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Abstract

Graphene and Graphene Related Materials (GRMs) exhibit a unique combination of electronic,
optical and electrochemical properties which make them ideally suitable for ultra-sensitive and
selective point-of-care testing (POCT) devices. POCT device-based applications in diagnostics
require test results to be readily accessible anywhere to produce results within a short analysis
timeframe. This review article provides a summary of methods and latest developments in the field
of graphene and GRMs- based biosensing in POCT, and an overview of the main applications of
the latter in nucleic acids and enzymatic biosensing, cell detection, and immunosensing. For each
application, we discuss scientific and technological advances along with the remaining challenges,

outlining future directions for widespread use of this technology in biomedical applications.
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1. Introduction to Graphene and GRMs Biosensors in POCT

The development of novel and highly sensitive POCT devices has been the focus of research in the
scientific community, due to the high impact that these devices may have for society. Over the
recent years, and especially during the COVID-19 outbreak, remarkable advances have been made
in the POCT field. Effective POCT devices are needed for rapid and reliable analytes’ detection for
disease diagnosis, monitoring, management, and for the prediction of treatment response [1, 2]. The
COVID-19 outbreak highlighted the urgency for commercially available POCT devices with
tremendous impact on societies and economies. The molecular diagnostics area is projected to
record higher growth rates over the next years, mainly due to the noteworthy advancements in
biosensing technologies [3]. The World Health Organization (WHO) has developed the so called
“Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and
Delivered— (ASSURED) criteria to be used as a benchmark for POCT products during their
development phase [4].

Since the discovery of the unique electronic properties of graphene in 2004 [5], it has been
intensively studied, revealing both interesting transport phenomena as well as potential for
electronic application, including biosensing [6—8]. Thanks to the extremely high surface-area to
volume ratio, graphene-based sensors are very sensitive to any changes in their environment [9—
11]. This sensitivity makes them ideal for sensing applications, as -for example- a small amount of
change in the concentration of an analyte in contact with graphene, modifies the electronic properties
of the graphene enough to be measured [12]. Moreover, graphene and GRMs have additional
advantages, as many of them can be functionalised with specific receptors or binding sites [13] to
combine sensitivity and selectivity. The sensors then inherit the specificity from the functionalised
groups, eg, in the case of DNA detection the ability to detect specific sequences and identify single

nucleotide mutations.

In this review, we present the latest advances in the field of graphene and GRMs biosensors that
have been developed for nucleic acids biosensing, enzymatic biosensing and immunosensing, and
have the potential to meet the ASSURED criteria for successful commercialisation in the near
future. In addition, we focus on single layer graphene (SLG), few layers graphene (FLG), and the
two most investigated chemical derivatives of graphene as enabling materials for applications in
POCT: graphene oxide (GO) and reduced graphene oxide (rGO), as presented in (Box 1).

Finally, we discuss the advances and challenges for each approach, and present our views on future



directions in which the field is expected to grow and is likely to benefit from further research work

and applications.

2. RNA and DNA detection

Over the last decade, there has been a significant interest in nucleic acid amplification and POCT
due to their accurate and potentially rapid disease diagnosis capacity improving patient healthcare
[38, 39]. In comparison to the conventional detection approaches such as PCR, nucleic acid based
POCTs can detect infectious agents in a much faster and convenient manner [40,41], thus acting
as a potent tool for early diagnosis, detection, and monitoring of cancer [42, 43] and bacterial

infections [44—48].

An ultra-sensitive graphene field effect transistor (GFET) functionalised with peptide nucleic
acid (PNA) probes has been recently reported for RNA quantification [49]. The immobilisation of
nucleic acid probes is done via p-p interaction on the surface of graphene. PNA probes have a
neutral amine bond backbone that improves their binding specificity to DNA and RNA targets, and
shortens their detection time [50, 51]. The PNA biosensor had a Limit of Detection (LOD) which
was three orders lower compared to DNA probes, and it was able to detect RNA targets at
concentrations as low as 0.1 aM. In addition, the designed GFET biosensor was able to detect 100
aM RNA concentrations in human serum samples, promising results for future real-life
applications. An alternative electrochemical-based sensing mechanism was presented by
Gorgannezhad and colleagues [52] for the detection of 1 fM ctRNA, which can serve as an

alternative to tissue biopsies in ovarian cancer patients.

Numerous research articles have reported the development of graphene-based biosensors for RNA
detection [53, 54] for which authors developed an isothermal platform for lung cancer-associated
micro RNAs (miRNAs). The platform implemented GO-based fluorescence assays permit the
rapid determination of single-base mismatches with a LOD of 0.87 fM. Grapheneand GRMs POCT
devices have also been applied to neurodegenerative diseases such as Alzheimer’s Disease (AD). A
graphene biosensor has been employed for the early detection of AD through the use of
electrochemically reduced GO (ErGO) and gold nanowires to quantify serum miRNA-137, a
reliable molecular biomarker for AD. The materials used permit improved sensitivity with a LOD
of 1.7 fM leading to better accuracy and reliability over the standard detection techniques - such

as medical imaging, which poses problems such as bias from the physician [55]. This doxorubicin



(Dox) intercalated screen-printed carbon electrode (SPCE) device has been tested using human
serum; which highlights its potential clinical applications in the future [56]. Similar simple and
cost effective SPCE devices based on the same materials have also been applied to PD, as shown
by Figure 1, where the quantification of the plasma biomarker miRNA-195 to a LOD of 2.9 fM
could also be used as an early diagnostic technique in clinical settings [57].

Besides RNA detection, development of POC devices for DNA has also attracted significant
interest by numerous researchers. A recent study by Kampeera and colleagues, [58] introduced a
highly sensitive biosensor for Vibrio (V.) parahaemolyticus detection in raw seafood, one of the
most important foodborne pathogens. The POCT platform was based on graphene SPCEs that are
cheap and easy to fabricate at high volumes. Graphene-based SPCEs have larger electrochemical
surfaces and higher electron mobility than other SPCEs, resulting in detection limit for V.
parahaemolyticus of 0.3 Colony-forming unit (CFU) per 25 g of raw food within 45 minutes. A
similar approach was followed by another research group to diagnose Tuberculosis, one of the
most infectious diseases globally [59]. The study presents a graphene SPCE implemented on a
portable potentiostat device, that is able to detect DNA fragments after loop-mediated isothermal
amplification via label-free electrochemical analysis. The highly accurate sensor was able to detect
up to 1 pg of Mycobacterium tuberculosis DNA in less than 65 minutes.

The need for rapid, multiplexed, and affordable POCT devices for clinical diagnosis [60] led
scientists to explore other graphene-based biosensing platforms [61]. Over the last few years, an
impressive number of studies have been published, where GFET biosensors are used to detect

DNA targets [62—64].

To enhance the sensitivity of GFET even further, crumpling of the graphene sheets over the
conventional flat sheets was implemented as the biosensing element [65]. Due to the nanoscale
deformation of crumpled graphene, the Debye length in the ionic solution is increased which
results in decreased DNA charge screening. Furthermore, within the deformed regions, the
formation of band gaps enables exponential changes of source-drain current by the presence of
small charges [66]. These factors significantly enhance the sensitivity of the GFET biosensor down
to zM DNA concentrations within 90 minutes. A similar approach was applied by Hwang and
colleagues [66], where the crumpled GFET biosensor had a detection limit of 600 zM compared
to 2 pM of flat graphene.



In addition to all the above biosensing platforms for DNA detection, DNA sequencing is another
fast-growing application. Knowing the exact sequence of the DNA can play a vital role in the
diagnosis of diseases and disease treatment towards personalised medicine [67]. Current
sequencing technologies do not offer fast and affordable methods applicable for POCT [68,69],
however, due to the unique properties of graphene and GRMs they can have significant impact
towards that direction [70—72]. One of the most well studied approaches is the development of
graphene nanopores for DNA reading [73,74]. Graphene’s thickness is smaller than the distance
between 2 bases of oligonucleotides, allowing single base reading when it is used as a membrane

for nanopore sequencing [75].

3.  Graphene based biosensors for protein detection

Proteins - which can be found in blood or other tissues, are also widely used to predict, diagnose,
and monitor of several diseases [76]. However, highly sensitive biosensors with LODs down to
the femto- and picomolar concentrations, are required in order to use them as analytical biomarkers

[77, 78].

Many studies have been published over the recent year, where graphene and GRMs are utilised in
biosensing platforms to detect proteins that are released from cancer cells, or other cells as a
response to cancer [79, 80]. A novel electrochemical-based sensor with rGO, thionine and gold
nanocomposites was developed for the detection of CA125 [81]. CA125 has been used as a protein
biomarker for the early detection of ovarian cancer [82], and elevated concentrations in human
serum have been related to lung and breast cancer too [83]. The fabrication of the immunosensor
used screen printing technology on disposable cellulose paper, and the sensor was able to detect
CA125 concentrations down to 0.01 Units per millilitre (U/mL) with a linear range from 0.01 to
200 U/mL. Another interesting study was presented by Bharti and colleagues [84], who developed
a carboxylated GO sensor for breast cancer. The aptasensor was immobilised with streptavidin to
interact with the biotinylated aptamer for the MUC]1 biomarker, a transmembrane glycoprotein on
the surface of epithelial cells [85]. The biosensor was able to detect the MUC1 biomarker
concentrations down to 0.79 fM and displayed a great recovery range when serum samples were

used.

Graphene-based biosensors have also been extensively studied for detecting viral proteins. Most

recently, due to the COVID-19 outbreak, there was an urgent need for a rapid, accurate, and



affordable POCT device for SARS-CoV-2 detection. Sea and colleagues [86] were amongst the
first ones to develop a GFET biosensor functionalised with antibodies against the virus’ spike
protein, as shown by Figure 2. The device was able to detect protein concentrations of 1 fg/mL

holding great potential for making rapid and accurate POCT devices.

4. Enzyme-based graphene biosensors

Enzymes are highly stable and can easily be manipulated, and thus are very useful in the design of
POC biosensing platforms [87]. Enzymes can act as catalysts, performing chemical reactions after
binding to specific substrates without being altered during the process [88]. The four most common
types of enzymes used in biosensors are: amino oxidases, oxidoreductases, peroxidases, and
polyphenol oxidases [89]; with oxidases and dehydrogenases being the two most encountered
subclasses [90].

Optical and electrochemical bio-detection are the two main operational modes for enzyme-based
biosensors [91]. Optical detection approaches are mainly applied for non-POCT oriented
applications in healthcare, pharmaceuticals, and biomedical research, and are outside of the scope
of this review. Enzyme-based graphene electrochemical biosensors due to their rapid, and easy
mode of operation, and due to their label-free detection capacity.

Hajian and colleagues recently developed a CRISPR-Cas9-coated graphene-based biosensor for
detecting DNA mutations related to Duchenne muscular dystrophy [92]. The sensor was sensitive
enough to detect DNA targets of 1.7 fM concentration within 15 minutes, as shown in Figure 3.
The detection mechanism is based on a GFET, where the channel is functionalised with the
CRISPR-Cas 9 complex. The enzymatic complex screens the genomic sequence until successful
hybridisation of the single-guide RNA molecule to the target DNA motif. The hybridised complex
changes the electrical properties of graphene resulting in an electrical output signal. This study has
great potential in the POCT field due to the high specificity and label-free detection mode offered
by the CRISPR-Cas9 enzymatic system. In addition, graphene’s functionalisation with the
enzymatic complex enables DNA detection without the need for reagents and bulky
instrumentation.

Glucose monitoring biosensors are the most commercially successful POCT devices. An
interesting approach of glucose sensing in sweat was reported by Xuan and colleagues [93],
implementing GO on a flexible polyimide substrate. rGO and metal nanoparticles were applied to

the working electrode and covered with glucose oxidase enzyme. The developed sensor had a great



analytical performance with a detection range between 0.1 — 2.3 mM within a 12-seconds time
frame. The advantages of the study are the development of a disposable, cost-effective, and
responsive analytically performing enzyme-based glucose sensing patch. In addition, it works
without the need of invasive procedures such as blood collection. Numerous other studies have
developed glucose biosensors, implanting graphene as the sensing elements for improved
performance [94-97]. A similar approach was developed for detecting 3-HB, a crucial diagnostic
biomarker for life-threatening ketoacidosis [98]. The biosensors had a limit of detection of 1 uM,

much higher compared to the commercially available kits for 3-HB detection.

Two other widely used enzymes for biosensing applications are laccase and horseradish peroxidase
(HRP) [99]. These enzymes are cheaper compared to other ones and they can have a versatile range
of applications. Laccase is an oxygen-reducing enzyme that can be applied to detect many analytes
such as 17b-estradiol, phenols, and catechols [100,101], while HRP is used to determine the
hydrogen peroxide levels in different samples [97]. In one of the most recent studies by Lopez
Marzo and colleagues [102] the authors applied 3D printing to fabricate the electrode, before
functionalising it with HRP to generate a direct electron transfer mechanism for hydrogen peroxide
detection. This work has great potential for real sample analysis, since the direct electron transfer
from the enzyme to the graphene electrodes eliminates the need for mediators. The previous studies
capture a wide range of applications that graphene-based biosensors can be applied to measure

enzymatic activity.

5. Small Molecule Detection

The ability of graphene sensors to detect small molecules such as gases (NO2, NH; etc.) and
molecular ions (acetate, lactate etc.), relies on the low electronic noise and high sensitivity [103].
This can be used to detect and measure the presence of metabolic byproducts, such as acetone,
down to 0.1 ppm in the case of diabetic ketoacidosis [104] and 4ppm for nerve agent simulating
compounds [105]. For POCT, there are several ways of using graphene small molecule sensors to
develop clinical and diagnostic applications. Several adopted platforms are based on three-terminal
devices in liquid electrolyte-gated field effect transistor or electrochemical transistor
configurations, where both the active channel and the gate electrode are separated by the medium
containing the molecules to be detected and exploit the selectivity of a bio-recognition elements-
containing membrane interposed between the channel or the gate electrode and the medium [106,

107]. In contrast all-solid-state transducers, are designed in a way that the active channel, the gate,



and gate dielectric are all-solid state, exploiting a dependency of their electrical characteristics
from the chemical or biochemical interactions with the surrounding environment. Li and
colleagues [108] developed a novel highly accurate graphene-based ion sensitive field effect
transistor (ISFET) for measuring the concentration of K+ ions in different solutions, which can
contribute significantly towards the onset prediction of myocardial infractions and seizure. The
graphene-based ISFET sensor had a wide detection range of ionic concentrations (1 uM - 2 mM)

with comparable sensitive to Si-based ISFET devices (>60 mV/decade).

Most often graphene sensors for small molecules are chemiresistive, i.e., their conductivity
changes when there is a chemical change in their environment [109], but the change in their optical
properties can also be used to form “litmus paper” like composites [110], or to make sensors to be

fluorescent [111] or display increased absorption of light [112].

An emerging diagnostic technique is the characterisation of volatile organic compounds (VOCs)
from a patient’s breath, permitting for early detection and classification of diseases such as cancer
[113] and infectious diseases [114]. In total, more than 2600 compounds have been identified as
biomarkers, such as NO for asthma, n-pentane for heart disease [115], NH3 for kidney malfunction
[116], to name a few. An example of such a biomarker sensor for NH3 was reported by Bhardwaj
and colleagues [117], with a detection limit of 0.6 ppm and range of 1-100 ppm, sufficient for POC
VOC detection.

6. Cancer Cells and Bacterial Detection

Whole cells have also been classified using graphene and graphene-related material POCT devices
[118]. An ultrasensitive electrochemical cytosensor, which uses graphene, gold nanoparticles, and
HRP-conjugated trastuzumab antibody hybrid structures as a nanoprobe, has a low LOD of 20
cells/mL, and has been used for the detection of human prostate metastatic cancer cells [119].
HeLa cells and MCF-7 breast cancer cells have also been detected using impedimetric biosensors

[120].

Another promising POCT for clinical applications is the sensitive and rapid detection of cancer
cells using graphene functionalised magnetic microbeads and the photothermal effect. It works on
the basis of modifying GO with antiepithelial cell adhesion molecule antibodies and modifying

the magnetic microbeads with anti-immunoglobulin. The modified GO and magnetic microbeads



are mixed, incubated with 4T1 breast cancer cells, filtered using a membrane, and separated
magnetically before being detected using a laser and an infrared camera. The temperature variation
before and after laser irradiation was used to quantify the number of cancer cells the magnetic
beads attached to. Further tests were carried out on the detection of 4T1 cells in human blood,

displaying a LOD of 100 cells/mL [121].

Escherichia (E.) coli contaminated drinking water has detrimental effects on humans, especially if
there is a delay of treatment after the appearance of initial symptoms. Therefore, early detection
and real-time monitoring is essential to combat the life-threatening effects of the Shiga toxins
released by strains of E. coli. Current methods such as PCR and colony-counting methods do not
possess the sensitivity required to detect low concentrations of bacteria. The sensitivity of this
device is of the utmost importance, as bacterium would already be able to cause disease. In
addition, the current devices display high background signals and poor specificity making the
diagnostic costs increase as a result of the equipment and training required. This rGO-based field
effect transistor (FET), as shown in Figure 4, has been modified with antibodies against E. coli
to detect individual bacteria. The device was adapted to detect various strains of E. coli through
the use of a generic antibody. It works on the basis of depositing an rGO sheet on a gold/silicon
dioxide electrode surface. As there is a negative charge around the E. coli membrane, when it binds
with the rGO, the electrical conductivity of rGO in the FET will be modulated. This low cost and
disposable device is capable of rapidly detecting individual E. coli in a river water sample - making

it ideal for mass production and large volume testing [122].

A similar device has been developed where a monolayer graphene nanostructure was
functionalised with antibodies to capture pathogenic bacteria with a sensitivity of 10-100 cells/mL.
The capture process then generates a non-Faradaic electrochemical signal specific to that of E.
coli. This label-free method works on the basis of dielectric changes of capacitance and impedance,
however, the trade off to the sensitivity provided by the monolayer graphene is the cost and
complexity in the production of a defect-free layer [123].

A hybrid microfluidic and FET system has also been demonstrated as a POCT device for E. coli.
This portable and real-time monitoring hybrid uses a graphene micropatterned FET conjugated
with dual antibiotic bioprobes for the early detection of E. coli. A low LOD of 10° colony forming
units/mL (1-9 CFU/mL) was obtained. CVD graphene was used to fabricate the FET and a
polydimethylsiloxane (PDMS) microfluidic chip was then attached to the bioprobe conjugated



GFET. Four types of bacterial species - E. coli, Salmonella enterica, Staphylococcus aureus, and
Enterococcus faecium were to be studied. E. coliand Salmonella enterica were detected through
using specific vancomycin bioprobes for rapid detection, and magainin I bioprobes were used for

the detection of Staphylococcus aureus and Enterococcus faecium [124].

7. Concluding remarks and future perspectives

The field of graphene and GRMs biosensors has been significantly expanding over the past years
in different areas of research and was driven by the most recent advances in the fundamental
understanding of the material properties, the engineering of their scalable production methods, and
the functionalisation techniques for their application in biology, medicine, and chemistry. Over the
past decade, several breakthroughs in the field have been achieved, with pioneering research work
on detection methods and novel 2D materials paving the way towards the development of highly
accurate and sensitive biosensing platforms to detect a broad range of disease biomarkers - as

summarised in (Table 1).

When focusing on future POCT devices key properties of 2D materials that determine their
suitability for rapid and accurate diagnostic platforms include their biocompatibility, optical
transparency, and large-scale and high-quality manufacturing capabilities. Both CVD growth of
graphene and GRMs, microfluidisation and electrochemical-based production processes are well
placed to obtain suitable material at an industrial scale [28, 32]. However, there are still challenges
needed to be overcome (see Outstanding Questions) for successful commercialisation of graphene-

based POCT.

The demand for reliable and affordable POCT devices alongside easy-to-use operational systems
for diagnostic applications is driving the research of novel biomarkers that can be detected via
GRMs-based biosensors from multiple biological sources and with a minimum amount of sample
material, along with simplified sample preparation methods. Achieving ultimate sensitivity of
graphene and GRMs-based biosensors to current and future biomarkers in cells, proteins, RNA,
DNA along with the high specificity to the same biomarkers means that future POCT devices will
enable highly efficient “sample-in answer-out” diagnostic platforms for point-of-care applications
with high-throughput, small volumes and cost of reagents and minimal and without the occurrence

of false positives / false negatives [125, 126].
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Additionally, the emergence of electrical biosensing technologies enabling accurate and real-time
electrical instead of conventional optical-based (particularly fluorescence) detection methods will
allow an entirely new set of advanced signal processing and data analysis techniques to be applied
along with existing bioinformatics methods for point-of-care diagnostics of cancer, cardiovascular
or neurological diseases as well as for the diagnostics and screening of rapidly spreading infectious
diseases, including those resulting in global pandemics, where time-to-answer and cost of the
POCT device plays a critical role in determining the effectiveness of the response from various
government agencies and healthcare providers. When we compare the technologies presented in
this review with conventional POCT devices currently adopted in clinical laboratory practice such
as those based on qPCR, there is a clear opportunity to achieve the following improvements; at
least 50x reduction in the volume and therefore cost of reagents, including PCR master mix,
primers, fluorescence probes and enzymes, which result in approximately 60% reduction to the
overall cost per test for the proposed electrical detection. In addition, the use of emerging sensing
technologies presented in this review has the potential to achieve about 3x improved sensitivity
for the detection of protein biomarkers as compared to the current POCT devices making the
approach interesting for immunoassay applications and new areas of clinical and non-clinical

research.

Global megatrends such as the ageing population alongside the proliferation of the Internet of
Things and artificial intelligence, are only a few of the additional context- related drivers for the
future growth and broadening of graphene and GRMs-based POCT devices. Combined with their
easy integration with existing technologies, graphene and GRMs materials will play a key role for

applications in personalised diagnostic and integrated health monitoring systems [127,128].
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Figure 1: Figure demonstrating how a SPCE POCT device detects miR-195, a plasma biomarker
for the early detection of PD. Reproduced with permission from [57].
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Figure 2: Schematic representation of the GFET biosensor developed by Sea and colleagues for
detecting the SARS-CoV-2 spike protein. Reproduced with permission from [86].
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(4) Immobilisation of Anti-E. coli, and (5) E. coli sensing. Reproduced with permission from
[122].
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Box 1: Production methods of graphene and GRMs
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Figure I — Figure demonstrating different graphene production routes from graphite. These include
top-down and bottom-up approaches (adapted with permission from [37]).

Over the last fifteen years, several production methods have been developed for graphene and its
chemical derivatives [14,15]. This review focuses only on scalable methods, which we classify as
either top down or bottom up. The first class includes methods where single or few layers of
graphene are extracted from graphite, while the latter refers to graphene synthesis from a suitable
precursor. As production and processing of graphene and GRMs often determine their properties,
we will consider separately large area single layer graphene (SLG) grown via chemical vapour
deposition (CVD) and graphene suspensions obtained from liquid phase exfoliation (LPE) [16].

1.1 Mechanical and liquid-phase exfoliation of graphene and GRMs (top-down)

Mechanical exfoliation from graphite was the pioneering method used to produce graphene. This
top-down approach works on the basis of the repeated peeling of graphite using an adhesive tape
[5]. Due to weak inter-layer van der Waals forces, the magnitude of force provided by the tape is
sufficient to split the graphite down to a single layer [17]. Despite the affordability and ease, this
process is not suitable for large scale processes as it produces irregular and small flakes (lateral
size < 1 mm) at a low yield [14, 18-20]. LPE is another top-down technique, employing ultrasound
or shear forces to exfoliate graphite to obtain individual graphene layers in a liquid environment.
LPE is easily scalable, however, the difficulty lies in the stabilisation of the solution to prevent re-
aggregation [14, 18].

1.2 Graphene Oxide

GO is obtained via the LPE of oxidized graphite. It is cost effective and industrially scalable; with
production being on the scale of tons [21]. These multiple stacked layers of GO consist of oxygen
bonded to graphene on its basal plane. The oxygenated groups allow for properties such as
dispersibility in water without surfactants [22—-24]. Despite the scalability, the stability of the
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colloidal dispersions and the yield obtained is an issue [17,25]. GO can also be used to fabricate
graphene quantum dots (GQD), which can be prepared hydrothermally or electrochemically
[26].

1.3 Reduced Graphene Oxide

Reduction of GO via thermal, photocatalytic, or chemical methods result in rGO, which retains
the properties of graphene and benefit from the production methods of GO [27]. The challenges
are due to the presence of defective groups as a result of the GO production method. There is also
a tendency to form aggregates, as the reduction process removes the oxygen groups that contribute
to the stability of GO in water [28]. Recently, rGO production has been focused on non-toxic and

low energy consumption processes ranging from microbial reduction [28, 29] to electrochemical
reduction [30, 31].

1.4 Chemical vapour deposition (bottom-up)

The most widely used bottom-up method to obtain graphene is CVD. This process exposes
transition metal substrates to hydrocarbon gasses at high temperatures to introduce carbon [16, 17,
20, 32, 33]. It is a self-limiting process and the size of the films produced is only limited by the
reactor size, with wafer-scale CVD systems being commercially available. However, device
fabrication requires transfer from the metal foil where it is grown to an insulating substrate,
introducing impurities and defects. However, CVD is one of the most promising routes to obtaining
large-scale and high quality SLG, and can also be used to prepare other GRMs, such as graphene
nanoplatelets (GNP) [32, 34-36].
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Table 1

Table 1: State-Of-The-Art POCT Devices Summary

Material Functionalisation | Device Architecture | Analyte Sensitivity/ LOD Reference
ErGO Gold nanowires Dox intercalated Serum 1.7 ftM [56]
SPCE miRNA-137
ErGO Gold nanowires SPCE Plasma 2.9 ftM [57]
miRNA-195
GO Antiepithelial cell Photothermal 4T1 breast 100 cells/mL [121]
adhesion molecule | detection cancer cells
and magnetic mi-
crobeads with anti-
immunoglobulin
rGO Gold nanoparticles | FET E. coli 10° - 10° CFU /mL | [122]
GNP and Anti-E. coli Electrical biosensor E. coli 10 - 100 cells/mL [123]
graphene O157:H
Graphene E. coli antibody Electrogenerated E. coli 5 CFU/mL [129]
quantum chemiluminescence
dots
Graphene Antibiotic Microfluidic/FET E. coli 10°-10' CFU/mL [124]
bioprobes
Graphene PNA FET RNA 100 aM [49]
GO Fe,Os nanoparticles | SPCE Ovarian 1 fM [52]
cancer
ctRNA
GO DNA Fluorescence Lung cancer | 0.87 fM [53]
miRNA
Graphene DNA FET DNA 5fM [65]
rGO Aptamer SPCE Ovarian 0.01 U/mL [81]
cancer
biomarker
CAI125
rGO Aptamer FET HPV-16 1.75 nM [130]
E7 protein
Graphene Antibody FET SARS-CoV- | 1 fg/mL [86]
2 Spike
protein
Graphene CRISPR FET DNA 1.7 t™M [92]
mutations
for
Duchenne
muscular
distrophy
rGO Gold nanoparticles | Electrochemical Glucose 0.1 mM [93]
electrode
Graphene Folic acid Surface Plasmon FAP 5t™M [111]
Resonance
Metal- None Chemiresistive NH; 0.36 ppm [117]
Organic
composite
with

graphene




Glossary

Chemical vapour deposition (CVD) is a deposition process where gaseous reactants are deposited
onto a substrate to generate a thin film. CVD is used to grow large area graphene films, normally
using methane as precursor and Cu as catalytic substrate.

Field Effect transistor is a three-terminal (source, drain and gate) semiconductor device that
utilises the electric field to control the flow of current in the channel.

Graphene field effect transistor is a FET device having graphene as channel connecting source
and drain terminals. A voltage applied to the gate terminal modulates the conductivity of the
channel. The graphene can be functionalised with receptors for detection of specific analytes.

Graphene nanoplatelets are flakes consisting of few graphene layers.

Graphene oxide is the oxidised form of graphene with several oxygen-containing functional groups
such as carbonyl, carboxyl, epoxide, and hydroxyl. Due to the oxygen presence in its lattice, GO
is not conductive.

Graphene quantum dots are zero dimensional carbon-based nanoparticles and are cut fragments
from graphene sheets with lateral dimensions less than 100 nm.

Ion sensitive field effect transistors are FET devices that electrically measure the ion
concentrations in solutions, which act as the gate electrode. The concentration of the negatively or
positively charged molecules into solution controls the current flow through the channel.

Liquid phase exfoliation (LPE) is a process used to obtain dispersions of graphene, few layers
graphene (FLG) flakes and graphene nanoplatelets in a suitable solvent. LPE typically uses
ultrasounds or shear forces to break the bonds between layers in bulk graphite. LPE is a low-cost,
scalable technique used to produce graphene dispersions useful for printing or composite
materials.

Reduced graphene oxide is the material resulting from reduction of graphene oxide. As the
reduced material is typically defective and does not possess the same electrical characteristic of
graphene, the term rGO is used to differentiate from graphene.
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