron beam lithography and, more recently, nanoimprint lithography [37, 40,
41]. For example, Delle et al. used nanoimprint lithography to produce batches of nano
interdigitated electrodes and utilised them to detect complementary DNA through hybridisation
with a single stranded DNA probe layer on the electrode surface [42]. Nanoelectrodes have also
found their way into full lab on a chip systems, with Triroj et al. reporting a microfluidic chip
with an integrated nanoelectrode array, for detecting prostate-specific antigen (PSA) [43**]. The
antigens were labelled with a GOx enzyme and provided an electrochemical signal at the
electrode surface, which decreased as the GOx was displaced by the target PSA in solution. A
novel “woodpile” type nanoelectrode array, using CeO2 to detect glucose was developed by
Zhou et al. and is shown in Figure 3 [44]. The sensors demonstrate a sensitivity of 42.8 µA mM–
1 cm–2 and a linear range from 20 µM to 2.5 mM, which is competitive in literature while
benefiting from comparatively simple fabrication. Microlithography has also been used to create
precise arrays of nanoband electrodes [45] and were employed by Piper et al. to demonstrate
electrochemical growth of a hydrogel layer, which decreased biofouling when performing DNA
– DNA hybridisation sensing [46].
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Figure 3. The stacked ‘woodpile’ nanoelectrode glucose sensor presented in [44]. Parts of the nanoimprint
lithography steps are shown, along with a schematic and SEM of the finished device. Its performance as a
glucose sensor is shown as a function of how many layers the structure incorporates. Reprinted from [44],
Copyright 2019, with permission from American Chemical Society.

3.4 Fundamental Behaviour of Nanoelectrode Biosensors
A remaining challenge in the application of nanoelectrode biosensors which employ
biorecognition films, is the fundamental behaviour of those films on nanoscale electrodes. Pittino
et al. present a numerical simulation of the positon and orientation of single and double stranded
nucleic acid films on nanoelectrode arrays, for capacitive biosensors [47]. They found that
sensitivity is greater near the edge of the electrode, which correlates with the improved sensing
properties of micro and nanoscale/functionalised electrodes. Veselinovic et al. investigated the
formation of DNA biorecognition layers on various nanostructured electrodes and its subsequent
effect on biosensor performance [48**].
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4. FIELD-EFFECT TRANSISTORS AND RELATED ARCHITECTURES FOR
BIOMEDICAL SENSING
4.1 Field-Effect Transistor Biosensors
Field-effect transistors (FETs) are increasingly gaining prominence as biosensors due to
several key advantages including their scalability, low-cost, and ease of integration with simple
electronics for measurement and readout. FETs can act as amplifiers within electronic circuits
and typically consist of three terminals; the gate, source and drain. A change in gate voltage
(which can be induced by a biorecognition element, DNA attachment, ion presence etc.) causes a
change in the current flowing between the source and drain. Many FET architectures exist; the
optimum in each case being commonly linked to the choice of semiconductor. To date,
crystalline silicon (Si) remains the most common semiconductor material, largely due to its well
established fabrication. However, organic semiconductors are increasingly finding use in devices
to produce organic field-effect transistors (OFETs) [49] and organic electrochemical transistors
(OECTs) [50]. Such OFET/OECT architectures can meet the demands of emerging biosensor
applications by providing improved biocompatibility, low processing temperatures, reduced cost,
low-voltage operation, high transconductance, ease of production and compatibility with
flexible/stretchable substrates.
4.2 Silicon-based Transistors
A commercially available depletion-mode nMOS transistor has previously been used in
conjunction with a gold sensing pad connected via an extended gate for the detection of
PNA:DNA hybridisation [51]. The device is low-cost and easy to setup, providing clear changes
in potential of ~ 70 mV with a 1 µM DNA target, which increases as a function of nucleic acid
concentration. The extended gate architecture has also been used to develop a low-cost FET
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sensor for the detection of mutations in the tumour protein 53 gene (TP53) [52]. In addition,
extended gate sensors have been used for pH sensing [53] and to control the potential response to
small biomolecules [54].
4.3 Carbon Nanotube FETs
Carbon nanotube FETs (CN-FETs) make use of either a single or an array of carbon
nanotubes as the channel in the FET architecture offering improved performance such as higher
electron mobility and lower threshold voltage than traditional Si-based FETs. A suspended CNTbased FET (Figure 4) was developed for the ultrasensitive label-free detection of DNA. Through
separation of the CNT and the substrate, a LoD as low as 10 aM was achieved [55**].
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Figure 4. (a) Schematic of a suspended and unsuspended CNT. The inset on the L.H.S shows partially enlarged
images of a Suspended CNT FET (SNCT FET) with channel spacing of 2, 3 and 4 µm’s. (b) Comparison of the
conductivity between a suspended CNT with an unsuspended CNT. In the inset, x 50 represents that the
resistance of the unsuspended CNT amplified 50 times. (c) Isd – Vg curve of the SCNT FET. Reprinted from
[55], Copyright 2019, with permission from Elsevier.

4.4 Graphene
Graphene is a recently discovered allotrope of carbon consisting of a single layer of atoms in
a 2-D lattice structure which displays special properties such as high strength, near transparency
and the ability to conduct heat and electricity very efficiently [56]. A graphene FET (GFET)
immunosensor was recently developed to sensitively detect Human Chorionic Gonadotropin
(hCG), a key biomarker of certain cancers [57*]. The sensor works on the principle of antigenantibody interaction, and the limit of detection has been established as < 1 pg/mL. Singlestranded DNA detection has also been achieved using a magnetic GFET with a detection limit of
1 pM [58].
4.5 Silicon Nanowire FETs
Silicon nanowire FETs (SiNW-FETs) are increasing attracting attention due to their high
sensitivity, specificity, label-free nature and real-time detection attributes [59]. Recently, a
SiNW-FET has been developed to detect α-Fucosidase for Hepatocellular Carcinoma diagnosis
[60].
4.6 Organic Electrochemical Transistors
OECTs are commonly based on the conducting polymer PEDOT:PSS, and since
PEDOT:PSS is in direct contact with the electrolyte, OECTs can sensitively convert biochemical
signals into electrical ones, enabling a wide variety of applications for chemical and biological
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detection including DNA [61], lactate detection [62], cell activity [63], cardiac potential [64] and
for wearable/textile sensors [65]. Of particular note, OECTs have been used for the detection of
the human influenza virus using sialyllactose-functionalised transistors based on PEDOT:PSS
[66]. Additionally, OECTs have been integrated with immune-affinity membranes for the labelfree detection of interleukin-6 (IL-6) at physiological concentrations via antibody-antigen
binding at the gate electrode [67*]. The membrane acts to increase the IL-6 concentration at the
sensing electrode, thereby improving device sensitivity (LoD ~ 100 pM). Furthermore, a stable
and selective wearable cortisol sensor featuring an OECT integrated with a synthetic and
biomimetic polymeric membrane has been developed based on the transistor’s ability to tolerate
mechanical bending and stretching tests providing a useful wearable sweat sensor [68].
5. CONCLUSIONS
Microelectrodes offer a number of advantages for bioanalytical sensing applications and have
to date been commonly employed in neuroscience measurements both in vitro and in vivo.
Increasingly the analytical advantages of these sensors are being utilised for detection of
biomarkers (DNA, RNA, proteins etc.). The nature of the microelectrode response and the
different conditions required for effective surface functionalisation compared to e.g.
macroelectrodes are becoming increasingly understood with the use of arrays and IDEs in both
Faradaic and non-Faradaic measurements setups proving popular. Whether a single sensing
modality employing microelectrodes will go on to dominate is unclear however in the coming
years the emergence of optimised sensing protocols and achievable limits of detection will
emerge.
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Although the benefits of nanoscale electrodes for biosensing are well known, the
fundamental reasons for this, and their behaviours, are not as established. In addition, current
fabrication methods for controllable nanoelectrodes are prohibitively expensive for many groups
and likely the reason, not only for this lack of fundamental agreement but for the dearth of
nanoelectrode biosensors in literature. This, however, is contrasted by the vast number of sensors
functionalised with nanomaterials, which showcase the remarkable sensitivity enhancements
attainable when working at the nanoscale and has become a commonplace strategy for
electrochemical biosensors. Although, the drawback with these sensors again comes down to
reproducible and controllable manufacturing. As fabrication processes become more advanced
and decrease in cost, it is likely that nanoelectrode will become even more widely used.
Field-effect transistor-based architectures are increasing finding use within the field of
biosensing due to many key advantages such as their low-cost, scability, ease of integration with
readout electronics and their ability to be mass manufactured, notably on conformable substrates
such as ultra-lightweight plastic. Looking ahead, there is still not a consensus about the best FET
structure to use and it appears to be rather application specific. What is clear, is that FETs will
continue to be used in many fields of biomedical research for many years to come, with organic
materials in particular playing a key role in the development of novel and previously
inconceivable devices.
ACKNOWLEDGMENTS
We would like to acknowledge a British Council Institutional Links grant, ID 20180209, under
the Newton-Katip Çelebi Fund partnership. The grant supports SH and EB and is funded by the
UK Department of Business, Energy and Industrial Strategy (BEIS) and TUBITAK, ID

15

217S793, and delivered by the British Council. For further information, please visit
www.newtonfund.ac.uk.
REFERENCES
**[1] C. Chia, M. M. Shulaker, J. Provine, S. S. Jeffrey, R. T. Howe, ALD HfO2 films for defining
microelectrodes for electrochemical sensing and other applications, ACS Appl. Mater. Interfaces. 11
(2019) 26082-26092.
The authors demonstrate the benefits of a new approach to defining microelectrodes with a nanometer
scale film deposited by atomic layer deposition. The electrochemical results produced with the sensors
shows good performance and reduces the influence of recesses from insulation layers on the current
response.
[2] K. Jedlinska, R. Porada, J. Lipinska, B. Bas, The bi-band silver microelectrode: Fabrication,
characterisation and analytical study, Sensor. Actuat. B-Chem. 302 (2020) 127152.
[3] A. Baradoke, J. Juodkazyte, I. Masilionis, A. Selskis, R. Pauloukaite, R. Valiokas, Combined soft
lithographic and electrochemical fabrication of nanostructured platinum microelectrode arrays for
miniaturized sensor applications, Microelectron. Eng. 208 (2019) 39-46.
[4] D. K. Corrigan, V. Vezza, H. Schulze, T. T. Bachmann, A. R. Mount, A. J. Walton, J. G. Terry, A
microelectrode array with reproducible performance shows loss of consistency following
functionalisation with a self-assembled 6-mercapto-1hexanol layer, Sensors. 18 (2018) 1891.
[5] P. Q. Li, A. Piper, I. Schmueser, A. R. Mount, D. K. Corrigan, Impedimetric measurement of DNADNA hybridisation using microelectrodes with different radii for detection of methicillin resistant
Staphylococcus aureus (MRSA), Analyst. 142 (2017) 1946-1952.
[6] C. Russell, A. C. Ward, V. Vezza, P. Hoskisson, D. Alcorn, D. P. Steenson, D. K. Corrigan,
Development of a needle shaped microelectrode for electrochemical detection of the sepsis biomarker
interleukin-6 (IL-6) in real time, Biosensors and Bioelectronics. 126 (2019) 806-814.
[7] M. Nakano, S. Kalsi, H. Morgan, Fast and sensitive isothermal DNA assay using microbead
dielectrophoresis for detection of anti-microbial resistance genes, Biosensors and Bioelectronics. 117
(2018) 583-589.
[8] R. Campos, G. M. Jr, M. F. Cerqueira, J. Borne, P. Alpuim, Wafer scale fabrication of graphene
microelectrode arrays for the detection of DNA hybridization, Microelectron. Eng. 189 (2018) 85-90.
[9] K. Meronard, M. Josowicz, A. Saheb, Voltammetric label-free detection of DNA hypermethylation
using polypyrrole-modified microelectrode array, Electroanalysis. 31 (2019) 1934-1942.
**[10] C. Ibau, M. K. M. Arshad, S. C. B. Gopinath, M. M. N. Nuzaihan, M. F. M. Fathil, P. Estrela,
Gold interdigitated triple-microelectrodes for label-free prognosticative aptasensing of prostate cancer
biomarker in serum, Biosensors and Bioelectronics. 136 (2019) 118-127.
The authors show development of a relatively simple IDE microelectrode system for detection of the
prostate cancer biomarker PSA. Detection is shown in serum and because the authors immobilise on the

16

glass between the electrodes rather than the electrodes themselves are able to demonstrate an alternative
means of functionalising such sensors which gives enhanced performance.
[11] H. J. Kim, W. Choi, J. Kim, J. Choi, N. Choi, K. S. Hwang, Highly sensitive three-dimensional
interdigitated microelectrode biosensors embedded with porosity tunable hydrogel for detecting proteins,
Sensor. Actuat. B-Chem. 302 (2020) 127190.
[12] J. S. Park, H. J. Kim, J. H. Lee, J. H. Park, J. Kim, K. S. Hwang, B. C. Lee, Amyloid beta detection
by Faradaic electrochemical impedance spectroscopy using interdigitated microelectrodes, Sensors. 18
(2018) 426.
[13] Y. S. Kim, Y. K. Yoo, H. Y. Kim, J. H. Roh, J. Kim, S. Baek, J. C. Lee, H. J. Kim, M. S. Chae, D.
Jeong, D. Park, S. Lee, H. Jang, K. Kim, J. H. Lee, B. H. Byun, S. Y. Park, J. H. Ha, K. C. Lee, W. W.
Cho, J. S. Kim, J. Y. Koh, S. M. Lim, K. S. Hwang, Comparative analyses of plasma amyloid-β levels in
heterogeneous and monomerized states by interdigitated microelectrode sensor system, Sci. Adv. 5 (2019)
1388.
[14] S. S. Mahshid, S. Mahshid, A. Vallee-Belisle, S. O. Kelley, Peptide-mediated electrochemical steric
hindrance assay for one-step detection of HIV antibodies, Anal. Chem. 91 (2019) 4943-4947.
[15] S. T. Barlow, M. Louie, R. Hao, P. A. Defnet, B. Zhang, Electrodeposited gold on carbon-fiber
microelectrodes for enhancing amperometric detection of dopamine release from pheochromocytoma
cells, Anal. Chem. 90 (2018) 10049-10055.
[16] B. Nasr, R. Chatterton, J. H. M. Yong, P. Jamshidi, G. M. D’Abaco, A. R. Bjorksten, O. Kavehei, G.
Chana, M. Dottori, E. Skafidas, Self-organized nanostructure modified microelectrode for sensitive
electrochemical glutamate detection in stem cells-derived brain organoids, Biosensors. 8 (2018) 8010014.
[17] I. R. Cassar, C. Yu, J. Sambangi, C. D. Lee, J. J. W. Ill, A. Petrossians, W. M. Grill, Electrodeposited
platinum-iridium coating improves in vivo recording performance of chronically implanted
microelectrode arrays, Biomaterials. 205 (2019) 120-132.
[18] Z. D. Kojabad, S. A. Shojaosadati, S. M. Firoozabadi, S. Hamedi, Polypyrrole nanotube modified by
gold nanoparticles for improving the neural microelectrodes, J. Solid State Electr. 23 (2019) 1533-1539.
**[19] J. Gaire, H. C. Lee, N. Hilborn, R. Ward, M. Regan, K. J. Otto, The role of inflammation on the
functionality of intracortical microelectrodes, J. Neural Eng. 15 (2018) 06027.
The authors conduct a study to elucidate some of the effects of inflammation on the long term
implantation and recording behaviour of neuroprosthetic devices. Rats are the organism investigated and
different pro and anti-inflammatory treatments are used to elucidate the source of long term implant
failure. The results observed did not fit the initial hypothesis and suggest there is a great deal of
complexity involved in making implants which function for long times, recommendations for new designs
and further investigations are made.
[20] J. Y. Chen, C. M. Li, W. Zhu, J. M. Peng, X. Y. Deng, An AUC-based impedance sensing method
for rapid assessment of antioxidant compounds with NIH-3T3 cells cultured in a 16-well E-plate with
integrated microelectrode arrays, Sensor. Actuat. B-Chem. 283 (2019) 390-398.
[21] T. Zheng, Z. Zhang, R. Zhu, D. Sun, A microelectrode array chip for osteogenic differentiation of
mesenchymal stem cells under electrical stimulation, Lab Chip. (2019) DOI: 10.1039/c9lc01081e.

17

[22] J. Hovancova, I. Sisolakova, P. Vanysck, R. Orinakova, I. Shepa, M. Vojtko, A. Orinak,
nanostructured gold microelectrodes for non-enzymatic glucose sensor, Electroanalysis. 31 (2019) 16801689.
[23] A. V. Smikhovskaia, V. S. Andrianov, E. M. Khairullina, D. V. Lebedev, M. N. Ryazantsev, M. S.
Panov, I. I. Tumkin, In situ laser-induced synthesis of copper-silver microcomposite for enzyme-free Dglucose and L-alanine sensing, Appl. Surf. Sci. 488 (2019) 531-536.
[24] M. Zhu, H. ye, M. Lai, J. Ye, R. Li, W. Zhang, H. Liang, R> Zhu, H. Fan, S. Chen, The gold
nanoparticle sensitized pRGO-MWCNTs grid modified carbon fiber microelectrode as an efficient sensor
system for simultaneous detection of three dihydroxybenzoix acid isomers, Electrochim. Acta. 322 (2019)
134765.
**[25] X. Wei, C. Qin, C. Gu, C. He, Q. Yuan, M. Liu, L. Zhuang, H. Wan, P. Wang, A novel bionic in
vitro bioelectronic tongue based on cardiomyocytes and microelectrode array for bitter and umami
detection, Biosensors and Bioelectronics. 145 (2019) 111673.
The authors use cardiomyocytes from Sprague Dawley rats are used as a culture on a microelectrodes
array to detection the presence of molecules responsible for taste. This raises the prospect of using the
sensors in the food and beverages industry as part of the quality control process.
[26] B. Wang, X. Wen, P. Y. Chiou, N. T. Maidment, Pt nanoparticle-modified carbon fiber
microelectrode for selective electrochemical sensing of hydrogen peroxide, Electroanalysis. 31 (2019)
1641-1645.
[27] J. Lee, Z. Gerelkhuu, J. Song, K. H. Seol, B. K. Kim, J. Chang, Stochastic electrochemical cytometry
of human platelets via a particle collision approach, ACS Sens. 4 (2019) 3248-3256.
[28] G. Gao, D. Wang, R. Brocenschi, J. Zhi, M. V. Mirkin, Toward the detection and identification of
single bacteria by electrochemical collision technique, Anal. Chem. 90 (2018) 12123-12130.
[29] J. Y. Lee, B. K. Kim, M. Kang, J. H. Park, Label-free detection of single living bacteria via
electrochemical collision event, Sci. Rep. 6 (2016) 30022.
[30] D. W. M. Arrigan, Nanoelectrodes, nanoelectrode arrays and their applications, Analyst. 129 (2004)
1157-1165.
[31] S. Chen, Y. Liu, J. Chen, Heterogeneous electron transfer at nanoscopic electrodes: importance of
electronic structures and electric double layers, Chem. Soc. Rev. 43 (2014) 5372-5386.
[32] B. B. Nunna, D. Mandal, J. U. Lee, H. Singh, S. Zhuang, D. Misra, M. N. U. Bhuyian, E. S Lee,
Detection of cancer antigens (CA-125) using gold nano particles on interdigitated electrode-based
microfluidic biosensor, Nano Convergence. 6 (2019) doi: 10.1186/s40580-019-0173-6.
[33] J. M. George, A. Antony, B. Mathew, Metal oxide nanoparticles in electrochemical sensing and
biosensing: a review, Microchimica Acta. 185 (2018) doi: 10.1007/s00604-018-2894-3.
[34] S. Kumar, W. Ahlawat, R. Kumar, N. Dilbaghi, Graphene, carbon nanotubes, zinc oxide and gold as
elite nanomaterials for fabrication of biosensors for healthcare, Biosensors and Bioelectronics. 70 (2015)
498-503.

18

[35] P. M. S. Silva, A. L. R. Lima, B. V. M. Silva, L. C. B. B. Coelho, R. F. Dutra, M. T. S. Correia,
Cratylia mollis lectin nanoelectrode for differential diagnostic of prostate cancer and benign prostatic
hyperplasia based on label-free detection, Biosensors and Bioelectronics. 85 (2016) 171-177.
[36] J. Wang, SURVEY AND SUMMARY: From DNA biosensors to gene chips, Nucleic Acids Res. 28
(2000) 3011-3016.
[37] M. Ongaro, P. Ugo, Bioelectroanalysis with nanoelectrode ensembles and arrays, Anal. Bioanal.
Chem. 405 (2013) 3715-3729.
[38] J. C. Claussen, M. M. Wickner, T. S. Fisher, D. M. Porterfield, Transforming the fabrication and
biofunctionalization of gold nanoelectrode arrays into versatile electrochemical glucose biosensors, ACS
Appl. Mater. Interfaces. 3 (2011) 1765-1770.
[39] N. Karimian, P. Ugo, Recent advances in sensing and biosensing with arrays of nanoelectrodes,
Curr. Opin. Electrochem, 16 (2019), 106-116.
[40] A. Bonanni, I. Fernandez-Cuesta, X. Borrise, F. Perez-Murano, S. Alegret, M. del Valle, DNA
hybridization detection by electrochemical impedance spectroscopy using interdigitated gold
nanoelectrodes, Microchimica Acta. 170 (2010) 275-281.
[41] F. Virgilio, M. Prasciolu, P. Ugo, M. Tormen, Development of electrochemical biosensors by ebeam lithography for medical diagnostics, Microelectron. Eng. 111 (2013) 320-324.
[42] L. E. Delle, V. Pachauri, A. Vlandas, M. Riedel, B. Lagel, R. Lilischkis, X. T. Vu, P. Wagner, R.
Thoelen, F. Lisdat, S. Ingebrandt, Scalable fabrication and application of nanoscale IDE-arrays as multielectrode platform for label-free biosensing, Sensor Actuat. B-Chem. 265 (2018) 115-125.
**[43] N. Triroj, P. Jaroenapibal, H. Shi, J. I. Yeh, R. Beresford, Microfluidic chip-based nanoelectrode
array as miniaturized biochemical sensing platform for prostate-specific antigen detection, Biosensors and
Bioelectronics 26 (2011) 2927-2933.

An example of an integrated microfluidic and nanoelectrode sensing array, which demonstrates
a step towards a point of care device with nanoelectrodes. The relatively sparse literature in this
area also highlights the need for further work in the area of combining nanoelectrodes with
point of care systems.
[44] Y. Zhou, S. D. Uzun, N. J. Watkins, S. Li, W. Li, A. L. Briseno, K. R. Carter, J. J. Watkins, Threedimensional CeO2 woodpile nanostructures to enhance performance of enzymatic glucose biosensors,
ACS Appl. Mater. Interfaces. 11 (2019) 1821-1828.
[45] J. G. terry, I. Schmuser, I. Underwood, D. K. Corrigan, N. J. Freeman, A. S. Bunting, A. R. Mount,
A. J. Walton, Nanoscale electrode arrays produced with microscale lithographic techniques for use in
biomedical sensing applications, IET Nanobiotechnol. 7 (2013) 125-134.
[46] A. Piper, B. M. Alston, D. J. Adams, A. R. Mount, Functionalised microscale nanoband edge
electrode (MNEE) arrays: the systematic quantitative study of hydrogels grown in nanoelectrode
biosensor arrays for enhanced sensing in biological media, Faraday Discuss. 210 (2018) 201-217.
[47] F. Pittino, F. Passerini, L. Selmi, F. Widdershoven, Numerical simulation of the position and
orientation effects on the impedance response of nanoelectrode array biosensors to DNA and PNA
strands, Microelectron. 45 (2014) 1695-1700.

19

**[48] J. Veselinovic, S. Almashtoub, E. Seker, Anomalous trends in nucleic acid-based electrochemical
biosensors with nanoporous gold electrodes, Anal. Chem. 91 (2019) 11923-11931.
This work, and others by the group, systematically examine the fundamental reasons that nanoscale
features offer improved sensitivity for biosensors and at what size these benefits appear. In addition, they
also pose a theory for why micro and nano-scale DNA hybridisation sensors tend to exhibit a signal
increase upon target binding, as oppose to the more common decrease shown by larger electrodes.
[49] S. Hannah, J. Cardona, D.A. Lamprou, P. Sutta, P. Baran, A.A Ruzaiqi, K. Johnston, H. Gleskova,
Interplay between vacuum-grown monolayers of Alkylphosphonic acids and the performance of organic
transistors based on dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene, ACS Appl. Mater. Interfaces. 8
(2016) 25405-25414.
[50] B. Marchiori, R. Delattre, S. Hannah, S. Blayac, M. Ramuz, Laser-patterned metallic
interconnections for all stretchable organic electrochemical transistors, Sci. Rep. 8 (2018) 8477.
[51] M. Kaisti, A. Kerko, E. Asrikka, P. Saviranta, Z. Boeva, T. Soukka, A. Lehmusvuori, Real- time
wash-free detection of unlabelled PNA-DNA hybridisation using discrete FET sensor, Sci. Rep. 7 (2017)
15734.
[52] L. Crossley, B. Attoye, V. Vezza, E. Blair, D. K. Corrigan, S. Hannah, Establishing a field-effect
transistor sensor for the detection of mutations in the tumour protein 53 gene (TP53) – an electrochemical
optimisation approach, Biosensors. 9 (2019) doi: 10.3390/bios9040141.
[53] L.H. Slewa, T.A. Abbas, N.M. Ahmed, Synthesis of quantum dot porous silicon as extended gate
field effect transistor (EGFET) for a pH sensor application, Materials Science in Semiconductor
Processing. 100 (2019) 167-174.
[54] S. Himori, S. Nishitani, T. Sakata, Control of potential response to small biomolecules with
electrochemically grafted aryl-based monolayer in field-effect transistor-based sensors, Langmuir.35
(2019) 3701-3709.
**[55] Y. Sun, Z. Peng, H. Li, Z. Wang, Y. Mu, G. Zhang, S. Chen, S. Liu, G. Wang, C. Liu, L. Sun, B.
Man, C Yang, Suspended CNT-based FET sensor for ultrasensitive and label-free detection of DNA
hybridisation, Biosensors and Bioelectronics. 137 (2019) 255-262.
The authors demonstrate the benefits of separating the CNT and the substrates (suspended CNT) by
showing that the conductivity is around 2 orders of magnitude higher than a FET based on an
unsuspended CNT. The paper shows ultra-high sensitivity for DNA detection with a limit of detection as
low as 10 aM, much lower than an FET DNA biosensor where the sensing materials are in direct contact
with the substrate.
[56] S. Mao, Chapter 5 – Graphene field-effect transistor sensors, Graphene Bioelectronics. (2018) 113132.
*[57] C. Haslam, S. Damiati, T. Whitley, P. Davey, E. Ifeachor, S.A Awan, Label-free sensors based on
graphene field-effect transistors for the detection of human chorionic gonadotropin cancer risk biomarker,
Diagnostics. 8 (2018) 5.
The developed graphene FET sensors display a very sensitive limit of detection to less than 1 pg/mL. The
paper also demonstrates that annealing significantly improves the charge carrier properties of the
GFETs and can shift the Fermi level, ultimately improving sensitivity of the system.

20

[58] J. Sun, X. Xie, K. Xie, S. Xu, S. Jiang, J. Ren, Y. Zhao, H. Xu, J. Wang, W. Yue, Magnetic graphene
field-effect transistor biosensor for single-strand DNA detection, Nanoscale Research Letters. 14 (2019)
248.
[59] A. Gao, S. Chen, Y. Wang, T. Li, Silicon nanowire field-effect transistor-based biosensor for
biomedical applications, Sensors and Materials. 30 (2018) 1619-1628.
[60] C.Y. Yang, H.C. Chiang, C.J. Kuo, C.W. Hsu, S.F. Chan, Z.Y. Lin, C.H. Lin, Y.T. Chen,
Hepatocellular carcinoma diagnosis by detecting α-fucosidase with a silicon nanowire field-effect
transistor biosensor, ECS J. Solid State Sci. Technol. 7 (2018) 3153-3158.
[61] W. Tao, P. Lin, J. Hu, S. Ke, J. Song, X. Zeng, A sensitive DNA sensor based on an organic
electrochemical transistor using a peptide nucleic acid-modified nanoporous gold gate electrode, RSC.
Adv. 7 (2017) 52118-52124.
[62] M. Braendlein, A-M. Pappa, M. Ferro, A. Lopresti, C. Acquaviva, E. Mamessier, G.G. Malliaras,
R.M. Owens, Lactate detection in tumor cell cultures using organic transistor circuits, Adv. Mater. 29
(2017) 1605744.
[63] F. Hempel, J.K. Law, T.C. Nguyen, W. Munief, X. Lu, V. Pachauri, A. Susloparova, X.T. Vu, S.
Ingebrandt, PEDOT:PSS organic electrochemical transistor arrays for extracellular electrophysiological
sensing of cardiac cells, Biosensors and Bioelectronics. 93 (2017) 132-138.
[64] Y. Liang, M. Ernst, F. Brings, D. Kireev, V. Maybeck, A. Offenhausser, D. Mayer, High
performance flexible organic electrochemical transistors for monitoring cardiac action potential, Adv.
Healthc. Mater. 7 (2018) 1800304.
[65] N. Coppede, M. Giannetto, M. Villani, V. Lucchini, E. Battista, M. Careri, A. Zappettini, Ion
selective textile organic electrochemical transistor for wearable sweat monitoring, Org. Electron. 78
(2020) 105579.
[66] W. Hai, T. Goda, H. Takeuchi, S. Yamaoka, Y. Horiguchi, A. Matsumoto, Y. Miyahara, Human
influenza virus detection using sialyllactose-functionalized organic electrochemical transistors, Sensors
and Actuators B: Chemical. 260 (2018) 635-641.
*[67] D. Gentili, P. D’Angelo, F. Militano, R. Mazzei, T. Poerio, M. Brucale, G. Tarabella, S. Bonetti,
S.L. Marasso, M. Cocuzza, L. Giorno, S. Iannotta, M. Cavallini, Integration of organic electrochemical
transistors and immune-affinity membranes for label-free detection of interleukin-6 in the physiological
concentration range through antibody-antigen recognition, J. Mater. Chem. B. 6 (2018) 5400-5406.
The authors show that through functionalisation of the gate electrodes with OEG-terminated
alkanethiolate SAMs, they could immobilise anti IL-6 antibodies while inhibiting nonspecific biomolecule
binding. The OECT displays a very promising detection limit of 220 pg/ml for IL-6.
[68] O. Parlak, S.T. Keene, A. Marais, V.F. Curto, A. Salleo, Molecularly selective nanoporous
membrane-based wearable organic electrochemical device for noninvasive cortisol sensing, Science
Advances. 4 (2018).

AUTHOR CONTRIBUTIONS

21

Stuart Hannah: Conceptualization, Writing – original draft, Writing – review and
editing. Ewen Blair: Conceptualization, Writing – original draft, Writing – Review and Editing.
Damion Corrigan: Conceptualization, Supervision, Writing – original draft, Writing – Review
and Editing.
ADDITIONAL INFORMATION
Competing Interests – The authors declare no competing interests.

22

•
•
•

Overview of current trends and state of the art in micro and nanoscale biosensors
Microelectrodes, nanoelectrodes and field-effect transistor systems discussed
Reviews performance characteristics of sensors and considers barriers to adoption

Declaration of interests
☒ The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
☐The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

Stuart Hannah
Ewen Blair
Damion Corrigan

