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tional requirements of the current technologies, however, preclude their use in the primary clinical
setting for early detection. Graphene, an emerging 2D nanomaterial, is a promising candidate for bio-
sensing which has the potential to meet the performance requirements and enable cost-effective,
portable and rapid diagnosis. In this review, we compare graphene-based immunosensing technolo-
gies with conventional enzyme-linked immunosorbent assays and cutting-edge single molecule array

Iézgvggise' techniques for the detection of blood-based neurodegenerative biomarkers. We cover the progress in
Clinical detection electrical, electrochemical and optical graphene-based immunosensors and outline the barriers that slow
Neurodegenerative disease or prevent the adoption of this emerging technology in primary clinical settings. We also highlight the
Protein biomarkers possible solutions to overcome these barriers with an outlook on the future of the promising, graphene
Immunosensor immunosensor technology.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. A need for blood immunoassay in primary settings

Neurodegenerative disease presents a broad category of clini-
cally and pathophysiologically heterogeneous, complex brain dis-
eases, which cause gradual long-term cognitive deficits, which
continue to worsen with time, causing memory and functional loss
in daily living. These affect over 50 million people worldwide, with
63% of them living in low- and middle-income countries [1].
Therefore, diagnosis and clinical monitoring of the disease and how
it progresses is an urgent need for the global population.

To date, great progress has been made in the discovery of neu-
rodegeneration biomarkers, which include clinical neurological
biomarkers, imaging biomarkers and biochemical markers. Main
candidates under each category have been comprehensively sum-
marised by Abreu’s group [2]. Currently, clinical neurological and
neuropsychological examination forms a significant part of accu-
rate, but late-stage diagnosis to individuals displaying symptoms.
However, due to the complex nature of these diseases and the
expertise difference between practitioners, the patients continue to
receive inadequate assessment and incorrect referrals from pri-
mary care visits. Long waiting times and unnecessary referrals
cause critical delays for patients before being adequately assessed
by specialists [3,4]. To this end, an accurate and reliable biomarker-
based diagnostic technology would be helpful for primary practi-
tioners in referring patients to the most suitable specialty care. This
will ensure that at-risk individuals will be identified at the earliest
stage in their primary care, and this will reduce the overall clinic
and medical system burden by decreasing unnecessary diagnostic
procedures [5,6]. PET (positron-emission tomography), MRI (mag-
netic resonance imaging) and CSF (cerebrospinal fluid) biomarker
analysis have already presented many advances in improving
diagnosis accuracy. However, the time and expense of performing
PET, MRI and the invasive lumbar puncture procedure of CSF
analysis limit their accessibility and availability as frontline diag-
nostic tools, especially for patients in lower-income and developing
countries [7,8].

With the above restrictions, diagnosis through detection of
blood-based biomarker has gathered attention and is considered as
a fast and reliable primary patient screening process. Firstly, the
acquisition of blood samples and handling infrastructures have
been well-established in most countries as routine clinical checks
in primary care settings, which requires no further training or
professional experience [9]. Frontline availability will allow pa-
tients to be identified at their earliest stages and monitored at

repeated intervals as their disease progresses. Then since there are
no definitive biomarkers [10], the large number of potential can-
didates in blood samples provides the possibility of simultaneous
multi-biomarker tests beyond the widely studied ones for Alz-
heimer’s disease (AD) (such as tau and amyloid), which will offer a
full molecular spectrum to enhance the diagnosis accuracy [11].
This makes blood biomarker-based diagnosis an ideal first step
towards multitiered diagnosis, to be placed adjunct to high cost,
complicated processing in order to meet accessibility requirements
for the broad population [12], as shown in Fig. 1.

In most countries, the available method for the detection of
blood-based neurodegenerative biomarkers is the enzyme linked
immunosorbent assay (ELISA), shown in Fig. 2 (a). ELISA detects the
presence of certain protein biomarkers using pre-immobilised
capture antigens, detection (primary) antibody and secondary
antibody, which are normally linked with enzymes or tags for
signal generation [13]. This quantitative detection requires large
volumes of dilute reaction products and enzyme labels to generate
detectable signals for conventional plate readers. Although ELISA
presents a sensitivity down to 10~! pg/mL, it fails in the detection of
many biomarkers at clinical concentrations, for examples, inter-
leukin (IL)-2 and IL-17A [14,15], and for the simultaneous detection
of multiple biomarkers.

In 2010, single molecule array (SIMOA) technology was developed
to detect the protein biomarker at the 10! fg/mL level [16]. SIMOA
relies on the high efficiency binding between half a million antibody-
modified magnetic beads and the low-concentration protein mole-
cules suspended in 0.1 mL diluted solution. After the beads are loaded
into an array of femtoliter-sized wells, the protein concentration is
determined by digitally counting the beads, where the fluorescent
signal is proportional to the total number of beads on the array. The
high binding efficiency, low background signal from the assay and the
way to measure signal presence or absence (rather than integrating)
offer a 103-fold higher sensitivity and a single molecule Limit-of-
Detection (LOD), as shown in Fig. 2 (b). This technology enables
quantitative detection of neurodegenerative biomarkers that were
impossible to achieve using conventional ELISA.

However, both conventional ELISA and cutting-edge SIMOA
technology require complex fluorescence-labelling processes,
demanding laser excitation, sophisticated emission capture
instrumentation and highly skilled persons to operate and maintain
the system. These limitations preclude their adoption in a primary
clinical setting. Therefore, the development of a cost-effective,
portable, reliable and rapid method for the point-of-care (PoC)
detection of blood neurodegenerative biomarkers in primary care
settings remains a challenge.
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Fig. 1. Workflows for conventional neurodegenerative diagnosis with onsite symptoms (red) and proposed blood biomarker-based early diagnosis (green). (A colour version of this

figure can be viewed online.)
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Fig. 2. Comparison of (a) conventional sandwich indirect ELISA method and (b) cutting-edge SIMOA technology for the detection of protein biomarkers. (A colour version of this

figure can be viewed online.)

1.2. Wonder materials and reality

Graphene, as a “wonder material”, has drawn a lot of attention
in the scientific community since its discovery in 2004 [17]. Pristine
graphene is a single-atomic layer 2D structure consisting of sp*-
hybridised carbon atoms. In each lattice unit, carbon atoms connect
the adjacent three carbon atoms via ¢ electrons having a bond
length of 0.142 nm. The delocalised = bond is formed by the non-
bonded electrons in 2p, orbits, which are perpendicular to the
graphene plane and interact with those from other adjacent carbon
atoms [18]. This unique molecular structure empowers graphene
with outstanding physical and chemical properties over other
nanomaterials, such as large surface-to-volume ratio, excellent
electrical conductivity, mechanical strength, broad and tuneable
absorption, chemical inertness as well as ease of biological func-
tionalisation [19,20]. These features make graphene and its de-
rivatives great candidates for the development of the next
generation of biosensors, which can potentially yield extreme
sensitivity, reproducibility and reliability from devices fabricated
using high throughput technologies.

Over the past decade, graphene-based biosensors have been
widely reported for the detection of different biomarkers, including
ions [21], nucleic acids [22], proteins [23] and even cells [24]. Based
on the sensing mechanisms employed, graphene biosensors have
been mainly categorised into electrical [25], electrochemical [26],

optical [27] and acoustic devices [15]. Many improvements in
sensitivity and selectivity have been made using different forms of
graphene (chemical vapour deposition (CVD) graphene, graphene
oxide (GO), reduced graphene oxide (rGO) and quantum dots [28])
and labelled (tagged) detection (fluorescence dye, magnetic tag and
enzyme [29]). In addition, the production cost of raw graphene
materials is continuously decreasing [30], and the fabrication pro-
cedures of biosensor devices which can be integrated within cur-
rent semiconductor fabrication processes is able to bring the cost
down further for large-scale applications and implementations.
These advances have further strengthened the case for applying
and developing commercial graphene biosensors. To date, thou-
sands of articles have been published; however, only a few of these
are focused on neurodegenerative biomarker detection, and none
of them has demonstrated the capability to replace the current
technologies in clinical settings.

This review aims to provide an overview of the progression in
three types of graphene-based immunosensors for the detection of
blood neurodegenerative biomarkers, unveil the technical chal-
lenges each technology faces, and summarise the critical strategies
to promote translating technologies into clinical settings. In the
end, we share our vision for the future development trends in
graphene-based immunosensors for the diagnosis of neurodegen-
erative diseases.
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2. Graphene field-effect transistor immunosensor
2.1. Sensing mechanism

A graphene field-effect transistor (GFET) is one of the most basic
forms of graphene electronic sensor. In a biosensor FET (BioFET), a
graphene channel acts as a transducer directly connected to source
and drain electrodes, with an additional top or bottom electrode for
providing a gate potential. For GFET immunosensors, antibodies
which act as bio-active receptors are immobilised onto graphene
sheets to bind with the target antigens, as shown in Fig. 3 (a).
Detection is based on GFET transconductance changes in response
to the extent of antibody-antigen conjugation, which is linked to
the concentration of the target antigen within a solution. The
transport behaviour of the graphene channel changes due to the
charge (positive or negative) of the antigens immobilised near the
graphene surface. This change in transconductance can be picked
up by a DC measurement of the transistor’s [-V characteristics. As
the Fermi level of graphene changes during this process, and owing
to its bipolar transport characteristics, the detection of the antigen
biomarker can also be observed as a shift in the Dirac point (point of
minimal conductance) in I-Vg measurement [28,31,32].

2.2. Device optimisation

Selectivity is one of the most important considerations in GFET
immunosensors. As discussed, graphene is a material with theo-
retically infinite surface to volume ratio due to its atomic thinness,
and thus is responsive to all kinds of molecules in proximity to the
surface. In a graphene immunosensor, selectivity towards an anti-
gen is achieved by functionalising the graphene sheet with com-
plementary antibodies. To further ensure selectivity and minimise
the influence from other molecules, passivation of non-selective
binding sites is often carried by applying optimal blocking agents
to the graphene after antibody functionalisation [33].

Unlike typical FETs which operate in the atmosphere, GFET
immunosensors operate in a fluidic environment. As such, an
electrical double layer is expected to form at the graphene-
electrolyte interface, and is an important factor affecting sensing
performance [34,35]. It is important to consider the Debye length,
which is a measure of the electrical double layer, beyond which
charges are heavily screened and have minimal impact on the
GFET’s conductance. Therefore, detection of a biomarker requires
immobilising the target molecules as close as possible to the gra-
phene surface, preferably within one Debye length. The Debye
length Ap of a given solution is proportional to the inverse square
root of its ionic strength [36]. This provides a route to enhance

a Device Analyzer

n* Si substrate

sensitivity, by using a buffer solution with low ionic strength [37].
Stern et al. demonstrated this effect in their study on streptavidin
detection with a silicon nanowire functionalised with biotin mol-
ecules. The introduction of 10 nM of streptavidin into a 1 x phos-
phate buffered saline (PBS) solution (Ap ~ 0.7 nm) yielded no
response from the biosensor, as the receptor’s length exceeded the
Debye length and most of the charge was screened. In 0.1 x PBS
(A\p ~ 2.3 nm), the charge of streptavidin was partially screened. In
0.01 x PBS (A\p ~ 7.3 nm), the same introduction of 10 nM of
streptavidin induced a large drain current response [35]. Typical
sizes of an antibody and antigen are about 10—15 nm and 5—10 nm
respectively, which explains why detection signals can be sub-
stantially influenced by the buffer solution [38,39]. A similar
approach of using diluted buffer solution has been used in the
detection of viruses, which are significantly larger in size compared
to proteins and require large Debye length. For example, Patolsky
et al. demonstrated real-time sensing of single influenza A virus as
it binds and unbinds with the receptors on a nanowire sensor using
PBS containing 1 pM of KCl which has ionic strength lower than
0.01 x PBS (1 x PBS contains 2.73 mM KCl) [40]. Similarly, by using a
diluted 0.01 x PBS, Chen et al. has successfully detected the Ebola
virus with a rGO FET biosensor [41].

Clinical samples are often high in salinity and rich in chemical
composition. Therefore, using a buffer solution with low ionic
strength for sensing would require additional treatments such as
dilution or desalination. Besides the additional processing steps,
these sensors also need to have very high sensitivity (or low LOD) to
be able to detect signals of the diluted biomarkers. Desalination
may also lead to unintended filtering of the target biomolecules. To
address this challenge while ensuring that the target molecules are
immobilised within one Debye length, researchers have proposed
the use of shorter bio-receptors for capturing the biomarkers. Ohno
et al. proposed using smaller receptors such as aptamers (3—4 nm)
and Fab to achieve antigen capture, and have demonstrated a LOD
as low as 10 pM with GFET [23,42], as shown in Fig. 3 (b). Similarly,
Osaka et al. conducted a systematic study by comparing BioFETs
functionalised with different sized bioreceptors as well as blocking
agents [43]. Their results showed that BioFETs functionalised with
smaller-sized Fab receptors showed a 100 times improvement
compared with their counterparts with whole antibodies in their
detection of a-fetoprotein samples, reaching a LOD of 10 ng/mL.
Another finding from this study was that sensors using a smaller
blocking agent, ethanol amine, outperformed counterparts which
used bovine serum albumin (BSA) as blocking agents by over a
factor of 3 in sensitivity. This is likely due to the larger size of BSA
proteins, which may cause more obstruction and hinder the
antibody-antigen reaction during sensing [43]. These findings

b Whole Antibody Antigen-binding

¥ fragments (Fab)

10~15 nm

3~5 nm

Fig. 3. (a) Schematic of a GFET immunosensor set-up. Graphene serves as the transducer, functionalised with antibodies as receptors for antigen detection. Au contacts act as source
and drain for monitoring the transconductance of the functionalised channel. In some cases, the gate potential may be applied on the back via the doped Si substrate. (b) Schematic
of a whole antibody and an antigen-binding fragment (Fab). The size of these bioreceptors dictates how far the immobilised antigens will be away from the sensor surface,
influencing the detector’s performance. (A colour version of this figure can be viewed online.)
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highlight once again the importance of the molecular size of
bioactive agents during the detection of biomarkers.

Aside from considerations of Debye length relative to size of
bioreceptors, the control of antibody orientation could also serve as
a route for sensing performance optimisation. Loss of bioactivity of
antibodies after immobilisation on surfaces is well recorded and
commonly attributed to the denaturation of the protein’s three-
dimensional structure as well as spatial obstruction of antigen-
binding sites [44]. Therefore, the orientation of the immobilised
antibody plays a significant role in maintaining high antigen
recognition for sensing applications. Prior to covalent binding, an-
tibodies undergo physisorption at the surface, with an orientation
depending on the pH of the solution, isoelectric point of the anti-
body and surface charge. With careful optimisation of these con-
ditions, control of antibody orientation may be achieved [45]. On
the other hand, researchers have found that surfaces covered with
intermediate proteins such as protein A or G, which carry binding
sites specific to the Fc part of the antibody, are conducive to
immobilised antibodies with a “tail-on” binding. In such orienta-
tion, antibodies are shown to have stronger affinity towards anti-
gens compared to their randomly orientated counterparts [46,47].
Lo et al. have demonstrated such an improvement of BioFETs by
engineering the orientation of bioactive receptors. In their study on
targeting carcinoembryonic antigen (CEA) proteins, a CEA-binding
Fab with hexahistidine [(his)s] tag is immobilised onto the sur-
face of Ni-coated carbon nanotube walls. Uniform orientation was
achieved by engineering the position of the (his)s tags and utilising
their binding with the densely-packed Ni nanoparticles. FETs
functionalised with uniformly oriented Fab showed a conductance
change between 50 and 100% when CEA protein solutions ranging
from 1 to 100 ng/mL were introduced, whilst control devices
functionalised with randomly oriented Fab showed no observable
response. The result was explained by analysing the protein crystal
structure of the CEA-binding Fab, which predicts a 10% probability
of antigen reaction when the Fab is randomly oriented on the
transducer’s surface. By engineering the (his)s tag onto the Fab,
exposure of all the possible binding sites to the CEA antigen is
enabled with controlled orientation, thus enhancing the interaction
between bioreceptors and antigen [48]. This result points towards a
potential route for improving BioFET performance by control of
bioactive receptors’ orientation.

2.3. Application in neurodegenerative diseases

To date, several works have been reported on the use of GFETs
for detecting biomarkers of neurodegenerative disease, namely
amyloid-p peptides [49—51] and IL-6 proteins [52].

These studies commonly chose GO as the transducer material,
due to ease of fabrication, high surface area and sensitivity. GO
forms a homogenous aqueous solution, owing to its abundance of
polar moieties, which are hydrophilic in nature. These functional
groups also promote effective surface modifications by binding
with linker groups and antibodies. The drawback however is that
GO is an insulator, and thus an additional reduction process is
usually performed to obtain rGO, which is conductive and suitable
for BioFETs. In 2012, Kurkina et al. demonstrated a liquid-gated rGO
FET for detection of amyloid-f peptides in solution. To achieve high
specificity, amyloid-p antibodies were immobilised in a two-step
procedure onto rGO. Staphylococcus aureus protein A (SpA) were
first bonded to the rGO surface via carbodiimide coupling. As SpA
proteins have high binding specificity towards the Fc fragments of
antibodies, this step is designed to ensure a uniform orientation of
anti-amyloid-f antibodies subsequently immobilised onto rGO. The
detection range of such sensors was reported to be 1 fM to 100 pM,
which is about an order of magnitude improvement on commercial

ELISA [49].

Work towards scalability and quality control of rGO sensors has
followed. In 2014, Huang et al. developed a dry-etching technique
for reliable control of both pattern formation and layer thickness of
rGO sensor arrays on a 4-inch wafer. A low deviation of resistance of
the sensors within a range of +10% was achieved. The sensors
showed a linear response between 100 fg/mL to 100 pg/mL and
achieved a LOD of ~100 fg/mL in amyloid-f 40 peptides detection.
Discrimination tests were performed on the plasma samples
collected from transgenic (TG) mice with human amyloid-§ peptide
and wild type mice as the control group. Sensor resistance change
of around 5% was observed in response to the TG sample, and a p-
value of 0.0452 was obtained in distinguishing the two groups of
samples [50].

In a clinical study reported in 2017, Chae et al. pushed for further
improvements in sensitivity of rGO sensors toward amyloid-f
peptides by treating the devices with O, plasma. The enhanced
surface functionality of the treated sensors showed a 3-fold
improvement in the slope of the electrical response versus ana-
lyte concentration curve (on logarithmic scale) compared to the
untreated counterparts. Plasma samples from 15 AD patients and
15 normal controls were collected and treated to obtain clinical
samples containing neural-derived exosomal amyloid- peptides
for testing. By monitoring the resistance change of the rGO-FET,
successful identification of samples of AD patients was achieved
with statistical significance (p < 0.001) [51].

Other than amyloid-f peptides, researchers have also investi-
gated the detection of IL-6 proteins, a biomarker that could indicate
neuroinflammation. For targeting IL-6 proteins, Huang et al. have
used a GO FET made using a self-assembly method [52]. A linear
dynamic range from 4.7 to 18.8 pg/mL was observed with the LOD
of 1.53 pg/mL. IL-6 protein levels in sedentary middle-age pop-
ulations are around 10 pg/mL and may increase to higher levels if
the inflammatory response is triggered. The sensing range of the
developed GFET is thus in range with clinical levels.

2.4. Barriers to GFET in clinical blood biomarker detection

GFETs have the potential of providing label-free, highly sensi-
tive, real-time, point-of-care detection of biomarkers. However,
there are some limitations and challenges which are mainly specific
to GFETs towards application in clinical settings.

Signals from BioFETs rely first and foremost on the charge car-
ried by target molecules. Depending on the isoelectric point of the
target antigen and the pH value of the test solution, there are cases
where the target molecules carry little or no charge. For detection
in such cases, a GFET will be categorically unfit as a sensing device.

As successful detection using BioFETs also depends on charge-
carrying molecules having sufficient influence on the transducer’s
transport behaviour, considerations on the Debye screening as well
as the receptors’ size and orientation as previously mentioned re-
quires thorough consideration. These factors will vary from case to
case, therefore application-relevant tests are necessary to validate
the efficacy of the sensors. To date, most studies on GFETs reported
are with experiments in standard buffer solutions with only the
target biomolecule or a few other biomolecules as controls. How-
ever, the bioliquid in which measurements are taken may differ in
viscosity and ionic strength from the ideal buffers. Also, bioliquids
such as whole blood or serum are known to be complex matrices
that contain a large variety of biological components, including salt,
many of which could interfere and lead to false readings during
sensing [31]. It is therefore critical to test these sensors in clinically
relevant conditions to obtain a more accurate understanding of the
devices, both in terms of sensitivity and selectivity.
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3. Graphene-based electrochemical immunosensor
3.1. Electrochemical sensing mechanism

Electrochemical immunosensors are normally used for the
detection of the electroactive protein molecules or the protein
biomarkers in an electroactive system. This type of immunosensor
transforms the chemical binding event into a digital signal via
potentiometry, voltammetry (cyclic (CV), differential pulse (DPV)
and square wave voltammetry (SWV)), amperometry, or electro-
chemical impedance spectroscopy (EIS). Potentiometry analyses
the open-circuit potential changes between the working and
reference electrodes without current flow. Amperometry and vol-
tammetry both require a third counter electrode to set the desired
working electrode potential independent of the potential drop
across the solution. Amperometry measures the redox current from
the electroactive molecules at a constant or stepped potential over
time, whilst voltammetry gauges the current during a sweeping
potential in linear, cyclic, or combined with pulses manner (e.g.
DPV or SWV). In EIS, sinusoidal potentials over a sweeping fre-
quency is applied. The corresponding resistance and capacitance of
the system can be calculated to study the surface properties of the
working electrodes. Detailed waveforms, response signals and
analysis methods have been comprehensively presented by Dincer
et al. [53]. Inimmunosensor configurations, while the antigen binds
to the corresponding antibody-functionalised working electrode,
its surface electroactivity will decrease or increase depending on
the charge condition of the antigens. This will either prevent or
promote electron transport between the electrode and the elec-
trolyte, resulting in changes in redox current peaks and impedance
(Fig. 4). In more advanced sandwich immunosensors, the capture
antibody is pre-immobilised onto the surface of the electrodes,
followed by antigen detection. The primary antibody (known as the
detection antibody), which is labelled with enzyme or tags for
signal enhancement, is then added onto the electrode surface and
reacts with an antigen to form the antibody-antigen-antibody
complex. During any electrochemical process, response to re-
actants mainly depends on heterogeneous electron transfer Ki-
netics and available surface area. The electrons predominantly
transport through the crystal defects and edges on the electrode
surface [54]. Therefore, using graphene nanosheets or rGO as the
electrode materials in electrochemical immunosensors will provide
more edges and defects for fast electron transportation [55], which
in turn leads to improved sensitivities and LODs for detection.

3.2. Application in neurodegenerative diagnosis

Graphene electrochemical immunosensors are the most
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commonly used devices for the detection of blood neurodegener-
ative biomarkers, due to their high sensitivity, selectivity and ease
of use. Depending on their configuration and complexity, they can
be categorised into non-signal amplification and signal amplified
sensing platforms. The basic non-signal amplification immuno-
sensor normally consist of a graphene nanomaterial modified
electrode, a linker material layer for antibody immobilisation, and
the corresponding antibody layer. Under this category, Xu et al. first
reported a-synuclein/GO/cystamine modified gold electrodes as an
impedance sensor for the detection of preclinical Parkinson’s dis-
ease biomarkers. The sensor presented a linear response from 5 to
1000 pM and a 1.2 pM LOD in the non-faradaic detection of a-
synuclein autoantibodies in artificial serum, with only 30 ul sample
for each shot [56]. Ye et al. recently demonstrated a method to
precisely control and maintain the separation of rGO layers to form
a monolayer rGO modified electrode for the determination of Tau-
441 protein [57]. Using square wave voltammetry, the sensor ach-
ieved a linear response to Tau-441 from 0.08 pM to 80 pM with a
LOD of 75 fM, which provides adequate sensitivity to clinically
distinguish the health controls from mild cognitive impairment
(MCI) and AD patients [58].

To enhance the sensitivity and LOD of immunosensors, dopant,
nanostructure and nanoparticle can be used together with different
graphene modified electrodes for signal enhancement. Ma’s group
developed a reusable magnetic nitrogen-doped graphene immu-
nosensor for the detection of AB42 [59]. The GO was reacted with
EDA to provide nitrogen doping for higher electron exchange rate,
then decorated by Fe304 nanoparticles and functionalised by anti-
AP42. This complex was assembled onto the electrode surface with
the magnetic field turned on and disassembled by turning off the
magnetic field. This sensor presented a linear detection range from
5 pg/mL to 800 pg/mL with LOD of 5 pg/mL and a reusability of 50
times. Raw GO has also been used as an electrode material, for
example, Li's group produced a sandwich structure immunosensor
on GO electrode for the detection of IL-6 proteins [60]. The GO
electrode was functionalised with IL-6 capture antibodies and the
signal was enhanced using the porous anti-IL-6/ferrocene/CaCO3/
polyelectrolyte nanocomplex, leading to a LOD of 1 pg/mL. Another
group assembled both CogSg and Pd nanoparticles onto GO elec-
trodes to achieve a wide linear range from 0.1 pg/mL to 50 ng/mL
and an extreme LOD of 414 fg/mL for Af detection [61]. Further-
more, a graphene nanoribbon (GNR)-modified electrode was used
for the simultaneous detection of interleukin-6 (IL-6) and matrix
metallopeptidase-9 (MMP-9) [62]. GNR was produced from GO and
subjected to a chemical reduction in NH4OH to regain its electro-
activity. The GNR modified electrode was functionalised by anti-IL-
6 and anti-MMP-9 mixture, while the anti-IL-6/PS@PDA/Cd** and
anti-MMP-9/PS@PDA/AgNP were used as corresponding signal

Counter electrode
¢

Chemical linkers
Graphene layer

Working electrode

Fig. 4. Working principle of a graphene cyclic voltammetry immunosensor. (a) Before the antibodies bind to the target antigen, the sensing electrode presents a baseline electron
exchange rate reflected by the intensities of redox peaks. (b) While the antigen protein binds to the antibody functionalised electrode, it leads to a change in the intensities of redox
peaks, which can be used for quantitative detection of biomarkers. (A colour version of this figure can be viewed online.)



150 B. Li et al. / Carbon 168 (2020) 144—162

enhancers.

To further improve the sensing performance, researchers started
to employ multiple signal enhancers for the functionalisation of
both graphene electrodes and detection antibodies. Derkus’s group
developed a low-cost screen-printed electrode, of which the sur-
face was successively modified with GO, trimethylolpropane tris
[poly(propyleneglycol)] dendrimer and two types of antibodies for
the simultaneous detection of Myelin Basic Protein (MBP) and Tau
proteins [63]. The pPG/CdS/anti-MBP and pPG/PbS/anti-Tau nano-
complex were synthesised as signal enhancers, which lead to LODs
of 0.3 nM and 0.15 nM for the detection of MBP and Tau in human
serum. In addition, Gao et al. used AuNP and AuCuyO@m-CeO,
nanoparticles for the functionalisation of rGO modified electrodes
and the detection antibody respectively, leading to a LOD of 100 fg/
mL for AB detection [64]. This is 2 orders of magnitude more sen-
sitive than immunosensors developed without graphene [65].
Although more complicated nanostructures can be integrated into
the device configuration for better performance [66], the above
methods already provided superior sensitivity compared to other
immunosensors for the detection of the same biomarkers (shown
in Table 1), which would be adequate for biomarker detection in
clinical samples. It is also worth noting that the more complex the
sensor is, the less reproducibility/stability there will be. Therefore, a
balance needs to be achieved between the sensitivity of the
detection and the complexity of the device.

3.3. Barriers to electrochemical sensors in clinical blood biomarker
detection

Electrochemical immunosensors are considered to be the most
promising technique for blood biomarker detection among the
three types of sensors discussed in this review. In addition to the
noteworthy points for GFET, currently the main drawback is that
the reproducibility falls short of practical device standards. The
unsatisfying reproducibility comes from many aspects, but mainly
from quality of raw graphene materials and the device fabrication
procedures required in electrochemical immunosensors [81].

As the essential materials for the working electrode surface,
graphene nanosheets, GO and rGO are generally produced through
the exfoliation of graphite in solution [82]. The layers of graphite
are separated by subjecting them to a sonication or shearing pro-
cess, which results in a wide range of thickness, sheet size,
randomly distributed defects and impurities. Depending on the
specific oxidants, the amounts of hydroxyl and epoxide groups on
the layer plane, and the number of carbonyl and carboxyl groups at
the edges of GO sheets are significantly different, resulting in dif-
ferences in electron transport resistance [83], which is particularly

impactful for the performance of electrochemical immunosensors.
Centrifuging at certain speeds, dissolving in specific solvents, or
making them into the thin films helps to obtain nanosheets with
narrower distribution and may wash out some differences between
individual nanosheets [84]. However, the difference still leads to
errors for the detection of biomarkers at the femtogram level.
Furthermore, commercial suppliers and research labs aim to ach-
ieve individual goals using their own recipes for higher yield, fewer
defects or oxygen moieties [85]. The structural features and the
surface cleanness of nanosheets are highly sensitive to the change
of production parameters, leading to difficulties in reproducing the
devices from raw materials and quality control over multiple
batches.

The process of electrode fabrication could also have significant
influence on reproducibility and stability. For example, for GO, a
metastable material, its molecular stability changes when
dispersed in a solvent with different ionic strength, pH value, or
presence of organics, and even sunlight [86]. This may lead to the
degradation of the functional moieties on the GO surface or reac-
tion with the solvent components. Dispersion stability, another
critical parameter, heavily depends on the surface oxidation po-
larity and the face-to-face interaction in certain solvents [87]. These
factors could make van der Waals and w—mt binding predominate, in
turn contributing to the restacking and aggregation over the elec-
trode fabrication; therefore, redispersion and sonication may be
required to ensure the reproducibility of electrodes. In addition,
combining interface materials (between graphene and electrode)
and chemical activation of electrodes also play an effective role in
improving the reproducibility and stability of the electrodes due to
graphene’s inert nature and lack of interactions with electrode
materials. Interface materials, such as chitosan, Nafion or metallic
nanoparticles, could form stable composites and anchor graphene
nanosheets tightly onto the activated electrode surface [88,89].
With respect to the assembly of antibodies and blocking agent
layers, it is similar to graphene electrical immunosensors, where
the reproducibility can be improved by using the orientated anti-
bodies with small physical dimension and blocking agents with
higher blocking capacities. Other parameters, such as the quality of
electrode base [90], supporting electrolyte [91] and storage con-
ditions [92] all have their contributions to producing reproducible
results.

4. Graphene optical immunosensor
4.1. Optical sensing mechanism

Optical techniques such as surface plasmon resonance (SPR),

Table 1

Leading non-graphene electrochemical immunosensors for the detection of neurodegenerative biomarkers.
Target Configuration Techniques LOD
tau-441 Oriented antibodies CV and EIS 0.03 pM [67]
T-tau T-tau antibody DPV 1000 pg/mL [68]
AB1-40/1-42 Antibody to N-terminus of AB peptide (oY 10 pM [69]
APOE4 Au nanostructure, anti-APOE4, HRP-anti APOE4 cv 0.3 ng/mL [70]
AB1-42 Anti-AB1-42, gold electrode cv 0.1 ng/mL [71]
AB1-42 Anti-AB1-42 on AuNPs array EIS 1 pg/mL [72]
Total A SA-ALP, TCEP and anti- Ap1-16 cv 5 pM [65]
Total A anti-mAf on AuNP EIS 0.57 nM [73]
AP oligomer Antibody on carbon, aptamer-AuNP-thionine label DPV 100 pM [74]
IL-1b, IL-10 Anti-IL-1b, anti-IL-10 on Au EIS 0.7 pg/mL, 0.3 pg/mL [75]
TNF-o. Poly(3-thiophene acetic acid)/anti-TNF on ITO CV, EIS 3.7 fg/mL [76]
IL-12 16-mercaptohexadecanoic acid/anti-IL-12 on gold EIS 3.5 pg/mL [77]
IFNy HRP/ab2/AuNP label, ab1/AuNP on ITO DPV, EIS 48 fg/mL [78]
a-Synuclein Ab1/AuNPs on TiO,NPs, ab2/AuNP/glucose oxidase I-v 34 pg/mL [79]
Anti-MBP MBP/TiO2/gelatin on Pt CV, EIS 0.1495 ng/mL [80]
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surface-enhanced Raman spectroscopy (SERS) and fluorescence
spectroscopy have been widely explored for the detection of bio-
analytes, as shown in Fig. 5. The performance of these optical
immunosensors strongly depends on the physio-chemical proper-
ties of the sensor materials, which may lead to higher sensitivity,
selectivity and specificity toward the detection of protein bio-
markers in specific settings.

4.1.1. Surface plasmon resonance (SPR)

SPR is a phenomenon based on the interaction of a mono-
chromatic light source (laser) and the oscillations of electrons at the
surface of metals. In most cases in SPR, the classic Kretschmann
configuration is used where the metallic thin film, typically 40 nm
thick, is sputtered onto one face of a 45° or 60° prism. The prism
should have a high refractive index if possible, such as 1.737 for an
N-SF11 prism, compared to standard borosilicate prisms at around
1.5. In this case an evanescent (vanishing) electromagnetic wave
propagates along the interface, with an intensity that decreases
exponentially away from the surface. This evanescent wave in-
teracts with the oscillating electron cloud (plasmon) to produce a
surface plasmon. As the angle of incidence is varied it is seen that
the total internally reflected beam reduces in intensity — i.e. be-
comes attenuated. At a specific angle, the reflected intensity is
minimised and can become zero. This is the resonant SPR angle,
and this angle is very sensitive to the optical properties of the layers
on the surface of the metallic layer. The characteristics of this angle
with respect to changes in the layer’s properties are the basis of SPR
sensing. If Au or Ag nanoparticles are used, as in SERS, then the SPR
becomes localised SPR or local surface plasmon resonances (LSPR).
SPR systems rely on the design of the sensor to determine how this
attenuated return beam responds.

An SPR immunosensor includes the prism with a metallic layer
on one face, as previously discussed, upon which the surface is
subsequently functionalised with biorecognition elements such as
antibodies. The configuration and surface functionalisation are
similar to those in GFETs or electrochemical immunosensors if
mono or few layers of graphene are placed onto the Ag or Au
plasmonic layer. The optical detection system is highly responsive
to changes in refractive index at the proximity within 30—40 nm of

Excitation
N

the metallic plasmonic layer, in this case, attributed by the binding
of corresponding antigen molecules [93].

Fig. 6 below shows the SPR configuration used. The prism is
inverted in this instance but can also be on the horizontal plane.
Using microfluidics, a number of sensor channels can be configured
and functionalised with different antibodies, with the probing
beam split accordingly, to simultaneously detect a number of
different immunosensitive interactions.

The sensor may be reused by flushing the system with solution
pH of 9—11 or 3-1 depending on whether the system has overall
negative or positive charge. In SPR immunosensors, the metallic
layer is normally gold, however silver has a sharper SPR response,
but subsequent oxidation of silver significantly reduces this sensi-
tivity. Placing monolayer graphene onto the metallic layer prevents
silver from oxidation. In addition, the sensitivity and responsivity
increase by enhancing the probing electric field and the affinity to
biomolecules to bond on both silver and gold films [94,95]. This is
comprehensively covered in a review paper by one of the authors
[96].

In graphene-based SPR immunosensors, the sensitivity and
detection accuracy can be optimised by carefully tuning the num-
ber of graphene layers relative to the thickness of the metallic layer
[94], since a greater number of layers will disturb the SPs due to the
large imaginary dielectric constant [97]. In addition, a different GO-
based SPR configuration was presented by Chiu [98] as a sensing
platform. In this work, GO was chosen as the medium owing to its
high covalent binding affinity for protein molecules, which lead to a
LOD of 100 pg/mL for the BSA detection. The sensitivity and
selectivity can also be improved by functionalising the GO surface
with negatively charged carboxyl groups. In this case the carboxyl-
GO based SPR sensor provided high affinity and stronger binding of
peptides, and this is very significant for a non-immunological label-
free mechanism. By doing so, Chiu et al. achieved a LOD of 1.15 pg/
mL for the detection of human chorionic gonadotropin in clinical
serum samples [99]. Although graphene SPR sensors have yet to be
converted as immunosensors for the detection of neurodegenera-
tive biomarkers, the excellent LOD in detecting proteins with
similar molecular weight indicates that this is a promising direction
to explore [100].
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Fig. 5. Schematics of graphene-based optical immunosensor. (A colour version of this figure can be viewed online.)
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Fig. 6. Schematic view of SPR immunoassay technique. (A colour version of this figure can be viewed online.)

4.1.2. Surface-enhanced Raman spectroscopy (SERS)

The core science of SERS is the Raman effect, which is inelastic
scattering of incident photons by molecules upon illumination with
electromagnetic radiation. The fraction of incident photons, which
are scattered with a different frequency from that of the excitation
source, and thus determine the intensity of the Raman signal, is
only one in about 10'° [101]. However, the efficiency of the Raman
scattering can be enhanced by a factor up to 10 10°-10% or even
higher via the dramatically increased electromagnetic field local-
ised in the nanoscale features of plasmonic materials such as Au, Ag
or Cu [102], which allows single molecule detection in
immunosensors.

A graphene-based SERS immunosensor utilises a sandwich
format for the detection of protein biomarkers, as shown in Fig. 5. It
consists of a Raman signal measuring unit, complex SERS nano-
structure (Ag or Au coated rods, or chiral structure) modified
detection substrate, and SERS nanotags, where the latter two are
functionalised with corresponding antibodies for the detection of
specific biomarkers. When being used in such an immunosensor
configuration, one of the primary roles of monolayer graphene has
been protection of the metallic layer beneath from oxidation. As
described previously, sensitivity is better with Ag, and the chip
surface can be coated with transferred monolayer graphene to
maintain detection responsivity. In addition, graphene derivatives
can be also functional in the same way as in other immunosensors,
allowing a strong local electric field, enrichment and uniform
adsorption of target molecules, while preventing aggregation of
nanotags and background fluorescence signals. Even with gold as
the metallic layer, where oxidation is not an issue, the monolayer of
graphene increases the affinity of the surface [103].

As a successful example, Demeritte et al. discussed the impor-
tance of the SERS effect as a rapid and reliable tool for the diagnosis
of AD biomarkers from clinical samples [104]. The SERS effect was
investigated on iron oxide magnetic core-gold shell nanoparticles.
As in LSPR, gold nanoparticles (AuNPs) can enhance the electric
field. Hot spots are highly localised regions of intense local field
enhancement attributed to LSPR, in the interstitial crevices be-
tween closely spaced nanoparticles. Such hot spots have been
claimed to provide extraordinary enhancements of up to 15 orders
of magnitude to the surface-enhanced Raman scattering (SERS)
signal. GO is able to enhance the SERS signal by a chemical mech-
anism (charge transfer), yet it has not been rigorously explored.
Kim et al. showed that there is a preferential route for charge
transfer responsible for chemical enhancement, which is an
enhancement process in non-plasmonic SERS only [105]. This
enhancement in the Raman signal is explained through a chemical
enhancement effect, the sp’-structure favourable for aromatic
molecular interaction via -7 interaction and the highly electro-
negative oxygen on the surface of GO increase the local electric field
of the molecules absorbed on the surface. It shows a 25 times

increase in Raman intensity for GO than core-shell nanoparticles.
As a result, the LODs of SERS immunosensor have been determined
to be 100 fg/mL for both amyloid-f and tau, which is higher than
the ELISA 0.312 ng/mL and 0.15 ng/mL in the work.

Fluorescence spectroscopy is another interesting optical
method for the detection of protein biomarkers. In fluorescence
immunosensors, graphene and its derivatives are mainly used as
general quenchers for a range of fluorescence species, such as flu-
orophores, quantum dots and nanoclusters [106]. The mechanism
is that when the fluorescence species approach a graphene surface,
the excited electrons interact with the planar = electrons to go
through a photo-induced electron transfer process, rather than
releasing photon. While in the presence of the target molecules, the
fluorescence species detach from the surface of graphene due to a
stronger interaction between probes and targets, producing sharply
increased fluorescence to be used as detection signals. The effi-
ciency of this long-range fluorescence resonance energy transfer
(FRET) from dyes to graphene heavily depends on the distance
between them. In the case of using graphene as a quencher, the
effective quenching distance can reach 30 nm, which is much
higher than conventional materials and make it a unique candidate
for biosensor development [107]. The shorter the distance between
graphene and the fluorescence dyes, the better the sensitivity will
be, which is similar to the situation in GFET and electrochemical
immunosensors [108]. In addition, the quenching efficiency
(sensitivity) also depends on the chemical moieties on the GO
surface, where a higher C/O ratio leads to enhanced efficiency, as
oxygen-containing moieties occupy the free sp® transport domains
[109]. Inversely, GO has a broad fluorescence emission peak, mak-
ing it also an ideal candidate to be used as a fluorescence species. In
a FRET process, GO can act as an energy donor, in which its fluo-
rescence can be quenched by other energy acceptors, such as
metallic nanoparticles.

Using this sensing mechanism, Huang et al. developed an ul-
trasensitive fluorescence immunosensor for tau protein detection.
The sensing platform, GO, is functionalised with anti-tau probes.
When the fluorescein isothiocyanate-labelled tau (tau-FITC) is
captured by the probe, the optical signal is effectively quenched by
the GO nanosheets. Whilst both normal tau and fluorescence-
labelled tau are present, they compete for the binding sites and
leave part of the tau-FITC free standing in solution for fluorescence
generation. The resulting change of fluorescence signal can be used
for the quantitative detection of tau proteins with a LOD of 0.14 nM
in a buffer solution [110]. He et al. also employed GO as a quencher
for the detection of AD biomarkers [111]. Differently in their work,
GO was firstly cultured with resveratrol, which acted as both
fluorescence dye and probe molecules for amyloid p binding. This
complex presents no fluorescence signal due to the m-m in-
teractions and FRET effect in the absence of target amyloid  mol-
ecules, whilst the signal can recover when photoexcited dyes
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become encapsulated by the target molecules. The configuration is
not a representative antibody-antigen immunosensor but paves a
new path for the design of fluorescence immunosensors for
neurodegenerative biomarker detection. Although this sensing
mechanism has been widely explored for the detection of various
targets, such as DNA [112], RNA, dopamine, thrombin, Mucin 1 and
even viruses [113], limited efforts have been focused on the
development of neurodegenerative immunosensors, giving re-
searchers expansive space to explore the potential of using gra-
phene fluorescence immunosensors to address this social
challenge.

4.2. Barriers to graphene optical immunosensors in clinical
application

Optical techniques such as SPR, SERS and fluorescence labelling
have been widely explored with graphene nanomaterials for the
development of immunosensor platforms, which have demon-
strated a series of promising outcomes. However, many challenges
need to be addressed for the adoption of graphene-based optical
immunosensors in clinical diagnostics [114]. For SPR immuno-
sensors, the optical focusing step used in measuring wavelength or
angle change has been determined to limit the sensitivity, LOD as
well as dynamic range in real-time measurement. It is also difficult
to balance the response speed and the sensitivity of an SPR
immunosensor due to their conflicting nature. For example, the SPR
sensor measuring intensity presents at a faster response speed but
low resolution, whilst the sensor measuring angle or change shows
higher sensitivity at the cost of lower response speed [115]. In
addition, the high cost, mass production difficulties and issues with
mechanical and electromagnetic interference make SPR immuno-
sensors struggle to be applied in frontline clinical settings.

For graphene-based SERS immunosensors, the response heavily
depends on moieties on the graphene surface. However, similar to
the graphene materials used in electrochemical sensors, electro-
chemical or chemical processes used in graphene production
generate epoxy, carboxyl and hydroxyl groups randomly distrib-
uted on the graphene surface. Yin et al. found that the Raman in-
tensities of rGO decreased with the increase in the duration of
reduction. For reduction times from 2 to 60 min, the strongest
Raman intensity of R6G molecules was observed for a 10 min-rGO
monolayer substrate and that on the GO monolayer substrate was
the lowest. The results indicate that single-layered rGO sheets with
a lower degree of reduction could be better substrates than GO [12].

For fluorescence immunosensors, the main challenge is the
over-estimation of the target fluorescence signal due to the high
background signal from the complex clinical samples, particularly
in serum. In a report presented by Bahamonde et al. [116], various
targets have been detected using graphene in combination with
other materials as immunosensors, where the electrochemical
route is highly preferred in lower background signals, compared to
fluorescence-based sensing. This means, to get good sensitivity and
selectivity using fluorescence detection, some sample preparation
(e.g. separation and preconcentration) is necessary before the final
analysis of target biomarkers. GO also presents broad fluorescence
peaks in the presence of different oxygen-containing moieties,
when being used as fluorescence dyes. When a narrow fluores-
cence peak is required in sensing, it requires extra work for GO in
terms of selective functionalisation and purification. In addition,
the nature of fluorescence detection determines that the time-
consuming labelling process of either probe or target is inevi-
table. These make the graphene-based fluorescence immunosensor
challenging to be used in the analysis of clinical blood samples.

5. Strategies toward clinical applications
5.1. Unified standards for graphene reproducibility

Although many methods have been developed for the produc-
tion of different graphene nanomaterials [117], so far the practical
applications are limited to those in which consistent quality and
properties are not strictly required, such as additives in composites
[118] and batteries [119]. To address the inconsistent qualities and
properties of raw graphene materials, large-scale production re-
quires precise controls of procedure parameters, standard
manufacturing techniques, and the quality of final products [120].
For example, the production capacity of CVD graphene is enlarged
by stacking the metal foils efficiently in the growth chamber [121].
However, when stacked together, the microscopic growth envi-
ronment, such as heat and mass transport along the gas flow di-
rection between different layers would be significantly different
within and between foils. The resulting graphene would suffer from
non-uniformity in thickness, number of layers, defect density and
domain size. Therefore, controlling growth parameters on different
foil areas, and between different batches and providers, remains a
challenge. This currently presents the main barrier to transfer
laboratory progress into practical applications, including bio-
sensing technology. In addition, like the Si industry, the graphene
providers need to set unified application-specified standards with
clear grading systems and datasheets to demonstrate the reliability
and the reproducibility of their products. For example, transparent
optical films and FET-based applications require clear structural
and performance information, including number of layers, detect
density, electrical mobilities, uniformity and average grain size in a
continuous film. Whilst electrochemical probe-based application
requires information like elemental composition, functional moiety
distribution, sheet size distribution, layer thickness and concen-
tration in different solvents.

On the other hand, unified guidance for the fabrication and
characterisation of certain types of clinical immunosensor will be
helpful for the large-scale adoption of the technology. This is unlike
research that pursues extreme performance using bespoke recipes
in laboratories. In order to reproduce and compare the results ob-
tained by different individuals or primary care practitioners under
various environmental conditions, a standard operating procedure
is needed to ensure that the graphene devices are subjected to
identical influence factors and exposed to the clinical samples from
the same baselines.

5.2. Signal amplification for sensitivity improvement

Although a few neurodegenerative biomarkers have been suc-
cessfully detected using graphene immunosensors, many other
biomarkers have not yet been investigated or cannot be detected at
low clinical concentrations due to inadequate sensitivities of the
sensors, as shown in Table 2. Therefore, signal amplification has
been considered an essential strategy in achieving lower detection
limits and higher sensitivity. To date, many nanomaterials and
enzymes tags have been used for signal amplification [122], shown
in Fig. 7.

Due to the small physical dimensions (from 1 to 100 nm),
metallic nanoparticles have been used to enhance the electron
transfer efficiency and the surface-to-volume ratio on working
electrodes [149]. Among them, AuNPs have been integrated into
electrodes since their excellent electrochemical activity allows
electrons to transport freely from valence to conduction band.
Bernard et al. reported a glutathione-protected AuNP electro-
chemical immunosensor for the detection of interleukin-6 in
serum. The sensor employs a sandwich configuration and shows
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Comparison of LODs of different immunosensors for neurodegenerative blood biomarker detection. M indicates the median concentration in health controls. Q indicates data
from Quanterix Company [196]. Units are pg/mL except where stated otherwise.

Biomarker Clinical Range ELISA LOD SIMOA LOD Graphene LOD

IL-1p 1.22-6.61 [123] 0.14 [124] 0.0051 [124] 5[125]

IL-2 0.52(M)-53.5 [124,126] 0.25 [124] 0.089 [124] -

IL-4 0.18 (M)-18.8 [124,126] 0.22 [124] 0.0093 [124] 80 [127]

IL-6 0.82—7.28 [128] 0.11 [124] 0.0043 [124] 1[60]

IL-10 1.28 (M)-206.7 [121,126] 0.17 [124] 0.0048 [124] -

TNFa. 9.28-26.02 [123] 0.191 [124] 0.013 [124] 5[125]

MMP-9 51-813 ng/mL [129] 1 ng/mL [129] 0.581 (Q) 5 fg/mL [62]

IFNy 0.1-40.3 [130] 0.69 [124] 0.017 [124] 83 pM [131]

AB1-40 2.2-645.7 [132] 1.91 [132] 0.044 [133] 1[134]

AB1-42 3.7-728.5 [132] 2.04 [132] 0.522 [133] 0.41-5 [59,61]

Total tau 0.43—18.9 [135] 60 [136] 0.02 [135] 0.15 nM (taud41) [63]

75 fM (unk isoform) [57]

GFAP 0.8-129.6 [123] 62.5 [137] 0.8 [123] 1[138]

NFL 78.0-252 [139] 78.0 [139] 0.62 [139] -

ApoE 2.19-4.22 pg/mL [140] 3.1 ng/mL [141] - -

a-Synuclein 4.16—36.23 ng/mL [142] 0.1 ng/mL [143] 0.44 (Q) 1.2 pM [56]

MBP 40-2010 [144] 30 [144] - 0.3 nM [63]

Fibrinogen 0.51-3.68 g/L [145] — 12.5(Q) 5 pg/mL [146]

S—100B 0.1-1.79 ng/mL [147] 20 [147] - 0.15 [148]
AuNPs Thiolated Antigen  Poly-dextran

Working
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capture ab

Primary and
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Fig. 7. Signal amplification using nanoparticles on substrate, nanostructures and enzyme labels as signal enhancer. Adapted from Ref. [154]. Copyright © 2012 by P. Xiong, N. Gan, Y.
Cao, F. Huy, T. Li and L. Zheng. Licensee MDPI, Basel, Switzerland. (A colour version of this figure can be viewed online.)

three times higher sensitivity and two times wider linear detection
range than carbon nanotube modified electrodes [150]. Silver
nanoparticles (AgNPs) have also been used as electrode material
due to the good electrochemical activity and lower cost. A report
demonstrated 1.7 times higher sensitivity and more than 10 times
lower LOD for the detection of microcystin-LR, compared to the
electrode without AgNP modification [151]. More recently, nano-
particles have been used collaboratively with other nanomaterials
for the fabrication of hybrid electrodes. For example, AuNPs have
been chemically integrated with thiolated rGO film and deposited
onto the surface of screen-printed electrodes for cancer prognosis
antibody detection. This synergistic improvement leads to a low
LOD of 0.088 pg/mL [152]. Notably, metallic nanoparticles are
electrically unstable, meaning they may form aggregations in the
presence of salts. Therefore, optimal functionalisation of the sensor
is needed before they are used in clinical samples with high salt
concentration. In addition, signal amplification achieved by intro-
ducing metallic nanoparticles is inconsistent among studies.
Therefore, strict quality control over nanoparticle fabrication and
electrode processing will be required for higher reproducibility and
reliability [153].

Signal amplification has also been achieved by labelling the
detection antibodies with enzymic tags in combination with

electron mediators in an electrochemical immunosensor. The
enzyme has excellent catalytic activity towards the specific sub-
stances. The most commonly used method is to immobilise a
number of enzyme molecules onto a detection antibody to form a
dendrimer. Xiong’s group developed a signal tag which is
composed of a dextran amine skeleton with more than 100 HRPs
and 15 secondary antibodies for the detection of alfa-fetoprotein
[154]. The nanocomplex on the electrode surface allows a large
amount of HRP to amplify the electrocatalytic current in the pres-
ence of hydrogen peroxide, leading to a 2 pg/mL LOD and a
0.005—0.2 ng/mL linear range in undiluted serum. Yoon et al.
constructed a multi-layered enzymic film on Au electrode surface
[155]. The film was fabricated by depositing poly(amidoamine)
dendrimers and periodate-oxidized glucose oxidase (GOx) layer-
by-layer alternatively, resulting in an enhanced electrocatalytic
response correlated to the number of deposited bilayers. Signal
amplification via enzyme labelling has also been achieved by
adding a redox mediator into the electrolyte. Lai et al. reported an
immunosensor that uses chitosan-ferrocene-antibody, antibody-
GO-HRP and 4-chloro-1-naphthol as capture, detection and redox
mediator components respectively [156]. After the sandwich
complex forms, both the dielectric detection component and the
multi-enzymatic precipitate contributed to the signal decrease,
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resulting in 5 orders amplification of LOD at 0.54 pg/mL.

Enzyme-labelled immunosensors have obvious advantages in
producing highly specific, sensitive and reliable signals as
described. This approach, however, suffers from some drawbacks
for electrochemical immunosensors. These include a relatively
narrow dynamic range, and a time-consuming incubation process
for detectable signals. More importantly, a stronger interference
signal is expected when performing detection in complex clinical
samples, which contains analytes that may react with the enzyme
labels. Therefore, a reduced diffusion limitation of the substrate, an
optimised enzymic reaction environment as well as the removal of
potential reactive substances with enzymes prior to the detection
will be crucial for a reliable and sensitive diagnosis.

5.3. Challenges in sample preparation

In addition to the globally well-established sampling in-
frastructures, the advantages of using blood samples for neurode-
generative biomarker detection includes the largely constant
concentrations in cellular and extracellular constituents and the
detectable change of biomarkers before and during the onset
symptoms [157]. However, the disadvantages of blood samples are
also clear, such as high viscosity, multiple blood components,
complex matrix, high background as well as a wide dynamic range
of the biomarkers. A reproducible immunosensor platform surely
can contribute to a more reliable detection, but appropriate sample
preparation, such as separating the disruptors and enriching the
biomarker concentration, has increasingly been treated as an
essential step to translate the research into clinical applications
[158].

Separating the disruptors has been commonly used in clinical
assays as an initial step, by dividing the blood sample into plasma
and blood-cell rich components. The conventional laboratory-
based high throughput separation is centrifugation using dedi-
cated equipment, which make it difficult for adoption in primary
care settings. Alternatively, the Zweifach—Fung bifurcation effect
has been employed in microfluidics for the separation of plasma
from finger prick blood samples [159,160]. The working mechanism
is that when blood cells encounter a branch point in a microfluidic
channel, they selectively go into the higher flow rate channel,
leaving plasma concentrating in the lower flow rate channel, as
shown in Fig. 8 (a). In parallel, another group developed a hydro-
phobic wax filter-based paper substrate for lab-on-chip applica-
tions, which filter out aggregated blood cells and allows the plasma
to flow through onto the sensing area at high efficiency, as shown in
Fig. 8 (b) [161]. However, the matrix effect could be heavily affected
by many other interfering compounds in serum, such as non-target

155

proteins, immunoglobulins, debris and salt ions, which could either
increase the background signal or reduce the target signal, resulting
in low detection sensitivities in clinical samples [162]. Diluting the
blood samples may reduce the matrix effect, but more dedicated
equipment is normally required for the removal of these smaller
molecules, limiting its use in primary clinical settings. Therefore,
high efficiency and easy-to-use separation techniques need to be
further developed to integrate with graphene-based immuno-
sensors for the detection of neurodegenerative biomarkers.

On the other hand, increasing the concentration of target bio-
markers within clinical samples could be another effective strategy
for neurodegenerative diagnosis. Microbeads have been demon-
strated for high efficiency concentration of biomarkers in micro-
fluidics [124,163]. The outstanding surface-to-volume ratio and fast
diffusion rate in liquids offers the capture agent functionalised-
microbeads with enhanced probabilities to interact with the
target molecules. Furthermore, combined with magnetic manipu-
lation, the beads can be easily recollected, and the target molecules
can be eluted into a new solvent to increase the target signal and
reduce the matrix effect (noise). Notably, the integration of any
forms of enriching procedure requires corresponding equipment,
expertise as well as some processing time, it remains a challenge to
find balances between a well-prepared sample and the feasibility of
doing so in primary clinical settings.

5.4. Multiplexed detection for reliability improvement

Diagnostic reliability and accuracy can be improved by using
multiplexed immunosensors. Although many of the above tech-
niques are suitable for multiplexed detection [164—166], the most
commonly used configurations are the electrochemical immuno-
sensors [167]. The construction of multiplexed immunosensors can
be achieved using two methods. The first is multiplexed electrode
arrays, where individual electrodes are functionalised with
different antibodies for capturing the corresponding antigens
[168,169]. This configuration requires several sensing, reference
and counter electrodes to perform independent measurement with
a n-channel analyser. The advantages are that detection can be
label-free (or single label), and crosstalk between the adjacent
electrodes can be effectively eliminated. As an example, Cui et al.
developed a multiplexed immunosensor employing graphene-
modified electrodes and mesoporous platinum nanoparticle for
the simultaneous detection of three tumour biomarkers (CA125,
CA153 and CEA) [170]. This sensor array consists of three separate
working electrodes, where each electrode is individually modified
with a different capture antibody to allow simultaneous detection
without crosstalk between electrodes. Platinum nanoparticles
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Fig. 8. Commonly used separation and concentration techniques in biosensing. (a) Zweifach—Fung bifurcation effect-based separation - particles go to the higher flow rate channel.
(b) Large blood cell aggregates can be filtered out through micropores with optimal size to allow higher filtering efficiency. Reproduced from Ref. [161] with permission from The
Royal Society of Chemistry. (c) Magnetic microbead-based separation. The beads quickly diffuse into the mixture and interact with target molecules. The target concentration can be
increased by tuning the magnetic field and recollecting target-bound beads. (A colour version of this figure can be viewed online.)
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modified with corresponding antibodies have been used to form
the sandwiched complex for generating signals through the
electro-reduction of H,0,, leading to LODs of 0.002 U/mL, 0.001 U/
mL and 7.0 pg/mL for detection of above biomarkers, respectively.
The second method is barcode configuration, where different
capture antibodies are immobilised on the same electrode and use
multiple labels to generate distinct signals at specific potentials. In
this configuration, multiplexed detection can be performed in a
single electrochemical scan. However, signals from different labels
may not be sufficiently separated, resulting in crosstalk for the
detection of multiple antigens. A multiplexed graphene immuno-
sensor developed by Li’s group has been deployed for the simul-
taneous detection of two interleukin biomarkers [171]. The surface
of the graphene electrode was functionalised by the mixture of
anti-IL-6 and anti-IL-17 for capturing two different antigens. Upon
their binding with IL-6 and IL-17, anti-IL-6 functionalised
polystyrene-cadmium ion and anti-IL-17  functionalised
polystyrene-ferrocene are introduced to the electrode surface to
identify the formation of each corresponding sandwiched complex
in SWV scans. By analysing the intensities of these redox peaks at
different potentials, clinically meaningful LODs of 0.5 and 1 pg/mL
have been achieved for the detection of IL-6 and IL-17 respectively.

In electrochemical immunosensors, signal multiplexing also
reduces the physical dimensions of the area required for containing
sensors that share a common electronic interface for simultaneous
analysis of either multiple biomarkers (labels), or increased spatial
resolution for the same label [172]. In many applications the
sensing area needs to be kept as small as possible due to the lim-
itations on the sample quantity available for analysis (e.g. blood,
sweat and saliva) [173]. Detection of multiple biomarkers or other
proteins can then be achieved in a single run [174], allowing faster
screening times, lower equipment cost and enabling point-of-care
diagnosis [175]. To achieve multiplexed functionality, electrical
signal traces (conductors) can be patterned or deposited over the
sensing area [176], with the measurement interface adjacent (2D
sensor array) or within a different geometry level (3D array).
Detection of a single biomarker typically involves fabrication of a
specific type of sensor, with a single access-port to the interface
electronics for signal amplification, conditioning, or stimulation.
When layering a large number of the same sensors, one may also
require additional interface electronics, which may be impractical
in terms of physical space occupied, or availability of interface
materials and components [177]. A more efficient solution is to use
multiplexed and addressable electronics. This is standard semi-
conductor technology which is realised by top-down fabrication
techniques like screen-printing [178], photolithography, micro-
contact printing and electron beam lithography [179]. The multi-
plexing operation also introduces additional electric impedance in
series with the sensor’s outputs that must be accounted for during
the design of the interface electronics. In multiplexing, for smaller
impedance values, amplitude attenuation is more tolerable, since
the voltage drop developed across the multiplexer is minimised,
and therefore the signal output is determined by the transfer
function of the amplifier. In terms of temporal control, fast
switching times for the multiplexer and amplification electronics
are essential to interrogate all sensors in the sensing area within a
reasonable time frame for measurements [180]. For slowly varying
concentrations of biomarkers within body fluids, the temporal
constraints for multiplexing can be lifted. Recent advances in
electronics allow multiplexing to be performed in the order of
nanoseconds, while signal acquisition is sub-nanoseconds, without
compromising signal amplification and resolution. For a 1024
sensor array (32 x 32), an acquisition rate of 10 million samples per
second requires around 10 ms to complete one data frame acqui-
sition with roughly 50 samples per sensor. This is without taking

into consideration the time for sample transference, storage or for
visualization inside the acquisition system. For cases where more
than one type of sensor is required to detect multiple biomarkers,
strategies exist that divide the sensing area into different sensing
units specific to each biomarker, and are connected only to the
respective interface electronics. For more details about multiplexed
detection based on graphene immunosensors, the reader is
directed to Refs. [167] where several relevant clinical biomarkers
are discussed.

The multiplexed strategy is particularly promising for the
detection of blood neurodegenerative biomarkers. This is because
the most frequently reported biomarkers are not only discrimina-
tive for neurodegeneration, but also overlapping with patients
undergoing normal ageing or with underlying conditions, such as
cardiovascular, respiratory, renal and rheumatic disease. These
comorbidities all affect protein profiles in blood, therefore no single
definitive biomarker exists [181], making the diagnosis of neuro-
degenerative disease using blood biomarkers inherently compli-
cated. In this case, the multiplexed immunosensor allows a
simultaneous description of the full spectrum of multiple inde-
pendent biomarkers, which can lead to a combinational conclusion,
thus improving the diagnosis accuracy.

Tremendous progress has been made with multiplexed immu-
nosensors to improve their reliability for biomarker detection.
However, some issues need to be carefully addressed before the
technology can be used in primary clinical settings. One of them is
crosstalk and interaction between individual electrodes, which
requires effective spatial separation of electrodes with addressable
signal readout [172]. In addition, the threshold levels of target
biomarkers could be different in clinical samples, and attention
should be paid to analysing strategies for determining biomarkers
at very different concentrations. Despite several challenges to
address, multiplexed electrochemical immunosensors show
extreme promise for the development of the reliable and feasible
diagnostic technology in clinical settings.

5.5. Disposable immunosensors

Although graphene nanomaterials exhibit great promise in
immunosensors, the dissociation of antibody-antigen complexes is
not a spontaneous process, hence the graphene-based immuno-
sensors cannot be reused in primary clinical settings and are
intended to be single-use instruments. After a single use, the
sensing element would need to be replaced. This is, however, a
limitation in most biosensors, and is not unique to graphene-based
systems. Furthermore, once the sensor is contaminated with a
biological sample from a subject, cleaning and reuse are generally
considered to be unsafe. To address these issues, graphene-based
disposable immunosensors have been developed to provide an
affordable and easy-to-use platform for single-shot measurements.
The current strategy for disposable biosensors is to split the sensing
system into a disposable sensing unit, such as a chip, cartridge or
strip, which can be provided by the supplier in large quantity and
low price; and a relatively inexpensive readout device, which is
portable and reusable for a long period [182]. Electrochemical
glucose tests are a well-known example for this testing strategy, in
which diabetics can check their blood glucose using an inexpensive
handheld reader and disposable strips which they use for sampling
and measurement. In this section, we will focus on the disposable
sensing unit, more specifically the materials for the substrate and
technologies for the fabrication of graphene-based layers for signal
transduction.

There are no one-fits-all substrate materials for the develop-
ment of different types of immunosensors. However, there are two
popular choices of substrate for the construction of graphene-base
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biosensors. i) Standard MEMS materials, used for large-scale
semiconductor production, have also been adopted for the fabri-
cation of disposable graphene-based sensing systems [183]. The
main MEMS substrate materials used are inorganics and include
silicon, glass and ceramics. Because MEMS technology is high
precision and low-tolerance, the materials used are also more
expensive; however, they have excellent electrical, optical and
mechanical properties, with high processability and the potential to
yield a large number of functional devices in a single run (larger
yields result in lower cost/device). Because most substrates used in
MEMS are rigid, they are generally not suitable for the fabrication of
graphene-based flexible wearable devices. ii) Synthetic and natural
polymers have been explored as potential alternatives to MEMS
substrates for the construction of graphene-based biosensors. The
most notable synthetic polymer in this application is poly-
dimethylsiloxane (PDMS) [184]. PDMS, a crosslinking silicone

polymer, has been used in the construction of microfluidic
graphene-based immunosensors due to its transparency, chemical
stability and ease-of-fabrication. PDMS, however, continues to be
used mainly in small-scale laboratory prototypes since fabrication
with PDMS is slower than thermoplastics, which can be patterned
through injection moulding or hot embossing. PDMS is also highly
permeable to water vapour (the sample may evaporate; an issue for
longer, higher temperature reactions), and presents stronger non-
specific adsorption of biomolecules in clinical samples, leading to
the higher background signal. PDMS-based microfluidics also re-
quires a pump to drive the liquid around, adding more complexity
to the system. Cellulose paper, a natural polymer, has emerged as a
viable alternative to the materials mentioned above for the con-
struction of graphene-based immunosensors. Unlike PDMS-based
microfluidics, in paper, “active” pumping is replaced by “passive”
capillary action, enabling fabrication of low-cost disposable
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devices. Paper is flexible, porous, biodegradable and devices can be
fabricated at large scale using a vast array of printing technologies
[185]. For example, Wang et al. developed label-free graphene-
based paper analytical devices (uPADs) using screen-printed
working electrode for the detection of carcinoembryonic antigen
[186]. By immobilising amino-functionalised graphene/thionine/
AuNPs nanocomposites together with antibody layers onto the
electrode surface, a LOD of 10 pg/mL was achieved. In addition, a
number of other novel graphene-based materials or material
complexes are being investigated for the development of dispos-
able biosensors [187], which has become a hotspot in the field.

As for the fabrication of graphene-based electrodes for dispos-
able sensors, the most promising, scalable and low-cost approach is
probably screen-printing (Fig. 9(a)). Screen-printed electrodes with
graphene-based nanomaterials have been employed in the detec-
tion of a wide range of biomarkers [188,189]. Screen-printing in-
volves depositing graphene-containing inks onto a solid substrate
through a pre-patterned screen, which defines the geometry of the
sensing component(s). In addition to graphene inks, screen-
printing allows printing of a wide range of other materials for the
fabrication of electrodes and conductive traces e.g., Ag, Ag/AgCl, Au
[190—192]. As an alternative to screen-printing, which requires a
mask for patterning, inkjet printing technology offers maskless
patterning for the fabrication of graphene-based disposable bio-
sensors (Fig. 9 (b)). Similar to screen-printing, there are a large
number of ink formulations available for the printing of conductive
traces and electrodes; however, unlike screen printing, inkjet
printing is a digital technology rendering it more versatile than
screen printing although the instrumentation may be costlier [193].
For instance, a single inkjet system can deposit different patterns of
inks without major modifications; screen printing requires sepa-
rate, precisely aligned screens for each layer. These features make
inkjet printing an attractive option both for mass production and
prototyping. Furthermore, inkjet printing is more efficient, in terms
of the amount of material required, as the ink is deposited only
where it is needed [194]. Just like any technology, inkjet printing
also has some shortcomings; printheads used in inkjet printing are
susceptible to clogging and require frequent maintenance. Ink
formulations also require more optimisation (e.g., viscosity) to
improve printability. Regardless of its disadvantages, adoption of
inkjet printing will likely continue in the coming years for the
fabrication of disposable graphene-based biosensors.

6. Conclusions and prospects

The clinical adoption of biosensing technology needs to stand on
the basis of large-scale production of sensors with the emphasis on
cost, accessibility, measurement selectivity as well as accuracy and
reproducibility. This review summarises the most recent achieve-
ments in developing graphene-based immunosensors for the
detection of blood-based neurodegenerative biomarkers. In
particular, the advantages and disadvantages have been outlined
for graphene-based devices as electrical, electrochemical and op-
tical immunosensors against the standards of being used in primary
clinical settings. To promote their use in the diagnosis of neuro-
degenerative disease, further development strategies have been
proposed in parallel.

Blood neurodegenerative biomarkers have great early diag-
nostic value in clinical practice and their corresponding detection
will lead to significant social and societal impacts. Since the concept
arose, many graphene immunosensor prototypes have been
developed using different sensing mechanisms with their own
advantages and drawbacks. Primary results have been obtained
from both artificial and clinical samples. However, none of these
technologies have yet to be used as practical diagnostic tools in

clinical settings. Considering it has only been a few years since the
transition of lab-based research into practical application, clinical
graphene biosensing technology will be a long journey with no
shortcuts to success, although its low-cost, extreme sensitivity and
high selectivity show the potential to allow the early real-time
detection of low concentration biomarkers. It is still difficult to
predict exactly when the graphene immunosensor will be adopted
as a clinical diagnostic tool. However, with continuous improve-
ments in production and fabrication techniques, device measure-
ment strategies and data analysis algorithms, graphene
immunosensors for neurodegenerative detection can look forward
to a brighter future.

CRediT authorship contribution statement

Bing Li: Conceptualization, Writing - original draft, Writing -
review & editing, Supervision, Project administration, Funding
acquisition, Visualization. Haijie Tan: Writing - original draft,
Writing - review & editing, Visualization. David Jenkins: Writing -
original draft, Writing - review & editing, Visualization. Vikram
Srinivasa Raghavan: Writing - original draft, Visualization. Bruno
Gil Rosa: Writing - original draft, Visualization. Firat Giider:
Writing - original draft, Writing - review & editing, Visualization.
Genhua Pan: Writing - review & editing. Eric Yeatman: Supervi-
sion, Funding acquisition. David J. Sharp: Writing - original draft,
Funding acquisition.

Declaration of competing interest

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.

Acknowledgment

This work was supported by the Edmond ]. Safra Foundation
(Edmond and Lily Safra Research Fellow to Bing Li), the UK De-
mentia Research Institute which receives its funding from UK DRI
Ltd (funded by UK Medical Research Council, Alzheimer’s Society
and Alzheimer’s Research UK), and UK EPSRC EP/P012779 (Micro-
Robotics for Surgery).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.carbon.2020.06.048.

References

[1] MJ. Prince, M.M. Guerchet, M. Prina, WHO, the Epidemiology and Impact of
Dementia: Current State and Future Trends, World Health Organization,
Geneva, 2015.

[2] C.M. Abreu, R. Soares-dos-Reis, P.N. Melo, ].B. Relvas, J. Guimaraes, M.]. S3, et
al,, Emerging biosensing technologies for neuroinflammatory and neurode-
generative disease diagnostics, Front. Mol. Neurosci. 11 (164) (2018).

[3] V. Patterson, C. Donaghy, L. Loizou, Email triage for new neurological

outpatient referrals: what the customers think, J. Neurol. Neurosurg. Psy-

chiatry 77 (11) (2006) 1295—1296.

P. Cannon, AJ. Larner, Errors in the scoring and reporting of cognitive

screening instruments administered in primary care, Neurodegener. Dis.

Manag. 6 (4) (2016) 271-276.

H. Hampel, S.E. O'Bryant, S. Durrleman, E. Younesi, K. Rojkova, V. Escott-

Price, et al.,, A Precision Medicine Initiative for Alzheimer’s disease: the road

ahead to biomarker-guided integrative disease modeling, Climacteric 20 (2)

(2017) 107—118.

H. Hampel, S. Lista, Z.S. Khachaturian, Development of biomarkers to chart all

Alzheimer’s disease stages: the royal road to cutting the therapeutic Gordian

Knot, Alzheimer’s Dementia 8 (4) (2012) 312—336.

[7] J.T. O'Brien, K. Herholz, Amyloid imaging for dementia in clinical practice,
BMC Med. 13 (1) (2015) 163.

[4

[5

(6


https://doi.org/10.1016/j.carbon.2020.06.048
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref1
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref1
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref1
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref2
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref2
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref2
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref2
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref2
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref3
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref3
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref3
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref3
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref4
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref4
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref4
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref4
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref5
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref5
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref5
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref5
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref5
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref6
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref6
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref6
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref6
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref7
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref7

(8]

[0l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

B. Li et al. / Carbon 168 (2020) 144—162 159

S.M. de Almeida, S.D. Shumaker, S.K. LeBlanc, P. Delaney, J. Marquie-Beck,
S. Ueland, et al, Incidence of post-dural puncture headache in research
volunteers, Headache ]. Head Face Pain 51 (10) (2011) 1503—1510.

M. Thambisetty, S. Lovestone, Blood-based biomarkers of Alzheimer's dis-
ease: challenging but feasible, Biomarkers Med. 4 (1) (2010) 65—79.

B. Dubois, H.H. Feldman, C. Jacova, H. Hampel, ]J.L. Molinuevo, K. Blennow,
S.T. DeKosky, et al., Advancing research diagnostic criteria for Alzheimer’s
disease: the IWG-2 criteria, Lancet Neurol. 13 (6) (2014) 614—629.

H. Hampel, S.E. O'Bryant, J.L. Molinuevo, H. Zetterberg, C.L. Masters, S. Lista,
et al., Blood-based biomarkers for Alzheimer disease: mapping the road to
the clinic, Nat. Rev. Neurol. 14 (11) (2018) 639—652.

S.E. O'Bryant, M.M. Mielke, R.A. Rissman, S. Lista, H. Vanderstichele,
H. Zetterberg, et al., Blood-based biomarkers in Alzheimer disease: current
state of the science and a novel collaborative paradigm for advancing from
discovery to clinic, Alzheimer’s Dementia 13 (1) (2017) 45—58.

B.K. Zehentner, D.H. Persing, A. Deme, P. Toure, S.E. Hawes, L. Brooks, Q. Feng,
et al, Mammaglobin as a novel breast cancer biomarker: multigene reverse
transcription-PCR assay and sandwich ELISA, Clin. Chem. 50 (11) (2004)
2069—2076.

M. Zbikowska-Gotz, K. Paigan, E. Gawronska-Ukleja, A. Kuzminski,
M. Przybyszewski, E. Socha, et al., Expression of IL-17A concentration and
effector functions of peripheral blood neutrophils in food allergy hyper-
sensitivity patients, Int. J. Immunopathol. Pharmacol. 29 (1) (2016) 90—98.
X. Gao, C. Arpin, J. Marvel, S.A. Prokopiou, O. Gandrillon, F. Crauste, IL-2
sensitivity and exogenous IL-2 concentration gradient tune the productive
contact duration of CD8+ T cell-APC: a multiscale modeling study, BMC Syst.
Biol. 10 (1) (2016) 77.

D.M. Rissin, C.W. Kan, T.G. Campbell, S.C. Howes, D.R. Fournier, L. Song, et al.,
Single-molecule enzyme-linked immunosorbent assay detects serum pro-
teins at subfemtomolar concentrations, Nat. Biotechnol. 28 (6) (2010) 595.
K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, , et
al.A.A. Firsov, Electric field effect in atomically thin carbon films, Science 306
(5696) (2004) 666—669.

M. Ishigami, J.H. Chen, W.G. Cullen, M.S. Fuhrer, E.D. Williams, Atomic
structure of graphene on SiO2, Nano Lett. 7 (6) (2007) 1643—1648.

Y. Shao, J. Wang, H. Wu, ]. Liu, LA. Aksay, Y. Lin, Graphene based electro-
chemical sensors and biosensors: a review, Electroanalysis 22 (10) (2010)
1027—-1036.

M. Pumera, Graphene in biosensing, Mater. Today 14 (7) (2011) 308—315.
W. Wei, C. Xu, J. Ren, B. Xu, X. Qu, Sensing metal ions with ion selectivity of a
crown ether and fluorescence resonance energy transfer between carbon
dots and graphene, Chem. Commun. 48 (9) (2012) 1284—1286.

B. Li, G. Pan, N.D. Avent, R.B. Lowry, T.E. Madgett, P.L. Waines, Graphene
electrode modified with electrochemically reduced graphene oxide for label-
free DNA detection, Biosens. Bioelectron. 72 (2015) 313—319.

Y. Ohno, K. Maehashi, K. Matsumoto, Label-free biosensors based on
aptamer-modified graphene field-effect transistors, J. Am. Chem. Soc. 132
(51) (2010) 18012—18013.

B. Li, H. Tan, S. Anastasova, M. Power, F. Seichepine, G.-Z. Yang, A bio-inspired
3D micro-structure for graphene-based bacteria sensing, Biosens. Bio-
electron. 123 (2019) 77—84.

B. Li, G. Pan, A. Suhail, K. Islam, N. Avent, P. Davey, Deep UV hardening of
photoresist for shaping of graphene and lift-off fabrication of back-gated
field effect biosensors by ion-milling and sputter deposition, Carbon 118
(2017) 43—49.

B. Li, G. Pan, N.D. Avent, K. Islam, S. Awan, P. Davey, A simple approach to
preparation of graphene/reduced graphene oxide/polyallylamine electrode
and their electrocatalysis for hydrogen peroxide reduction, ]. Nanosci.
Nanotechnol. 16 (12) (2016) 12805—12810.

H. Xu, D. Wang, S. He, J. Li, B. Feng, P. Ma, et al., Graphene-based nanoprobes
and a prototype optical biosensing platform, Biosens. Bioelectron. 50 (2013)
251-255.

P. Suvarnaphaet, S. Pechprasarn, Graphene-based materials for biosensors: a
review, Sensors 17 (10) (2017) 2161.

J. Lee, J. Kim, S. Kim, D.-H. Min, Biosensors based on graphene oxide and its
biomedical application, Adv. Drug Deliv. Rev. 105 (2016) 275—287.

R. Mertens, CVD Graphene prices continue to drop as commercial applica-
tions start to enter the market. https://www.graphene-info.com/cvd-
graphene-prices-continue-drop-commercial-applications-start-enter-
market, 2017.

R. Stine, S.P. Mulvaney, J.T. Robinson, C.R. Tamanaha, P.E. Sheehan, Fabrica-
tion, optimization, and use of graphene field effect sensors, Anal. Chem. 85
(2) (2013) 509—521.

B. Zhan, C. Li, ]. Yang, G. Jenkins, W. Huang, X. Dong, Graphene field-effect
transistor and its application for electronic sensing, Small 10 (20) (2014)
4042—-4065.

M.V. Riquelme, H. Zhao, V. Srinivasaraghavan, A. Pruden, P. Vikesland,
M. Agah, Optimizing blocking of nonspecific bacterial attachment to
impedimetric biosensors, Sens. Bio-sens. Res. 8 (2016) 47—54.

K. Matsumoto, K. Maehashi, Y. Ohno, K. Inoue, Recent advances in functional
graphene biosensors, J. Phys. Appl. Phys. 47 (9) (2014), 094005.

E. Stern, R. Wagner, FJ. Sigworth, R. Breaker, T.M. Fahmy, M.A. Reed,
Importance of the Debye screening length on nanowire field effect transistor
sensors, Nano Lett. 7 (11) (2007) 3405—3409.

C.-H. Chu, L Sarangadharan, A. Regmi, Y.-W. Chen, C.-P. Hsu, , et al.Shiesh,

[37]

[38]

Beyond the Debye length in high ionic strength solution: direct protein
detection with field-effect transistors (FETs) in human serum, Sci. Rep. 7 (1)
(2017) 1-15.

C. Reiner-Rozman, M. Larisika, C. Nowak, W. Knoll, Graphene-based liquid-
gated field effect transistor for biosensing: theory and experiments, Bio-
sens. Bioelectron. 70 (2015) 21-27.

S. Rudikoff, M. Potter, Size differences among immunoglobulin heavy chains
from phosphorylcholine-binding proteins, Proc. Natl. Acad. Sci. Unit. States
Am. 73 (6) (1976) 2109—2112.

[39] J.-L. Teillaud, C. Desaymard, A.M. Giusti, B. Haseltine, R.R. Pollock, D.E. Yelton,

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

et al.,, Monoclonal antibodies reveal the structural basis of antibody diversity,
Science 222 (4625) (1983) 721-726.

F. Patolsky, G. Zheng, O. Hayden, M. Lakadamyali, X. Zhuang, C.M. Lieber,
Electrical detection of single viruses, Proc. Natl. Acad. Sci. Unit. States Am.
101 (39) (2004) 14017—14022.

Y. Chen, R. Ren, H. Pu, X. Guo, J. Chang, G. Zhou, et al., Field-effect transistor
biosensor for rapid detection of Ebola antigen, Sci. Rep. 7 (1) (2017) 1-8.
S. Okamoto, Y. Ohno, K. Maehashi, K. Inoue, K. Matsumoto, Fragment-
modified graphene FET for highly sensitive detection of antigen-antibody
reaction, Tagungsband (2012) 519—522.

S. Cheng, K. Hotani, S. Hideshima, S. Kuroiwa, T. Nakanishi, M. Hashimoto, et
al.,, Field effect transistor biosensor using antigen binding fragment for
detecting tumor marker in human serum, Materials 7 (4) (2014) 2490—2500.
AK. Trilling, ]J. Beekwilder, H. Zuilhof, Antibody orientation on biosensor
surfaces: a minireview, Analyst 138 (6) (2013) 1619—1627.

X. Yuan, D. Fabregat, K. Yoshimoto, Y. Nagasaki, Development of a high-
performance immunolatex based on “soft landing” antibody immobiliza-
tion mechanism, Colloids Surf. B Biointerfaces 99 (2012) 45—52.

G. Shen, C. Cai, K. Wang, J. Lu, Improvement of antibody immobilization
using hyperbranched polymer and protein A, Anal. Biochem. 409 (1) (2011)
22-27.

S.K. Vashist, CK. Dixit, B.D. MacCraith, R. O’Kennedy, Effect of antibody
immobilization strategies on the analytical performance of a surface plas-
mon resonance-based immunoassay, Analyst 136 (21) (2011) 4431—4436.
Y.-S. Lo, D.H. Nam, H.-M. So, H. Chang, J.-J. Kim, Y.H. Kim, et al., Oriented
immobilization of antibody fragments on Ni-decorated single-walled carbon
nanotube devices, ACS Nano 3 (11) (2009) 3649—3655.

T. Kurkina, S. Sundaram, R.S. Sundaram, F. Re, M. Masserini, K. Kern, et al.,
Self-assembled electrical biodetector based on reduced graphene oxide, ACS
Nano 6 (6) (2012) 5514—5520.

[50] J. Kim, M.-S. Chae, S.M. Lee, D. Jeong, B.C. Lee, J.H. Lee, et al., Wafer-scale

[51]

high-resolution patterning of reduced graphene oxide films for detection of
low concentration biomarkers in plasma, Sci. Rep. 6 (1) (2016) 1-8.

M.-S. Chae, ]. Kim, D. Jeong, Y. Kim, J.H. Roh, S.M. Lee, et al., Enhancing surface
functionality of reduced graphene oxide biosensors by oxygen plasma
treatment for Alzheimer’s disease diagnosis, Biosens. Bioelectron. 92 (2017)
610—617.

[52] J. Huang, H. Chen, W. Niu, D.W. Fam, A. Palaniappan, M. Larisika, et al., Highly

[53]

[54]

manufacturable graphene oxide biosensor for sensitive Interleukin-6
detection, RSC Adv. 5 (49) (2015) 39245—39251.

C. Dincer, R. Bruch, E. Costa-Rama, M.T. Ferndndez-Abedul, A. Merkogi,
A. Manz, et al., Disposable sensors in diagnostics, food, and environmental
monitoring, Adv. Mater. 31 (30) (2019) 1806739.

A. Ambrosi, CK. Chua, A. Bonanni, M. Pumera, Electrochemistry of graphene
and related materials, Chem. Rev. 114 (14) (2014) 7150—7188.

[55] J. Sethi, M. Van Bulck, A. Suhail, M. Safarzadeh, A. Perez-Castillo, G. Pan,

[56]

[57]

[58]

[59]

[60]

[61]

A label-free biosensor based on graphene and reduced graphene oxide dual-
layer for electrochemical determination of beta-amyloid biomarkers,
Microchimica Acta 187 (5) (2020) 288.

Q. Xu, H. Cheng, ]J. Lehr, A.V. Patil, JJ. Davis, Graphene oxide interfaces in
serum based autoantibody quantification, Anal. Chem. 87 (1) (2015)
346—350.

M. Ye, M. Jiang, J. Cheng, X. Li, Z. Liu, W. Zhang, et al., Single-layer exfoliated
reduced graphene oxide-antibody Tau sensor for detection in human serum,
Sensor. Actuator. B Chem. (2020) 127692.

S.-Y. Yang, M.-]. Chiu, T.-F. Chen, C-H. Lin, ].-S. Jeng, S.-C. Tang, et al.,
Analytical performance of reagent for assaying tau protein in human plasma
and feasibility study screening neurodegenerative diseases, Sci. Rep. 7 (1)
(2017) 9304.

S.-S. Li, C.-W. Lin, K.-C. Wei, C.-Y. Huang, P.-H. Hsu, H.-L. Liu, et al., Non-
invasive screening for early Alzheimer's disease diagnosis by a sensitively
immunomagnetic biosensor, Sci. Rep. 6 (1) (2016) 25155.

T. Li, M. Yang, Electrochemical sensor utilizing ferrocene loaded porous
polyelectrolyte nanoparticles as label for the detection of protein biomarker
IL-6, Sensor. Actuator. B Chem. 158 (1) (2011) 361—-365.

Y. Li, Y. Wang, X. Liu, R. Feng, N. Zhang, D. Fan, et al., Bifunctional pd-
decorated polysulfide nanoparticle of Co9S8 supported on graphene oxide:
a new and efficient label-free immunosensor for amyloid B-protein detec-
tion, Sensor. Actuator. B Chem. 304 (2020) 127413.

[62] J.-J. Shi, T.-T. He, F. Jiang, E.S. Abdel-Halim, J.-J. Zhu, Ultrasensitive multi-

[63]

analyte electrochemical immunoassay based on GNR-modified heated
screen-printed carbon electrodes and PS@PDA-metal labels for rapid
detection of MMP-9 and IL-6, Biosens. Bioelectron. 55 (2014) 51—56.

B. Derkus, P. Acar Bozkurt, M. Tulu, K.C. Emregul, C. Yucesan, E. Emregul,
Simultaneous quantification of Myelin Basic Protein and Tau proteins in


http://refhub.elsevier.com/S0008-6223(20)30617-5/sref8
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref8
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref8
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref8
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref9
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref9
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref9
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref10
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref10
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref10
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref10
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref11
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref11
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref11
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref11
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref12
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref12
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref12
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref12
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref12
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref13
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref13
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref13
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref13
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref13
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref14
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref15
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref15
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref15
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref15
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref15
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref16
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref16
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref16
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref17
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref17
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref17
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref17
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref18
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref18
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref18
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref19
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref19
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref19
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref19
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref20
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref20
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref21
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref21
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref21
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref21
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref22
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref22
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref22
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref22
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref23
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref23
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref23
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref23
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref24
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref24
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref24
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref24
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref25
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref25
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref25
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref25
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref25
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref26
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref26
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref26
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref26
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref26
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref27
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref27
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref27
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref27
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref28
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref28
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref29
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref29
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref29
https://www.graphene-info.com/cvd-graphene-prices-continue-drop-commercial-applications-start-enter-market
https://www.graphene-info.com/cvd-graphene-prices-continue-drop-commercial-applications-start-enter-market
https://www.graphene-info.com/cvd-graphene-prices-continue-drop-commercial-applications-start-enter-market
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref31
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref31
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref31
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref31
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref32
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref32
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref32
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref32
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref33
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref33
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref33
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref33
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref34
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref34
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref35
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref35
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref35
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref35
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref36
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref36
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref36
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref36
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref36
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref37
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref37
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref37
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref37
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref38
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref38
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref38
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref38
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref39
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref39
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref39
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref39
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref40
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref40
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref40
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref40
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref41
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref41
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref41
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref42
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref42
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref42
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref42
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref43
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref43
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref43
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref43
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref44
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref44
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref44
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref45
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref45
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref45
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref45
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref46
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref46
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref46
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref46
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref47
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref47
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref47
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref47
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref48
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref48
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref48
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref48
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref49
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref49
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref49
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref49
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref50
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref50
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref50
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref50
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref51
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref51
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref51
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref51
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref51
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref52
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref52
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref52
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref52
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref53
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref53
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref53
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref53
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref54
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref54
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref54
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref55
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref55
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref55
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref55
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref56
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref56
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref56
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref56
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref57
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref57
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref57
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref58
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref58
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref58
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref58
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref59
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref59
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref59
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref60
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref60
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref60
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref60
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref61
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref61
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref61
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref61
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref62
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref62
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref62
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref62
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref62
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref63
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref63

160

[64]

[65]

B. Li et al. / Carbon 168 (2020) 144—162

cerebrospinal fluid and serum of Multiple Sclerosis patients using nano-
immunosensor, Biosens. Bioelectron. 89 (2017) 781—-788.

Z. Gao, Y. Li, C. Zhang, S. Zhang, Y. Jia, F. Li, et al.,, AuCuxO-embedded mes-
oporous CeO2 nanocomposites as a signal probe for electrochemical sensi-
tive detection of amyloid-beta protein, ACS Appl. Mater. Interfaces 11 (13)
(2019) 12335—12341.

L. Liu, Q. He, F. Zhao, N. Xia, H. Liy, S. Li, et al., Competitive electrochemical
immunoassay for detection of B-amyloid (1—42) and total B-amyloid pep-
tides using p-aminophenol redox cycling, Biosens. Bioelectron. 51 (2014)
208-212.

[66] J. Han, M. Zhang, G. Chen, Y. Zhang, Q. Wei, Y. Zhuo, et al., Ferrocene cova-

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[751

[76]

(771

(78]

(791

[80]

(81]
[82]

(83]

[84]

(85]

(86]

(87]

(88]

lently confined in porous MOF as signal tag for highly sensitive electro-
chemical immunoassay of amyloid-B, J. Mater. Chem. B 5 (42) (2017)
8330—8336.

S.X. Wang, D. Acha, AJ. Shah, F. Hills, I. Roitt, A. Demosthenous, R.H. Bayford,
Detection of the tau protein in human serum by a sensitive four-electrode
electrochemical biosensor, Biosens. Bioelectron. 92 (2017) 482—488.

Y. Dai, A. Molazemhosseini, C.C. Liu, A single-use, in vitro biosensor for the
detection of t-tau protein, a biomarker of neuro-degenerative disorders, in
pbs and human serum using differential pulse voltammetry (DPV), Bio-
sensors 7 (1) (2017) 10.

L. Liy, F. Zhao, F. Ma, L. Zhang, S. Yang, N. Xia, Electrochemical detection of -
amyloid peptides on electrode covered with N-terminus-specific antibody
based on electrocatalytic 02 reduction by Af (1—16)-heme-modified gold
nanoparticles, Biosens. Bioelectron. 49 (2013) 231—235.

Y. Liu, L.-P. Xu, S. Wang, W. Yang, Y. Wen, X. Zhang, An ultrasensitive elec-
trochemical immunosensor for apolipoprotein E4 based on fractal nano-
structures and enzyme amplification, Biosens. Bioelectron. 71 (2015)
396—400.

E.C. Rama, M.B. Gonzdlez-Garcia, A. Costa-Garcia, Competitive electro-
chemical immunosensor for amyloid-beta 1-42 detection based on gold
nanostructured Screen-Printed Carbon Electrodes, Sensor. Actuator. B Chem.
201 (2014) 567—571.

C.-C. Wuy, B.-C. Ku, C.-H. Ko, C.-C. Chiu, G.-]. Wang, Y.-H. Yang, et al., Elec-
trochemical impedance spectroscopy analysis of A-beta (1-42) peptide using
a nanostructured biochip, Electrochim. Acta 134 (2014) 249—257.

T.T. Lien, Y. Takamura, E. Tamiya, C.V. Mun'delanji, Modified screen printed
electrode for development of a highly sensitive label-free impedimetric
immunosensor to detect amyloid beta peptides, Anal. Chim. Acta 892 (2015)
69—76.

Y. Zhou, H. Zhang, L. Liu, C. Li, Z. Chang, X. Zhu, et al., Fabrication of an
antibody-aptamer sandwich assay for electrochemical evaluation of levels of
B-amyloid oligomers, Sci. Rep. 6 (1) (2016) 35186.

A. Baraket, M. Lee, N. Zine, M. Sigaud, ]. Bausells, A. Errachid, A fully inte-
grated electrochemical biosensor platform fabrication process for cytokines
detection, Biosens. Bioelectron. 93 (2017) 170—175.

E.B. Aydin, M. Aydin, M.K. Sezgintiirk, A highly sensitive immunosensor
based on ITO thin films covered by a new semi-conductive conjugated
polymer for the determination of TNFa in human saliva and serum samples,
Biosens. Bioelectron. 97 (2017) 169—176.

K. Bhavsar, A. Fairchild, E. Alonas, D.K. Bishop, J.T. La Belle, J. Sweeney, et al.,
A cytokine immunosensor for Multiple Sclerosis detection based upon label-
free electrochemical impedance spectroscopy using electroplated printed
circuit board electrodes, Biosens. Bioelectron. 25 (2) (2009) 506—509.

Y. Zhang, B. Zhang, X. Ye, Y. Yan, L. Huang, Z. Jiang, et al., Electrochemical
immunosensor for interferon-y based on disposable ITO detector and HRP-
antibody-conjugated nano gold as signal tag, Mater. Sci. Eng. C 59 (2016)
577—-584.

Y. An, L. Tang, X. Jiang, H. Chen, M. Yang, L. Jin, et al., A photoelectrochemical
immunosensor based on Au-doped TiO2 nanotube Arrays for the detection of
a-synuclein, Chem. Eur J. 16 (48) (2010) 14439—14446.

B. Derkus, E. Emregul, C. Yucesan, K. Cebesoy Emregul, Myelin basic protein
immunosensor for multiple sclerosis detection based upon label-free elec-
trochemical impedance spectroscopy, Biosens. Bioelectron. 46 (2013) 53—60.
D. Rhodes, S.H. Chae, R. Ribeiro-Palau, ]. Hone, Disorder in van der Waals
heterostructures of 2D materials, Nat. Mater. 18 (6) (2019) 541.

A. Ciesielski, P. Samori, Graphene via sonication assisted liquid-phase exfo-
liation, Chem. Soc. Rev. 43 (1) (2014) 381—398.

B. Konkena, S. Vasudevan, Understanding aqueous dispersibility of graphene
oxide and reduced graphene oxide through p K a measurements, ]. Phys.
Chem. Lett. 3 (7) (2012) 867—872.

F. Bonaccorso, A. Lombardo, T. Hasan, Z. Sun, L. Colombo, A.C. Ferrari, Pro-
duction and processing of graphene and 2d crystals, Mater. Today 15 (12)
(2012) 564—589.

S.Y. Toh, K.S. Loh, S.K. Kamarudin, W.R.W. Daud, Graphene production via
electrochemical reduction of graphene oxide: synthesis and characterisation,
Chem. Eng. J. 251 (2014) 422—434.

D. Grieshaber, R. MacKenzie, ]. Voros, E. Reimhult, Electrochemical
biosensors-sensor principles and architectures, Sensors 8 (3) (2008)
1400—1458.

G.-Q. Qi, J. Cao, R.-Y. Bao, Z.-Y. Liu, W. Yang, B.-H. Xie, et al., Tuning the
structure of graphene oxide and the properties of poly (vinyl alcohol)/gra-
phene oxide nanocomposites by ultrasonication, J. Mater. Chem. 1 (9) (2013)
3163—-3170.

Y. Zhao, Y.-H. Zhang, Z. Zhuge, Y.-H. Tang, J.-W. Tao, Y. Chen, Synthesis of a

(89]

[90]

[91]

(92]

(93]

[94]

(95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

poly-l-lysine/black phosphorus hybrid for biosensors, Anal. Chem. 90 (5)
(2018) 3149—-3155.

P. Bollella, G. Fusco, C. Tortolini, G. Sanzo, G. Favero, L. Gorton, et al., Beyond
graphene: electrochemical sensors and biosensors for biomarkers detection,
Biosens. Bioelectron. 89 (2017) 152—166.

A. Butterworth, E. Blues, P. Williamson, M. Cardona, L. Gray, D.K. Corrigan,
SAM composition and electrode roughness affect performance of a DNA
biosensor for antibiotic resistance, Biosensors 9 (1) (2019) 22.

C. Carucci, P. Haltenort, M. Salazar, A. Salis, E. Magner, Hofmeister phe-
nomena in bioelectrochemistry: the supporting electrolyte affects the
response of glucose electrodes, ChemElectroChem 2 (5) (2015) 659—663.
K.-J. Huang, D.-J. Niu, J.-Y. Sun, J.-]. Zhu, An electrochemical amperometric
immunobiosensor for label-free detection of a-fetoprotein based on amine-
functionalized graphene and gold nanoparticles modified carbon ionic liquid
electrode, ]. Electroanal. Chem. 656 (1-2) (2011) 72—77.

M. Piliarik, H. Vaisocherovd, ]. Homola, Surface Plasmon Resonance Bio-
sensing, Biosensors and Biodetection, Springer, 2009, pp. 65—88.

P.K. Maharana, P. Padhy, R. Jha, On the field enhancement and performance
of an ultra-stable SPR biosensor based on graphene, IEEE Photon. Technol.
Lett. 25 (22) (2013) 2156—2159.

N.H. Salah, D. Jenkins, L. Panina, R. Handy, G. Pan, S. Awan, Self-Sensing
Surface Plasmon Resonance for the Detection of Metallic Nanoparticles,
2013.

N.H. Salah, D. Jenkins, R. Handy, Graphene and its influence in the
improvement of surface plasmon resonance (SPR) based sensors: a review,
Int. ]. Innovat. Res. Adv. Eng. (IJIRAE) 1 (10) (2014).

M.S. Rahman, M.S. Anower, L.B. Bashar, K.A. Rikta, Sensitivity analysis of
graphene coated surface plasmon resonance biosensors for biosensing ap-
plications, Sens. Bio-sens. Res. 16 (2017) 41—45.

N.-F. Chiu, T.-Y. Huang, Sensitivity and kinetic analysis of graphene oxide-
based surface plasmon resonance biosensors, Sensor. Actuator. B Chem.
197 (2014) 35—42.

N.-F. Chiu, C.-T. Kuo, C.-Y. Chen, High-affinity carboxyl-graphene oxide-
based SPR aptasensor for the detection of hCG protein in clinical serum
samples, Int. J. Nanomed. 14 (2019) 4833.

N.-F. Chiu, T.-L. Lin, C.-T. Kuo, Highly sensitive carboxyl-graphene oxide-
based surface plasmon resonance immunosensor for the detection of lung
cancer for cytokeratin 19 biomarker in human plasma, Sensor. Actuator. B
Chem. 265 (2018) 264—272.

D.C. Harris, M.D. Bertolucci, Symmetry and Spectroscopy: an Introduction to
Vibrational and Electronic Spectroscopy, Courier Corporation, 1989.

K. Kneipp, H. Kneipp, I. Itzkan, R.R. Dasari, M.S. Feld, Ultrasensitive chemical
analysis by Raman spectroscopy, Chem. Rev. 99 (10) (1999) 2957—2976.

Z. Wang, S. Wu, L.C. Ciacchi, G. Wei, Graphene-based nanoplatforms for
surface-enhanced Raman scattering sensing, Analyst 143 (21) (2018)
5074—5089.

T. Demeritte, B.P. Viraka Nellore, R. Kanchanapally, S.S. Sinha, A. Pramanik,
S.R. Chavva, et al, Hybrid graphene oxide based plasmonic-magnetic
multifunctional nanoplatform for selective separation and label-free iden-
tification of Alzheimer’s disease biomarkers, ACS Appl. Mater. Interfaces 7
(24) (2015) 13693—13700.

[105] J. Kim, Y. Jang, N.-J. Kim, H. Kim, G.-C. Yi, Y. Shin, M.H. Kim, et al., Study of

[106]

[107]
[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

chemical enhancement mechanism in nonplasmonic surface enhanced
Raman spectroscopy (SERS), Front. Chem. 7 (2019) 582.

H. Dong, W. Gao, F. Yan, H. Ji, H. Ju, Fluorescence resonance energy transfer
between quantum dots and graphene oxide for sensing biomolecules, Anal.
Chem. 82 (13) (2010) 5511-5517.

R. Swathi, K. Sebastian, Resonance energy transfer from a dye molecule to
graphene, J. Chem. Phys. 129 (5) (2008), 054703.

PJJ. Huang, J. Liu, DNA-length-dependent fluorescence signaling on gra-
phene oxide surface, Small 8 (7) (2012) 977—-983.

B.J. Hong, Z. An, O.C. Compton, S.T. Nguyen, Tunable biomolecular interaction
and fluorescence quenching ability of graphene oxide: application to “turn-
on” DNA sensing in biological media, Small 8 (16) (2012) 2469—2476.

A. Huang, L. Zhang, W. Li, Z. Ma, S. Shuo, T. Yao, Controlled fluorescence
quenching by antibody-conjugated graphene oxide to measure tau protein,
R. Soc. Open Sci. 5 (4) (2018) 171808.

X.-P. He, Q. Deng, L. Cai, C.-Z. Wang, Y. Zang, ]J. Li, et al., Fluorogenic
resveratrol-confined graphene oxide for economic and rapid detection of
Alzheimer’s disease, ACS Appl. Mater. Interfaces 6 (8) (2014) 5379—5382.
A. Mars, M. Hamami, L. Bechnak, D. Patra, N. Raouafi, Curcumin-graphene
quantum dots for dual mode sensing platform: electrochemical and fluo-
rescence detection of APOe4, responsible of Alzheimer’s disease, Anal. Chim.
Acta 1036 (2018) 141—-146.

H. Zhang, H. Zhang, A. Aldalbahi, X. Zuo, C. Fan, X. Mi, Fluorescent biosensors
enabled by graphene and graphene oxide, Biosens. Bioelectron. 89 (2017)
96—106.

N. Celik, W. Balachandran, N. Manivannan, Graphene-based biosensors:
methods, analysis and future perspectives, IET Circuits, Devices Syst. 9 (6)
(2015) 434—445.

G. Lan, S. Liu, X. Zhang, Y. Wang, Y. Song, Highly sensitive and wide-
dynamic-range liquid-prism surface plasmon resonance refractive index
sensor based on the phase and angular interrogations, Chin. Optic Lett. 14 (2)
(2016), 022401.

[116] J. Pena-Bahamonde, H.N. Nguyen, S.K. Fanourakis, D.F. Rodrigues, Recent


http://refhub.elsevier.com/S0008-6223(20)30617-5/sref63
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref63
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref63
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref64
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref64
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref64
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref64
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref64
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref65
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref66
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref66
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref66
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref66
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref66
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref67
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref67
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref67
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref67
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref68
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref68
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref68
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref68
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref69
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref70
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref70
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref70
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref70
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref70
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref71
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref72
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref72
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref72
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref72
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref73
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref73
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref73
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref73
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref73
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref74
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref74
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref74
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref75
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref75
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref75
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref75
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref76
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref77
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref77
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref77
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref77
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref77
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref78
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref78
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref78
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref78
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref78
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref79
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref79
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref79
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref79
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref80
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref80
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref80
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref80
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref81
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref81
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref82
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref82
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref82
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref83
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref83
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref83
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref83
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref84
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref84
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref84
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref84
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref85
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref85
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref85
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref85
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref86
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref87
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref87
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref87
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref87
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref87
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref88
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref88
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref88
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref88
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref89
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref89
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref89
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref89
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref89
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref90
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref90
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref90
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref91
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref91
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref91
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref91
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref92
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref92
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref92
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref92
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref92
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref93
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref93
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref93
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref93
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref94
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref94
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref94
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref94
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref95
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref95
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref95
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref96
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref96
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref96
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref97
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref97
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref97
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref97
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref98
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref98
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref98
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref98
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref99
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref99
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref99
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref100
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref100
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref100
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref100
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref100
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref101
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref101
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref102
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref102
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref102
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref103
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref103
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref103
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref103
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref104
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref105
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref105
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref105
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref106
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref106
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref106
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref106
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref107
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref107
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref108
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref108
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref108
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref109
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref109
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref109
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref109
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref110
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref110
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref110
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref111
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref111
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref111
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref111
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref112
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref112
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref112
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref112
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref112
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref113
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref113
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref113
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref113
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref114
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref114
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref114
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref114
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref115
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref115
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref115
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref115
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref116
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref116

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

B. Li et al. / Carbon 168 (2020) 144—162

advances in graphene-based biosensor technology with applications in life
sciences, J. Nanobiotechnol. 16 (1) (2018) 75.

B. Li, G. Pan, S.A. Awan, N. Avent, Techniques for production of large area
graphene for electronic and sensor device applications, Graphene 2D Mater.
1(2014) 12.

D.V. Kosynkin, G. Ceriotti, K.C. Wilson, J.R. Lomeda, ].T. Scorsone, A.D. Patel, et
al., Graphene oxide as a high-performance fluid-loss-control additive in
water-based drilling fluids, ACS Appl. Mater. Interfaces 4 (1) (2012)
222-227.

LH. Son, J.H. Park, S. Park, K. Park, S. Han, ]. Shin, et al., Graphene balls for
lithium rechargeable batteries with fast charging and high volumetric en-
ergy densities, Nat. Commun. 8 (1) (2017) 1561.

L. Lin, H. Peng, Z. Liu, Synthesis challenges for graphene industry, Nat. Mater.
18 (6) (2019) 520—524.

S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, et al., Roll-to-roll production
of 30-inch graphene films for transparent electrodes, Nat. Nanotechnol. 5 (8)
(2010) 574.

L.-H. Cho, ]. Lee, J. Kim, M.-S. Kang, J.K. Paik, S. Ku, et al., Current technologies
of electrochemical immunosensors: perspective on signal amplification,
Sensors 18 (1) (2018) 207.

T. Bogoslovsky, D. Wilson, Y. Chen, D. Hanlon, J. Gill, A. Jeromin, et al., In-
creases of plasma levels of glial fibrillary acidic protein, tau, and amyloid B
up to 90 Days after traumatic brain injury, J. Neurotrauma 34 (1) (2017)
66—73.

D. Wu, M.D. Milutinovic, D.R. Walt, Single molecule array (Simoa) assay with
optimal antibody pairs for cytokine detection in human serum samples,
Analyst 140 (18) (2015) 6277—6282.

H. Wei, S. Ni, C. Cao, G. Yang, G. Liu, Graphene oxide signal reporter based
multifunctional immunosensing platform for amperometric profiling of
multiple cytokines in serum, ACS Sens. 3 (8) (2018) 1553—1561.

T.B. Martins, J.W. Rose, T.D. Jaskowski, A.R. Wilson, D. Husebye, H.S. Seraj, et
al, Analysis of proinflammatory and anti-inflammatory cytokine serum
concentrations in patients with multiple sclerosis by using a multiplexed
immunoassay, Am. J. Clin. Pathol. 136 (5) (2011) 696—704.

X. Chen, P. Qin, J. Li, Z. Yang, Z. Wen, Z. Jian, et al., Impedance immunosensor
for bovine interleukin-4 using an electrode modified with reduced graphene
oxide and chitosan, Microchimica Acta 182 (1) (2015) 369—376.

G. Zuliani, G. Guerra, M. Ranzini, L. Rossi, M.R. Munari, A. Zurlo, et al., High
interleukin-6 plasma levels are associated with functional impairment in
older patients with Vascular dementia, Int. ]. Geriatr. Psychiatr. 22 (4) (2007)
305-311.

G. Liuzzi, M. Trojano, M. Fanelli, C. Avolio, A. Fasano, P. Livrea, et al., Intra-
thecal synthesis of matrix metalloproteinase-9 in patients with multiple
sclerosis: implication for pathogenesis, Mult. Scler. ]J. 8 (3) (2002) 222—228.
AS. Koksal, S. Koklii, M. Ibis, M. Balci, B. Cicek, N. Sasmaz, et al., Clinical
features, serum interleukin-6, and interferon-y levels of 34 Turkish patients
with hepatoportal sclerosis, Dig. Dis. Sci. 52 (12) (2007) 3493—3498.

S. Farid, X. Meshik, M. Choi, S. Mukherjee, Y. Lan, D. Parikh, et al., Detection of
Interferon gamma using graphene and aptamer based FET-like electro-
chemical biosensor, Biosens. Bioelectron. 71 (2015) 294—299.

P. Pesini, V. Pérez-Grijalba, I. Monleén, M. Boada, L. Tarraga, P. Martinez-
Lage, et al., Reliable measurements of the B-amyloid pool in blood could help
in the early diagnosis of AD, Int. J. Alzheimer’s Dis. (2012) 2012.

L.-F. Lue, A. Guerra, D.G. Walker, Amyloid beta and tau as Alzheimer’s disease
blood biomarkers: promise from new technologies, Neurol. Ther. 6 (Suppl 1)
(2017) 25-36.

D. Jeong, J. Kim, M.-S. Chae, W. Lee, S.-H. Yang, Y. Kim, et al., Multi-
functionalized reduced graphene oxide biosensors for simultaneous moni-
toring of structural changes in amyloid-f 40, Sensors 18 (6) (2018) 1738.
H. Zetterberg, D. Wilson, U. Andreasson, L. Minthon, K. Blennow, J. Randall, et
al,, Plasma tau levels in Alzheimer's disease, Alzheimer’s Res. Ther. 5 (2)
(2013), 9-9.

[136] J. Randall, E. Mortberg, G.K. Provuncher, D.R. Fournier, D.C. Duffy,

[137]

[138]

S. Rubertsson, et al.,, Tau proteins in serum predict neurological outcome
after hypoxic brain injury from cardiac arrest: results of a pilot study,
Resuscitation 84 (3) (2013) 351-356.

K. Nylén, M. Ost, LZ. Csajbok, I. Nilsson, K. Blennow, B. Nellgard, et al.,
Increased serum-GFAP in patients with severe traumatic brain injury is
related to outcome, J. Neurol. Sci. 240 (1) (2006) 85—91.

S. Khetani, V. Ozhukil Kollath, V. Kundra, M.D. Nguyen, C. Debert, A. Sen, et
al.,, Polyethylenimine modified graphene-oxide electrochemical immuno-
sensor for the detection of glial fibrillary acidic protein in central nervous
system injury, ACS Sens. 3 (4) (2018) 844—851.

[139] J. Kuhle, C. Barro, U. Andreasson, T. Derfuss, R. Lindberg, A. Sandelius, et al.,

[140]

[141]

[142]

Comparison of three analytical platforms for quantification of the neuro-
filament light chain in blood samples: ELISA, electrochemiluminescence
immunoassay and Simoa, Clin. Chem. Lab. Med. 54 (10) (2016) 1655—1661.
K. Taddei, R. Clarnette, S.E. Gandy, R.N. Martins, Increased plasma apolipo-
protein E (apoE) levels in Alzheimer’s disease, Neurosci. Lett. 223 (1) (1997)
29-32.

C. Hesse, H. Larsson, P. Fredman, L. Minthon, N. Andreasen, P. Davidsson, et
al., Measurement of apolipoprotein E (apoE) in cerebrospinal fluid, Neuro-
chem. Res. 25 (4) (2000) 511-517.

B. Mollenhauer, ]J. Locascio, W. Schulz-Schaeffer, F. Sixel-Doring,
C. Trenkwalder, M.G. Schlossmacher, a-Synuclein and tau concentrations in

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

161

cerebrospinal fluid of patients presenting with parkinsonism: a cohort study,
Lancet Neurol. 10 (3) (2011) 230—240.

C. Laske, AJ. Fallgatter, E. Stransky, K. Hagen, D. Berg, W. Maetzler, Decreased
a-synuclein serum levels in patients with Lewy body dementia compared to
Alzheimer’s disease patients and control subjects, Dement. Geriatr. Cognit.
Disord. 31 (6) (2011) 413—416.

M. Ohta, K. Ohta, J. Ma, J. Takeuchi, T. Saida, M. Nishimura, et al., Clinical and
analytical evaluation of an enzyme immunoassay for Myelin basic protein in
cerebrospinal fluid, Clin. Chem. 46 (9) (2000) 1326—1330.

M.v. Oijen, J.C. Witteman, A. Hofman, P.J. Koudstaal, M.M.B. Breteler,
Fibrinogen is associated with an increased risk of alzheimer disease and
vascular dementia, Stroke 36 (12) (2005) 2637—2641.

W. Saleem, C. Salinas, B. Watkins, G. Garvey, A.C. Sharma, R. Ghosh, Antibody
functionalized graphene biosensor for label-free electrochemical immuno-
sensing of fibrinogen, an indicator of trauma induced coagulopathy, Biosens.
Bioelectron. 86 (2016) 522—529.

L.V. Portela, A.B. Tort, D.b.V. Schaf, L. Ribeiro, D.B. Nora, R. Walz, et al., The
serum S100B concentration is age dependent, Clin. Chem. 48 (6) (2002)
950—952.

M.A.  Tabrizi, J.  Ferri-Borrull, P. Kapruwan, LF.  Marsal,
A photoelectrochemical sandwich immunoassay for protein S1008, a
biomarker for Alzheimer’s disease, using an ITO electrode modified with a
reduced graphene oxide-gold conjugate and CdS-labeled secondary anti-
body, Microchimica Acta 186 (2) (2019) 117.

X. Luo, A. Morrin, AJ. Killard, M.R. Smyth, Application of nanoparticles in
electrochemical sensors and biosensors, Electroanalysis: Int. J. Devoted Fund.
Pract. Aspect. Electroanal. 18 (4) (2006) 319—326.

B.S. Munge, C.E. Krause, R. Malhotra, V. Patel, J.S. Gutkind, J.F. Rusling,
Electrochemical immunosensors for interleukin-6. Comparison of carbon
nanotube forest and gold nanoparticle platforms, Electrochem. Commun. 11
(5) (2009) 1009—1012.

S. Loyprasert, P. Thavarungkul, P. Asawatreratanakul, B. Wongkittisuksa,
C. Limsakul, P. Kanatharana, Label-free capacitive immunosensor for
microcystin-LR using self-assembled thiourea monolayer incorporated with
Ag nanoparticles on gold electrode, Biosens. Bioelectron. 24 (1) (2008)
78—86.

R. Elshafey, M. Siaj, A.C. Tavares, Au nanoparticle decorated graphene
nanosheets for electrochemical immunosensing of p53 antibodies for cancer
prognosis, Analyst 141 (9) (2016) 2733—2740.

T. Kuila, S. Bose, P. Khanra, A.K. Mishra, N.H. Kim, J.H. Lee, Recent advances in
graphene-based biosensors, Biosens. Bioelectron. 26 (12) (2011) 4637—4648.
P. Xiong, N. Gan, Y. Cao, F. Hu, T. Li, L. Zheng, An ultrasensitive electro-
chemical immunosensor for alpha-fetoprotein using an envision complex-
antibody copolymer as a sensitive label, Materials 5 (12) (2012) 2757—2772.
H.C. Yoon, H.-S. Kim, Multilayered assembly of dendrimers with enzymes on
gold: thickness-controlled biosensing interface, Anal. Chem. 72 (5) (2000)
922-926.

G. Lai, H. Cheng, D. Xin, H. Zhang, A. Yu, Amplified inhibition of the elec-
trochemical signal of ferrocene by enzyme-functionalized graphene oxide
nanoprobe for ultrasensitive immunoassay, Anal. Chim. Acta 902 (2016)
189-195.

S. Tang, J. Zhao, ].J. Storhoff, P.J. Norris, R.F. Little, R. Yarchoan, et al., Nano-
particle-based biobarcode amplification assay (BCA) for sensitive and early
detection of human immunodeficiency type 1 capsid (p24) antigen, J. Acquir.
Immune Defic. Syndr. (JAIDS) 46 (2) (2007) 231-237.

M. Ritzi-Lehnert, Development of chip-compatible sample preparation for
diagnosis of infectious diseases, Expert Rev. Mol. Diagn. 12 (2) (2012)
189—-206.

S. Yang, A. Undar, J.D. Zahn, A microfluidic device for continuous, real time
blood plasma separation, Lab Chip 6 (7) (2006) 871—-880.

R. Fan, O. Vermesh, A. Srivastava, B.K. Yen, L. Qin, H. Ahmad, et al., Integrated
barcode chips for rapid, multiplexed analysis of proteins in microliter
quantities of blood, Nat. Biotechnol. 26 (12) (2008) 1373.

X. Yang, O. Forouzan, T.P. Brown, S.S. Shevkoplyas, Integrated separation of
blood plasma from whole blood for microfluidic paper-based analytical de-
vices, Lab Chip 12 (2) (2012) 274—280.

M.L. Chiu, W. Lawi, S.T. Snyder, P.K. Wong, ].C. Liao, V. Gau, Matrix effects—a
challenge toward automation of molecular analysis, JALA: ]. Assoc. Lab.
Autom. 15 (3) (2010) 233—-242.

K.-Y. Lien, L-Y. Hung, T.-B. Huang, Y.-C. Tsai, H.-Y. Lei, G.-B. Lee, Rapid
detection of influenza A virus infection utilizing an immunomagnetic bead-
based microfluidic system, Biosens. Bioelectron. 26 (9) (2011) 3900—3907.
C. Carlomagno, M. Cabinio, S. Picciolini, A. Gualerzi, F. Baglio, M. Bedoni,
SERS-based biosensor for Alzheimer disease evaluation through the fast
analysis of human serum, J. Biophot. 13 (3) (2020), e201960033.

M. Zhang, B.-C. Yin, W. Tan, B.-C. Ye, A versatile graphene-based fluorescence
“on/off” switch for multiplex detection of various targets, Biosens. Bio-
electron. 26 (7) (2011) 3260—3265.

H.H. Bay, R. Vo, X. Dai, H.-H. Hsu, Z. Mo, S. Cao, et al., Hydrogel gate graphene
field-effect transistors as multiplexed biosensors, Nano Lett. 19 (4) (2019)
2620—2626.

P. Yanez-Sedeno, S. Campuzano, ].M. Pingarrén, Multiplexed electrochemical
immunosensors for clinical biomarkers, Sensors 17 (5) (2017) 965.

S. Ge, F. Yu, L. Ge, M. Yan, J. Yu, D. Chen, Disposable electrochemical
immunosensor for simultaneous assay of a panel of breast cancer tumor


http://refhub.elsevier.com/S0008-6223(20)30617-5/sref116
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref116
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref117
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref117
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref117
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref118
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref118
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref118
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref118
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref118
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref119
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref119
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref119
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref120
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref120
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref120
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref121
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref121
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref121
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref122
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref122
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref122
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref123
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref123
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref123
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref123
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref123
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref124
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref124
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref124
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref124
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref125
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref125
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref125
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref125
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref126
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref126
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref126
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref126
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref126
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref127
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref127
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref127
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref127
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref128
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref128
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref128
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref128
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref128
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref129
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref129
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref129
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref129
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref130
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref131
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref131
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref131
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref131
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref132
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref133
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref133
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref133
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref133
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref134
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref134
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref134
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref135
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref135
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref135
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref136
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref137
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref138
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref138
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref138
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref138
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref138
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref139
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref139
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref139
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref139
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref139
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref140
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref140
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref140
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref140
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref141
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref141
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref141
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref141
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref142
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref143
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref143
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref143
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref143
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref143
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref144
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref144
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref144
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref144
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref145
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref145
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref145
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref145
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref146
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref146
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref146
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref146
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref146
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref147
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref147
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref147
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref147
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref148
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref148
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref148
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref148
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref148
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref149
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref149
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref149
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref149
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref150
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref150
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref150
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref150
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref150
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref151
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref152
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref152
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref152
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref152
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref153
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref153
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref153
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref154
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref154
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref154
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref154
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref155
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref155
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref155
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref155
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref156
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref156
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref156
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref156
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref156
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref157
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref157
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref157
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref157
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref157
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref158
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref158
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref158
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref158
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref159
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref159
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref159
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref160
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref160
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref160
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref161
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref161
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref161
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref161
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref162
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref162
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref162
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref162
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref162
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref163
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref163
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref163
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref163
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref164
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref164
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref164
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref165
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref165
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref165
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref165
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref166
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref166
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref166
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref166
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref167
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref167
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref167
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref167
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref167
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref168
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref168

162

[169]

[170]

[171]

[172]

B. Li et al. / Carbon 168 (2020) 144—162

markers, Analyst 137 (20) (2012) 4727—4733.

G. Martinez-Garcia, L. Agiii, P. Yanez-Sedeno, ]. Pingarrén, Multiplexed
electrochemical immunosensing of obesity-related hormones at grafted
graphene-modified electrodes, Electrochim. Acta 202 (2016) 209—215.

Z. Cui, D. Wu, Y. Zhang, H. Ma, H. Li, B. Du, et al., Ultrasensitive electro-
chemical immunosensors for multiplexed determination using mesoporous
platinum nanoparticles as nonenzymatic labels, Anal. Chim. Acta 807 (2014)
44-50.

T. Li, B. Shu, B. Jiang, L. Ding, H. Qi, M. Yang, et al., Ultrasensitive multiplexed
protein biomarker detection based on electrochemical tag incorporated
polystyrene spheres as label, Sensor. Actuator. B Chem. 186 (2013) 768—773.
D. Du, J. Wang, D. Lu, A. Dohnalkova, Y. Lin, Multiplexed electrochemical
immunoassay of phosphorylated proteins based on enzyme-functionalized
gold nanorod labels and electric field-driven acceleration, Anal. Chem. 83
(17) (2011) 6580—6585.

[173] J.F. Rusling, Multiplexed electrochemical protein detection and translation to

personalized cancer diagnostics, Anal. Chem. 85 (11) (2013) 5304—5310.

[174] ]. Tang, D. Tang, R. Niessner, G. Chen, D. Knopp, Magneto-controlled gra-

[175]

[176]

[177]

[178]

[179]
[180]

[181]

phene immunosensing platform for simultaneous multiplexed electro-
chemical immunoassay using distinguishable signal tags, Anal. Chem. 83 (13)
(2011) 5407—-5414.

N. Laboria, A. Fragoso, W. Kemmner, D. Latta, O. Nilsson, M. Luz Botero, et al.,
Amperometric immunosensor for carcinoembryonic antigen in colon cancer
samples based on monolayers of dendritic bipodal scaffolds, Anal. Chem. 82
(5) (2010) 1712—1719.

A. Koklu, J. Giuliani, C. Monton, A. Beskok, Rapid and sensitive detection of
nanomolecules by AC electrothermal flow facilitated impedance immuno-
sensor, Anal. Chem. 92 (2020) 7762—7769, https://pubs.acs.org/doi/full/10.
1021/acs.analchem.0c00890.

A. Jones, L. Dhanapala, R.IN.T. Kankanamage, C.V. Kumar, J.F. Rusling, Multi-
plexed immunosensors and immunoarrays, Anal. Chem. 92 (1) (2020)
345-362.

S. Chen, Y. Dou, Z. Zhao, F. Li, J. Su, C. Fan, et al., High-sensitivity and high-
efficiency detection of DNA hydroxymethylation in genomic DNA by mul-
tiplexing electrochemical biosensing, Anal. Chem. 88 (7) (2016) 3476—3480.
G. Arrabito, B. Pignataro, Solution Processed Micro-and Nano-Bioarrays for
Multiplexed Biosensing, ACS Publications, 2012.

C.W. De Silva, Sensor Systems: Fundamentals and Applications, CRC Press,
2016.

K. Henriksen, S.E. O'Bryant, H. Hampel, J.Q. Trojanowski, T.. Montine,
A. Jeromin, et al, The future of blood-based biomarkers for Alzheimer’s
disease, Alzheimer’s Dementia 10 (1) (2014) 115—-131.

[182]

[183]
[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

S.K. Vashist, D. Zheng, K. Al-Rubeaan, J.H.T. Luong, F.-S. Sheu, Technology
behind commercial devices for blood glucose monitoring in diabetes man-
agement: a review, Anal. Chim. Acta 703 (2) (2011) 124—136.

M.J. Madou, Fundamentals of Microfabrication and Nanotechnology, Three-
Volume Set, CRC Press, 2018.

T.G. Henares, F. Mizutani, H. Hisamoto, Current development in microfluidic
immunosensing chip, Anal. Chim. Acta 611 (1) (2008) 17—30.

M.M. Hamedi, A. Ainla, F. Giider, D.C. Christodouleas, M.T. Fernandez-Abedul,
G.M. Whitesides, Integrating electronics and microfluidics on paper, Adv.
Mater. 28 (25) (2016) 5054—5063.

Y. Wang, H. Xu, J. Luo, J. Liu, L. Wang, Y. Fan, et al., A novel label-free
microfluidic paper-based immunosensor for highly sensitive electro-
chemical detection of carcinoembryonic antigen, Biosens. Bioelectron. 83
(2016) 319-326.

P. Zuo, X. Li, D.C. Dominguez, B.-C. Ye, A PDMS/paper/glass hybrid micro-
fluidic biochip integrated with aptamer-functionalized graphene oxide
nano-biosensors for one-step multiplexed pathogen detection, Lab Chip 13
(19) (2013) 3921-3928.

Z. Taleat, A. Khoshroo, M. Mazloum-Ardakani, Screen-printed electrodes for
biosensing: a review (2008—2013), Microchimica Acta 181 (9-10) (2014)
865—891.

K. Islam, S. Damiati, J. Sethi, A. Suhail, G. Pan, Development of a label-free
immunosensor for clusterin detection as an alzheimer’s biomarker, Sensors
18 (1) (2018) 308.

L. Baptista-Pires, A. de la Escosura-Muniz, M. Balsells, ].C. Zuaznabar-Gar-
dona, A. Merkogi, Production and printing of graphene oxide foam ink for
electrocatalytic applications, Electrochem. Commun. 98 (2019) 6-9.

P. He, ]. Cao, H. Ding, C. Liu, J. Neilson, Z. Li, et al., Screen-printing of a highly
conductive graphene ink for flexible printed electronics, ACS Appl. Mater.
Interfaces 11 (35) (2019) 32225—32234.

M. Albareda-Sirvent, A. Merkogi, S. Alegret, Configurations used in the design
of screen-printed enzymatic biosensors. A review, Sensor. Actuator. B Chem.
69 (1) (2000) 153—163.

A. Moya, G. Gabriel, R. Villa, F. Javier del Campo, Inkjet-printed electro-
chemical sensors, Curr. Opin. Electrochem. 3 (1) (2017) 29—39.

S.R. Das, Q. Nian, A.A. Cargill, ].A. Hondred, S. Ding, M. Saei, et al., 3D nano-
structured inkjet printed graphene via UV-pulsed laser irradiation enables
paper-based electronics and electrochemical devices, Nanoscale 8 (35)
(2016) 15870—15879.

[195] J. Castillo-Le6n, W.E. Svendsen, Lab-on-a-Chip Devices and Micro-total

[196]

Analysis Systems: a Practical Guide, Springer, 2014.
Quanterix, Simoa Assay Kits.


http://refhub.elsevier.com/S0008-6223(20)30617-5/sref168
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref168
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref169
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref170
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref170
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref170
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref170
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref170
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref171
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref171
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref171
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref171
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref172
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref172
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref172
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref172
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref172
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref173
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref173
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref173
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref174
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref174
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref174
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref174
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref174
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref175
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref175
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref175
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref175
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref175
https://pubs.acs.org/doi/full/10.1021/acs.analchem.0c00890
https://pubs.acs.org/doi/full/10.1021/acs.analchem.0c00890
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref177
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref177
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref177
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref177
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref178
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref178
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref178
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref178
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref179
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref179
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref180
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref180
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref181
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref181
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref181
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref181
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref182
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref182
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref182
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref182
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref183
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref183
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref184
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref184
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref184
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref185
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref185
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref185
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref185
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref185
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref186
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref186
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref186
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref186
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref186
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref187
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref187
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref187
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref187
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref187
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref188
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref188
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref188
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref188
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref188
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref189
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref189
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref189
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref190
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref190
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref190
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref190
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref190
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref191
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref191
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref191
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref191
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref192
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref192
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref192
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref192
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref193
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref193
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref193
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref194
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref194
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref194
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref194
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref194
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref195
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref195
http://refhub.elsevier.com/S0008-6223(20)30617-5/sref195
https://www.quanterix.com/products-technology/simoa-assay-kits

	Clinical detection of neurodegenerative blood biomarkers using graphene immunosensor
	1. Introduction
	1.1. A need for blood immunoassay in primary settings
	1.2. Wonder materials and reality

	2. Graphene field-effect transistor immunosensor
	2.1. Sensing mechanism
	2.2. Device optimisation
	2.3. Application in neurodegenerative diseases
	2.4. Barriers to GFET in clinical blood biomarker detection

	3. Graphene-based electrochemical immunosensor
	3.1. Electrochemical sensing mechanism
	3.2. Application in neurodegenerative diagnosis
	3.3. Barriers to electrochemical sensors in clinical blood biomarker detection

	4. Graphene optical immunosensor
	4.1. Optical sensing mechanism
	4.1.1. Surface plasmon resonance (SPR)
	4.1.2. Surface-enhanced Raman spectroscopy (SERS)

	4.2. Barriers to graphene optical immunosensors in clinical application

	5. Strategies toward clinical applications
	5.1. Unified standards for graphene reproducibility
	5.2. Signal amplification for sensitivity improvement
	5.3. Challenges in sample preparation
	5.4. Multiplexed detection for reliability improvement
	5.5. Disposable immunosensors

	6. Conclusions and prospects
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References


