Downloaded via UNIV COLLEGE LONDON on December 20, 2021 at 12:28:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

SENSORSJ
=[10

pubs.acs.org/acssensors

Detection of Glial Fibrillary Acidic Protein in Patient Plasma Using
On-Chip Graphene Field-Effect Biosensors, in Comparison with
ELISA and Single-Molecule Array

Lizhou Xu," Sami Ramadan,’ Oluwatomi E. Akingbade, Yuanzhou Zhang, Sarah Alodan, Neil Graham,
Karl A. Zimmerman, Elias Torres, Amanda Heslegrave, Peter K. Petrov, Henrik Zetterberg,

David ]J. Sharp, Norbert Klein,* and Bing Li*
I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acssensors.1c02232

ACCESS |

[l Metrics & More | e Supporting Information

On-chip GFET biosensing

(1 4 (1) Blood (2) Direct : Y T %
il samping SFAP  detection } ‘w%mr
i - H
i - 9.’.%’2!‘.%’.‘?..[’.3.’5.5.5....’5.".‘.‘?.‘2?.\/..Séfﬁ?.
Classic State-of-the-art Future
'#: X T =T : GFET for POCT
S <! : S i "‘l v" Fast
z i h: E ! | v' Cheap
LY b ] v' Sensitive

e N

ABSTRACT: Glial fibrillary acidic protein (GFAP) is a discriminative blood biomarker for many neurological diseases, such as
traumatic brain injury. Detection of GFAP in buffer solutions using biosensors has been demonstrated, but accurate quantification of
GFAP in patient samples has not been reported, yet in urgent need. Herein, we demonstrate a robust on-chip graphene field-effect
transistor (GFET) biosensing method for sensitive and ultrafast detection of GFAP in patient plasma. Patients with moderate—
severe traumatic brain injuries, defined by the Mayo classification, are recruited to provide plasma samples. The binding of target
GFAP with the specific antibodies that are conjugated on a monolayer GFET device triggers the shift of its Dirac point, and this
signal change is correlated with the GFAP concentration in the patient plasma. The limit of detection (LOD) values of 20 fg/mL
(400 aM) in buffer solution and 231 fg/mL (4 fM) in patient plasma have been achieved using this approach. In parallel, for the first
time, we compare our results to the state-of-the-art single-molecule array (Simoa) technology and the classic enzyme-linked
immunosorbent assay (ELISA) for reference. The GFET biosensor shows competitive LOD to Simoa (1.18 pg/mL) and faster
sample-to-result time (<15 min), and also it is cheaper and more user-friendly. In comparison to ELISA, GFET offers advantages of
total detection time, detection sensitivity, and simplicity. This GFET biosensing platform holds high promise for the point-of-care
diagnosis and monitoring of traumatic brain injury in GP surgeries and patient homes.

KEYWORDS: single-molecule array, graphene field-effect transistor, biosensor, glial fibrillary acidic protein,
traumatic brain injury blood biomarker

T raumatic brain injury (TBI) affects millions of people
every year, and it has become one of the major burdens
for the healthcare systems in many developed countries.’
Symptom assessment and clinical examination currently form
an important part of TBI assessment; however, factors such as
disease complexity, differences in practitioner expertise,
incorrect referrals, and long waiting times™” cause significantly
delayed diagnosis. In light of this, an accurate and reliable
blood biomarker-based point-of-care (POC) diagnosis is
extremely promising because: (1) blood biomarkers could
quickly reflect the dynamic progress of TBI after the trauma-
risk activity.” This happens before the symptoms appear and is
critical for early-stage diagnosis. (2) The blood samples can be
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accessed through the widely accessible acquisition and
handling infrastructures,’ through less invasive and less
expensive procedures, such as venous blood collection in GP
surgeries and finger-prick blood collection in patients’ homes.
This allows the at-risk individual to be screened and referred to
the most suitable specialist at their earliest possible stage.
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Great progress has been made in the discovery of TBI blood
biomarkers, as reported by Shahim et al.* Among them, glial
fibrillary acidic protein (GFAP) is an astrocytic cytoskeletal
protein that appears post-injury in blood. The fluctuation of
GFAP concentration accurately reflects the progress of TBI,
which makes it an ideal biomarker for the TBI early diagnosis
and monitoring. It is also a biomarker for a range of other
neurological diseases,®™ "’ including glioblastoma multiforme,
multiple sclerosis, intracerebral hemorrhage, and Alzheimer’s
disease.'" Classic methods for the detection of GFAP include
enzyme-linked immunosorbent assay (ELISA)'* and Western
blot techniques.'’ However, their sensitivities and detection
ranges are inadequate to cover the clinically relevant
concentration from a few femtomolars up to the nanomolar
level.”"* While more advanced assays have been developed and
available in some clinical laboratories, i.e., mass spectrometry'
and single molecular array (Simoa) technology,'' these
techniques require complicated fluorescent labeling processes,
demanding laser excitation, and signal capture systems, as well
as highly skilled operational personnel and high maintenance
cost. These reasons limited the accessibility of the above
methods to serve in GP surgeries and patients’ homes.

Recently, a growing number of biosensing approaches have
been published for the detection of GFAP, with an aim to
achieve point-of-care (POC) detection. For example, electro-
chemical sensors based on anti-GFAP antibodies'® or
molecularly imprinted polymer technology'’ have been
proposed for GFAP detection in buffer solution with the
limit of detection (LOD) values of 10" fM and 10* pM. An
organic field-effect transistor with a LOD of 10" pM has been
reported for GFAP detection in buffer solution.'® However,
there are a limited number of papers reporting a biosensor
device for GFAP detection in samples with matrix effects, such
as serum or plasma. One example is a fluorescence sensor using
anti-GFAP antibodies functionalized with carbon dots for
labeling and signal reporting, reaching a LOD of the order of
pM in 25 pg/mL in buffer solution.” This method was then
applied to the determination of GFAP in four spiked human
serum samples at 0.1—0.4 ng/mL range, and the results
showed good recovery. A very recent study showed a ultrahigh-
frequency surface acoustic wave (SAW) sensor for the
successful GFAP detection in fetal bovine serum (FBS) matrix
at a concentration as low as 35 pM.”’ A polyethylenimine-
modified graphene oxide electrochemical immunosensor was
reported for the detection of GFAP in the dynamic range of 1
pg/mL to 100 ng/mL in spiked serum within 45 min.>! These
are the only few examples of GFAP detection in a nonbuffer
environment using biosensors. However, they all tested GFAP
under the spiked serum/FBS condition, rather than in patient
samples (with naturally produced GFAP). For clinical
diagnosis and POC screening, more sensitive biosensing
methods and detection data toward demonstrations in patient
samples are required to measure GFAP biomarker GP
surgeries and patients’ home.’

Over the last decade, graphene field-effect transistor
(GFET) has emerged as a promising detection method for
the early diagnosis of disease and point-of-care testing
(POCT)**** for several reasons: graphene exhibits an
extremely high surface-to-volume ratio and tunable electronic
properties that make it sensitive to any charged molecules near
its surface;** graphene offers fast response due to its high
mobility. In addition, graphene is biologically compatible and
can be directly functionalized without the need for new

functionalization steps or damaging its sp? network.”
Furthermore, GFET biosensors consume very low amounts
of power and have great potential for mass production. GFET
biosensors have been utilized for ultralow detection of a variety
of biological species including proteins, exosomes, DNAs,
viruses, and other disease biomarkers.”*~>> However, so far,
there is no report of the detection of GFAP in patient samples
for neurological diseases using the GFET technology. Here, we
recruited six patients with moderate—severe TBI (defined by
the Mayo classification), and we demonstrated an on-chip
GFET biosensing platform for ultrasensitive and ultrafast
detection of GFAP with the LOD down to 20 fg/mL (400 aM)
in clean phosphate-buffered saline (PBS) and 231 fg/mL (4
fM) in patient plasma. The sensing performance has been
compared for the precise detection of GFAP in patient plasma
samples using the state-of-the-art Simoa technology, classic
ELISA, and our on-chip graphene FET, which represents the
trend of future biosensing technology.

B MATERIALS AND METHODS

Patient Samples. Patients with moderate—severe TBI, defined by
the Mayo classification,” were recruited from a trauma center in
London as part of the BIO-AX-TBI study (Health Research Authority
approval reference 17/LO/ 2066).3’4 Inclusion criteria were age
between 18 and 80 at time of injury and a diagnosis of moderate—
severe TBI. Exclusion criteria were preexisting neurological disease,
previous TBI requiring hospitalization, significant drug or alcohol
abuse, or pregnancy. Venous blood was sampled peripherally or by
central access line if available, using ethylenediaminetetraacetic acid
(EDTA)-coated tubes for plasma samples. After 30 min at room
temperature, samples were centrifuged at 2500X g at 4 °C, transferred
into 1.4 mL aliquots, and frozen at —80 °C. The healthy control
plasma samples (PSO) were provided by Merck (UK.) with a
negligible GFAP concentration.

Simoa. Plasma GFAP concentration was measured at University
College London using the Simoa platform (HD-x instrument) and the
Simoa GFAP Discovery Kit according to the manufacturer’s
instructions (Quanterix, Billerica, MA). First, samples were added
neat to the plate and then diluted X 4 on board the instrument. The
samples were then incubated with the mixture of capture antibody-
modified magnetic microbeads and biotinylated conjugate for 35 min.
The microbeads were incubated with streptavidin-f-galactosidase
(SBG) for S min, followed by a washup step, and then resuspended in
a resorufin f-p-galactopyranoside (RGP) substrate solution to
generate optical signal. The concentrations of GFAP were obtained
using a four-parameter 1/Y2 weighted curve fit with seven calibrator
points between 1.37 and 1000 pg/mL. These calibrator points were
measured from a serial dilution of concentrated calibrator in the assay
kit. Three plasma samples were used as the quality controls with
GFAP concentrations of 283.0 pg/mL (high), 61.0 pg/mL (medium),
and 13.6 pg/mL (low). Coefficient of variation (CV) was calculated
as a ratio of the standard deviation (SD) to the mean of the duplicate
Simoa measurements, as a measure of the accuracy of the measured
GFAP concentration. CV values below 30% were considered
acceptable.

Biofunctionalization of On-Chip GFET. The biofunctionaliza-
tion mainly includes an incubation step of a linker molecule 1-
pyrenebutanoic acid succinimidyl ester (PBASE), which has pyrene
groups that binds to graphene through z—n interaction, and N-
hydroxysuccinimide (NHS) ester, an amine-reactive reagent, that
extends from the graphene surface to react with primary amines
present on the GFAP antibody. First, the GFET devices were
incubated with PBASE (10 mM in dimethylformamide (DMF)
(Sigma-Aldrich)) for 2 h at room temperature and then gently rinsed
in DMF to remove excessive PBASE from the graphene surface and
dried in N,. Then, the unlabeled capture antibody from Human
GFAP Matched Antibody Pair Kit (ab222279, Abcam, U.K.) was
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Figure 1. Schematic of the methods for GFAP detection. (A) State-of-the-art Simoa technology relies on the effective binding between 500 K
antibody-modified magnetic beads and the GFAP molecules at a low concentration. The GFAP concentration is determined by digital counting of
the fluorescent signal from 216 K femtoliter-sized wells (for sample with high concentrations, there is also analogous signal quantification). (B)
Classic sandwich ELISA uses an HRP-based colorimetric detection. The concentration is determined by the integration of TMB color changes. (C)
On-chip GFET biosensing platform uses anti-GFAP functionalized graphene channel as a sensing element. The nonencapsulated reference
electrode (orange) allows liquid gating without external electrode. Detection is based on the shift of Dirac point in response to the extent of antigen

binding, which is linked to the GFAP concentration within a solution.

used. Multiple GFAP antibodies have been tested, and the chosen one
showed the highest sensitivity to blood GFAP. The antibody
incubation solution was prepared using 1X PBS at pH 8.4 to a
concentration of 0.25 mg/mL. Droplets of 20 uL of the incubation
solution were added onto the chip surface and left overnight in a
humidified environment at 4 °C. The chip was then sequentially
rinsed in 1 X PBS and deionized (DI) water and dried with N,. The
chip was blocked using 3% bovine serum albumin (BSA) in 1 X PBS
for 1 h, then rinsed with PBS and DI water, and dried with N, prior to
electrical measurement.

Electrical Detection of GFAP Using GFET. Immediately
following the incubation and cleaning of GFET sensor chip (model
$20), the electrical measurements were performed in 0.001 X PBS
solution (d1000 PBS to ensure the low ionic strength) using a

Keysight B1500 semiconductor analyzer. Source—drain voltage was
fixed at 20 mV, and electrolyte gate was swept from 0.2 to 0.9 V at a
sweeping rate of 30 mV/s, rendering source—drain currents in the
order of 10" yA and a power consumption of & 0.2 yW. The working
concentrations of GFAPs were prepared by a 10-time serial dilution
from the stock solution in d1000 PBS. For the detection in patient
plasma samples, the samples were first diluted 100 or 1000 times in
d1000 PBS and then measured using GFET sensors as mentioned
above.

Overview of the Detection Principles. The working mecha-
nisms of the three methods that we used for direct GFAP detection in
patient plasma samples are presented in Figure 1. Figure 1A shows the
workflow of the Simoa technology, which is believed to be the gold
standard diagnostic method in laboratorial settings. Briefly, the patient
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Table 1. Detection of GFAP in Human Plasma Using Simoa

GFAP concentration (pg/mL)

95% CI (pg/mL)

sample group sample no test 1 test 2 mean CV% P value upper limit lower limit
healthy control PSO 0 0 0 0 N/A 0 0
TBI patient PS1 39 33 36 11.0 0.0529 0 74
TBI patient PS2 1822 1792 1807 1.2 0.0053 1616 1997
TBI patient PS3 4206 4484 434S 4.5 0.0204 2578 6111
TBI patient PS4 9978 10437 10108 4.6 0.0143 7291 13123
TBI patient PSs 26516 22673 23 094 2.6 0.0496 179 49 009
TBI patient PS6 55883 56 965 56 424 1.4 0.0061 49 549 63298
A [_]1GFAP in Buffer * B GFAP concentration
61 [_]GFAPinPlasma - _ Limit of detection -+
3 _El 40
35 ns E::. E
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S 2
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Figure 2. Validation of anti-GFAP and the detection of GFAP in seven patient plasma samples using ELISA (six patient samples and one healthy
control). (A) Comparison between mean =+ standard deviation (SD) of optical densities (OD) at 450 nm absorbance in assay buffer solution (pale
orange) and control plasma solution (pale green) when spiked with known concentrations between 0.02 and 2.0 ng/mL of GFAP. All

concentrations were measured in duplicate. ns = p > 0.05; *

=0.01 < p < 0.0S. (B) Concentrations of GFAP detected in the healthy control sample

(PSO) and six patient samples (PS1—PS6) measured using ELISA (left axis), and the assay LODs (right axis). All samples were measured in

duplicate.

samples are first mixed with over 500 K anti-GFAP modified magnetic
beads to ensure high-efficiency binding between the anti-GFAP-
modified beads and the GFAP molecules. The detection antibodies
and the fluorescence-generating agents are then coupled with the
immobilized GFAP molecules. At low concentrations, each bead
contains one bound protein, or none. After the beads are loaded into
an array of femtoliter-sized wells (216 K microwells, each large
enough to hold one bead), 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 and the way to count signal presence or absence
(rather than integrating) offer a LOD at the single-molecule level.

Figure 1B shows the schematic of sandwich ELISA, which is an
immunological assay developed in the 1970s, and is most commonly
used to measure antibodies, antigens, proteins, etc. in biological
samples. ELISA is used as a classic method for comparison in this
study, and the experimental details are presented in Section S1 in the
Supporting Information (SI).

To achieve POC detection, methods with simple procedure, user-
friendly equipment, and fast sample-to-result time would be
preferable. Therefore, the on-chip GFET biosensor is proposed here
for direct, sensitive, and reliable detection of GFAP in patient samples
within minutes (Figure 1C). The GFET sensor array consists of two
areas, each with six GFET devices. Each chip includes a
nonencapsulated gold reference electrode (on-chip) to allow the
low-power liquid gating. This eliminates the requirement of the
external gate electrode and further reduces the gate power
consumption, making the GFET platform more aligned with POC
technologies. The graphene surface of each GFET is modified with
the PBASE and the GFAP antibodies, which are used for capturing
the target GFAP proteins in a liquid environment.”**” The binding of
GFAP with antibody triggers the positive shift of Dirac point due to
the negatively charged GFAP molecules at the neutral pH.** The
electrical response of each device can be determined using liquid

gates, i.e., the source—drain current is measured as a function of the
liquid gate voltage applied.

B RESULTS AND DISCUSSION

Detection of GFAP Using Simoa Technology. The
Simoa detection results of GFAP in patient plasma samples are
summarized in Table 1. For the detection of each sample, two
tests have been conducted in parallel, with the GFAP
concentration ranging from 36 to 56 424 pg/mL. Except for
the sample PS1, which shows a CV value of 11.0%, all other
tests have presented CV values below 4.6%, showing low
variation between repeat readings of the same sample. The
LOD of Simoa assay for all GFAP detection has been
determined to be 1.18 pg/mL, according to the internal
calibration running within the HD-X analyzer. This demon-
strates the excellent detection performance of the Simoa
method for patient sample analysis.

Detection of GFAP Using ELISA. The most important
factors in biosensing platforms are the affinity and the
selectivity of antibodies, which determine the function and
reliability of one assay. In this project, multiple commercial
anti-GFAPs have been sourced and tested. The one which
shows the highest affinity and selectivity has been used in
ELISA and the GFET development. Figure 2A presents the
validation results of this anti-GFAP as a capture antibody for
the detection of GFAP in plasma. The GFAP standards for
ELISA with concentrations from 20 pg/mL to 2 ng/mL have
been prepared with serial dilutions in both the assay buffer and
in the control plasma. Compared with the GFAP detections in
buffer solution, no significant difference in optical densities
(OD) values can be observed for the GFAP detection in
plasma at concentrations of 0.03, 0.06, and 1 ng/mL, while the
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Figure 3. Characterization of the GFET biosensor. (A) Raman spectra confirming the existence of PBASE as the linker molecule. (B) X-ray
photoelectron spectroscopy (XPS) of N 1s peak confirming the biofunctionalization of PBASE and antibody on the graphene surface. (C) Atomic
force microscopy (AFM) images for the characterization of PBASE and antibody on the graphene surface. (D) Transfer curves of GFET in PBS
with and without GFAP biomarkers. (E) Responses of GFET sensors for the detection of GFAP biomarker in PBS buffer.

detections at the other five concentrations showed differences
up to 12% in plasma samples, as presented in Figure 2A. This
indicates the good affinity and selectivity of the anti-GFAP.
This GFAP antibody was then used for GFAP detection in
seven plasma samples, including one healthy control (PS0) and
six patient samples (PS1—PS6). The GFAP concentrations for
the healthy control and one of patient samples (PS1) are below
the LOD of ELISA assays (14—26 pg/mL). And the other
patient plasma samples (PS2, PS3, PS4, PSS, and PS6) have
shown GFAP concentrations of between 88 and 5904 pg/mL,
as shown in Figure 2B. Repeat readings of samples with
detectable GFAP concentrations showed low variation (CV
values below 30%), statistically different readings from the
control sample (p < 0.01, as determined by one sample t-test),
and 95% confidence intervals within the detection limits of our
ELISA platform. The detailed ELISA results are presented in
Table S1, together with their fittings in Figure S1.
Functionalization and Characterization of On-Chip
GFET Platform. Several characterization techniques were
performed to confirm the successful functionalization of
PBASE and anti-GFAP on the graphene sensor surface. The
influence of PBASE on graphene properties was investigated
using Raman spectroscopy. Figure 3A shows a comparison of
Raman spectra taken on the as-transferred graphene and the
graphene after PBASE functionalization. The Raman spectrum

of as-transferred graphene features 2D and G peaks at 2687
em™ and at 1588 cm™', indicating the high quality of
monolayer graphene. In addition, the small defect peak at
around 1341 cm™ indicates a high quality of graphene after
transfer. After PBASE functionalization, the G band exhibits
another shoulder peak at 1616 cm™ assigned to the pyrene
groups in PBASE binding to the graphene.%’36 Furthermore, it
was observed that a significant increase in D peak occurs after
PBASE modification (Ip/I; < 0.1 for as-transferred graphene
and around 0.3 after PBASE), which is attributed to localized
vibrational modes of the PBASE interacting with extended
phonon modes of graphene.””

X-ray photoelectron spectroscopy (XPS) has been used to
further confirm the functionalisation of PBASE and anti-GFAP
on the graphene surface. Figures 3B and S3 show the evolution
of N 1s and C 1s spectra after each functionalisation step,
respectively. The high-resolution N 1s spectrum show a
significant increase in the N 1s peak at 400 eV after anti-GFAP
conjugation. Furthermore, the C 1s spectrum is broadened
after anti-GFAP functionalisation and becomes more asym-
metric. It also shows higher intensity peaks at C—C at 284.8
eV, C—0O/C—N at 286 eV, and O—C=0 at 288 eV due to the
large number of amine and amide groups present on the
antibodies. Atomic force microscopic was used to validate the
presence of PBASE on the graphene surface. Figure 3C shows
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Figure 4. Detection of GFAP in patient plasma using the GFET biosensor. (A) Calibration curve of the GFET biosensor for the GFAP detection in
plasma. n = 3. (B) Signal intensity comparison between the tests in PBS and in the plasma for the same concentration order of magnitude
illustrating excellent selectivity of the GFAP biosensor. (C) Real-time response of the GFAP biosensor for the detection of GFAP in plasma.
Significant change seen in the curve for the sample of 0.56 pg/mL in comparison to the healthy control, suggesting that the sensor is able to
respond to the sub-pg/mL (4 fM) level of GFAP in plasma. (D) Measurement results of six patient samples and one control plasma sample by the
GFET. (E) Correlation of GFAP concentration measured by Simoa, ELISA, and GFET. GFAP concentration measured by GFET results showed
significant correlation with those measured by Simoa and ELISA (p < 0.0001 and p < 0.001, respectively). The PS1 data are not fitted, as it is only
available for Simoa. (F) Signal percentage of GFAP concentration measured by GFET and ELISA in comparison to Simoa as a reference. The
GFAP concentrations in both PSO and PS1 measured by ELISA and GFET are below their LODs.

an increase in surface roughness from 045 nm for as-
transferred graphene to 0.8 nm after anti-GFAP modification
of graphene surface.

After confirmation of the attachment of PBASE and the
antibody on the graphene surface, the GFET biosensor was
then used for the detection of GFAP proteins in PBS in
concentrations from 20 fg/mL to 200 pg/mL. Figure 3D
shows the transfer curves of GFET in PBS with and without
GFAP biomarkers. The GFAP samples show a significant right
shift of Dirac point in comparison to the PBS control, and the
larger concentration resulted in a larger shift. The positive shift
in Dirac voltage after GFAP binding is consistent with the
negative charge effect of GFAP, which causes p-doping in
graphene channel. The Dirac voltage change of each sample

versus the GFAP biomarker concentration in PBS for the
GFET sensor in the detection of GFAP was plotted in Figure
3E. A linear relation (y = 0.0057x + 0.0188, R* = 0.9966) could
be found, with the limit of detection of 20 fg/mL (400 aM).
The Sips model in eq S2 is used to fit the shift in Dirac voltage
as a function of GFAP concentration in Figure 3E. The fitting
parameter values A = 0.1 V, and average Kp = 1.880 ng/mL
(37.6 pM). The value of Kp, is consistent with the value of
dissociation constant for antibody-protein interaction.””
Detection of GFAP in Patient Plasma Using the On-
Chip GFET Biosensor. We next directly measured the GFAP
concentration in patient plasma samples using this GFET
biosensor. Figure 4A shows the calibration curve of the GFET
biosensors for the GFAP detection in plasma (y = 0.0056x +
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Table 2. Comparison of Reported Biosensors for GFAP Detection in Nonbuffer Samples”

detection method sample recognition element
Simoa plasma Ab
ELISA plasma Ab
GFET plasma Ab
SAW! spiked serum Ab
CLAISA? spiked serum Ab
electrochemical spiked serum Ab

LOD (pg/mL) detection time potential in POCT ref.
1.18 1-3h / this work
1§ 5—8h + this work
0.23 <1S min +++ this work
35 pM >15 min + 20

25 (in buffer) ~3h + 19

1 45 min ++ 21

“Note: 1. surface acoustic wave. 2. CD-linked antibody immunosorbent assay.

0.0110, R* = 0.9563). The GFET sensor has a good linear
response in the range from 2.3 X 10> fg/mL to 2.3 X 10* pg/
mL, with a LOD (defined as the lowest concentration that was
tested) of 2.3 X 10* fg/mL (4 fM). The up-detection range is
limited by the high viscosity of plasma. We further compared
the signal intensity between the GFAP detection in the PBS
and in the plasma samples for the same concentration order of
magnitude, as shown in Figure 4B. There was no significant
difference between the Dirac voltage change (normalized)
detected in plasma samples and those in PBS. Since all plasma
samples contain many homological biomarkers, for example,
S100B at 10'-10* pg/mL and neurofilament light at 10°—10>
pg/mL (both measured by Simoa). The detection results
indicate that the sensor has little interference from other non-
target biomarkers in the plasma, illustrating excellent selectivity
of the GFAP biosensor. This is in great agreement with the
ELISA results, which show good affinity and selectivity of the
anti-GFAP. The sensor also shows good real-time response in
the addition of either PBS samples or patient samples. As
shown in Figure 4C, the addition of a plasma sample
containing 0.56 pg/mL of GFAP caused a significant increase
in the current intensity between the source and drain
electrodes compared to the healthy control, which has no
GFAP. In addition, the stable current signal can be obtained
around 200 s (~3 min) post injection of the sample, which
proves the rapid detection for patient samples using the GFET
biosensor. This again demonstrates that the GFET sensor has
analytical resolution down to the order of 10! pg/mL level in
patient plasma samples.

Furthermore, we tested six patient samples and one control
healthy plasma sample (three repeats for each sample) using
the GFET method. Each patient sample was diluted in d1000
PBS 100 times (to reduce the viscosity) to obtain a testing
sample with an appropriate GFAP concentration. The
measured results are shown in Figure 4D. The control sample
showed a negative signal, and five patient samples showed
increasing signal with increasing concentration of GFAP,
according to the corresponding GFAP values from Simoa data.
However, the sensor showed a signal below the LOD for the
sample PS1, indicating very low GFAP concentration. As far as
we know, this GFET biosensor is the first technology showing
ultrahigh sensitivity down to the 2.3 X 10* fg/mL (4 fM) level
for the detection of GFAP in patient plasma samples, which is
much lower than the cutoff value for typical clinical
assessment.”*’

The GFAP concentration in patient plasma samples
measured by state-of-the-art Simoa, classic ELISA, and
GFET platforms are shown in Figure 4E. The GFAP
concentrations measured by different methods follow the
same trend, ie., PS2 has the lowest detectable GFAP
concentration and PS6 has the highest detected GFAP
concentration. Quantitatively, compared with Simoa, the

GFET method shows a high correlation coeflicient of 0.9991
for the five patient samples (PS2—PS6), but nondetectable
GFAP in PS1. Compared with ELISA, the GFET method
presents a correlation coefficient of 0.9968. These high
correlation coefficients prove that the GFET biosensor is
accurate and reliable for the detection of GFAP in patient
plasma. In addition, the GFAP concentration measured by
Simoa were normalized to be 100% for each plasma sample
(normalized data shown in Table S2). Compared with Simoa
results, ELISA results showed a signal percentage between 4.5
and 10.5%, while GFET results presented a signal percentage
between 94.1 and 122.7% for the corresponding samples, as
shown in Figure 4F. This also indicates that GFAP
concentrations measured by GFET has better agreement
with those measured by Simoa. Simoa is considered a gold
standard technology, which proves that the GFET biosensor is
a better detection tool for GFAP in patient plasma samples
than the ELISA method.

Comparison of GFAP Detection Using Different
Methods. The classic ELISA technique is supported by
widely available kits from industry, which makes it a
convenient method for biomarker detection in patient samples.
Nevertheless, a relatively long detection time (of at least a few
hours), limited sensitivity, and the requirement of a laboratory
environment precludes its use in GP surgeries or patients’
home. The supersensitive state-of-the-art Simoa technology
has the potential to improve the accuracy of the GFAP
detection process; however, high costs, the demanding
detection instrument, and specialized procedures are the
main limitations for the use of Simoa as a POC solution.
The limitations of both ELISA and Simoa in biomarker
detection could be countered by GFET-based biosensor
platforms, which are able to provide high sensitivity, specificity,
short sample-to-result time, relatively low costs, and user-
friendliness. With these advantages, the GFET biosensor
proposed in this work has great promise to be further
developed as an accurate and standardized blood testing
solution for the detection of GFAP, and possibly other
biomarkers, in primary care settings to combat neurological
diseases.

Table 2 summarizes other recent biosensor work reported
for GFAP detection in nonbuffer samples, including, e.g., spike
serum, plasma, etc. Our GFET biosensor achieved a LOD of
2.3 X 107" pg/mL for direct GFAP detection in patient plasma.
This is more sensitive than the carbon dot-based fluorescence
sensor (LOD of 25 pg/mL in buffer),”” the graphene-PEI
electrochemical sensor (LOD of 1 pg/mL in artificial serum),”!
and the ultrahigh-frequency surface acoustic wave (SAW)-
based sensor (LOD of 35 pM or 1.75 ng/mL in spiked GFAP
in FBS).”” The total detection time (sample-to-result) of our
GFET sensor is less than 15 min including incubation, which is
faster than the three sensors mentioned above, with more than
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15 min for the SAW sensor, around 45 min for the
electrochemical sensor, and about 3 h for the fluorescence
sensor, respectively. To the best of our knowledge, these three
are the only demonstrations of GFAP detection in a nonbuffer
environment. Hence, our work is the first biosensing example
of direct GFAP clinical detection. In comparison to other
reported sensors, this on-chip, real-time, and label-free GFET
biosensing platform, demonstrated in patient plasma samples,
shows obvious advantages in detection time and sensitivity.

B CONCLUSIONS

In this work, we have successfully demonstrated an on-chip
GFET platform as a real-time, label-free, and selective tool for
the detection of neurological diseases biomarker GFAP with
ultrahigh sensitivity. Our on-chip GFET sensors were able to
directly detect GFAP in patient plasma samples with the LOD
down to the femtomolar level without signal amplification
within minutes. The outstanding performance shown by this
on-chip GFET biosensor compared with conventional or state-
of-the art detection technologies such as ELISA or Simoa in
terms of simplicity, real-time, and ultralow LOD holds great
promise for point-of-care and advanced brain diseases
diagnosis.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.1¢02232.

Sandwich ELISA detection of GFAP, Raman character-
ization of the functionalization process, XPS character-
ization of the functionalization process, Sips fitting of
Dirac voltage shift as a function of GFAP concentration,
and comparison of the detection results by Simoa,
ELISA, and GFET (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Norbert Klein — Department of Materials, Imperial College
London, London SW7 2AZ, U.K,; Email: n.klein@
imperial.ac.uk

Bing Li — Department of Brain Sciences, Imperial College
London, London W12 0BZ, U.K,; Care Research &
Technology Centre, UK Dementia Research Institute, London
W12 0BZ, UK, © orcid.org/0000-0002-1737-3423;
Email: b.li@imperial.ac.uk

Authors

Lizhou Xu — Department of Materials, Imperial College
London, London SW7 2AZ, UK.

Sami Ramadan — Department of Materials, Imperial College
London, London SW7 2AZ, UK,; ® orcid.org/0000-0002-
0013-731X

Oluwatomi E. Akingbade — Department of Brain Sciences,
Imperial College London, London W12 0BZ, UK,; Care
Research & Technology Centre, UK Dementia Research
Institute, London W12 0BZ, U.K.

Yuanzhou Zhang — Department of Materials, Imperial College
London, London SW7 2AZ, U.K.

Sarah Alodan — Department of Materials, Imperial College
London, London SW7 2AZ, U.K.

Neil Graham — Department of Brain Sciences, Imperial
College London, London W12 0BZ, U.K,; Care Research &

Technology Centre, UK Dementia Research Institute, London
W12 0BZ, UK.

Karl A. Zimmerman — Department of Brain Sciences, Imperial
College London, London W12 0BZ, UK.; Care Research &
Technology Centre, UK Dementia Research Institute, London
W12 0BZ, UK

Elias Torres — Graphenea Semiconductor, San Sebastidn
20009, Spain

Amanda Heslegrave — UK Dementia Research Institute at
UCL, University College London, London WCIE 6BT, UK,;
Department of Neurodegenerative Disease, UCL Institute of
Neurology, London WCIE 6BT, UK

Peter K. Petrov — Department of Materials, Imperial College
London, London SW7 2AZ, UK,; © orcid.org/0000-0003-
3643-6685

Henrik Zetterberg — UK Dementia Research Institute at
UCL, University College London, London WCIE 6BT, UK,;
Department of Neurodegenerative Disease, UCL Institute of
Neurology, London WCIE 6BT, U.K,; Department of
Psychiatry and Neurochemistry, Institute of Neuroscience and
Physiology, the Sahlgrenska Academy at the University of
Gothenburg, Molndal 43141, Sweden; Clinical
Neurochemistry Laboratory, Sahigrenska University Hospital,
Moindal 43141, Sweden; Hong Kong Centre for
Neurodegenerative Diseases, Hong Kong 999077, China

David J. Sharp — Department of Brain Sciences, Imperial
College London, London W12 0BZ, UK.; Care Research &
Technology Centre, UK Dementia Research Institute, London
W12 0BZ, UK

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.1c02232

Author Contributions
ILX. and S.R. contributed equally to this work.

Notes

The authors declare the following competing financial
interest(s): H. Z. has served at scientific advisory boards
and/or as a consultant for Alector, Eisai, Denali, Roche
Diagnostics, Wave, Samumed, Siemens Healthineers, Pinteon
Therapeutics, Nervgen, AZTherapies, CogRx and Red Abbey
Labs, has given lectures in symposia sponsored by Cellectricon,
Fujirebio, Alzecure and Biogen, and is a co-founder of Brain
Biomarker Solutions in Gothenburg AB (BBS), which is a part
of the GU Ventures Incubator Program (outside submitted
work).

B ACKNOWLEDGMENTS

This work was supported by an Edmond and Lily Safra Fellow
to B.L. (Edmond J. Safra Foundation), the UK’s Engineering
and Physical Science Research Council (EPSRC) through
grant EP/P02985X/1 to N.K, an Alzheimer’s Research UK
Clinical Research Fellowship to N.G. (ARUKCRF2017A-1),
the UK Dementia Research Institute (DRI) Care Research and
Technology Centre (B.L, N.G., DJ.S.), an NIHR Professor-
ship (NIHR-RP-011-048) awarded to DJ.S., and the NIHR
Clinical Research Facility and Biomedical Research Centre
(BRC) at Imperial College Healthcare NHS Trust. The
research was also supported by the Medical Research Council
through a Clinician Scientist Fellowship awarded to D.J.S. who
was also supported by the Centre for Blast Injury Studies,
Imperial College. H.Z. is a Wallenberg Scholar supported by
the Swedish Research Council (#2018-02532), the European

https://doi.org/10.1021/acssensors.1c02232
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acssensors.1c02232?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c02232/suppl_file/se1c02232_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norbert+Klein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:n.klein@imperial.ac.uk
mailto:n.klein@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1737-3423
mailto:b.li@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lizhou+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sami+Ramadan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0013-731X
https://orcid.org/0000-0002-0013-731X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oluwatomi+E.+Akingbade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanzhou+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Alodan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neil+Graham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+A.+Zimmerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elias+Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amanda+Heslegrave"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+K.+Petrov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3643-6685
https://orcid.org/0000-0003-3643-6685
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrik+Zetterberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+J.+Sharp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c02232?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

Research Council (#681712), Swedish State Support for
Clinical Research (#ALFGBG-720931), the Alzheimer Drug
Discovery Foundation (ADDF), USA (#201809-2016862), the
AD Strategic Fund and the Alzheimer’s Association (#ADSF-
21-831376-C, #ADSF-21-831381-C and #ADSF-21-831377-
C), the Olav Thon Foundation, the Erling-Persson Family
Foundation, Stiftelsen for Gamla Tjinarinnor, Hjirnfonden,
Sweden (#F02019-0228), the European Union’s Horizon
2020 Marie Sktodowska-Curie grant No. 860197 (MIRIADE),
and DRI at UCL.

B REFERENCES

(1) Taylor, C. A; Bell, J. M.; Breiding, M. J.; Xu, L. Traumatic brain
injury—related emergency department visits, hospitalizations, and
deaths—United States, 2007 and 2013. MMWR Surveill. Summ. 2017,
66, 1—16.

(2) O’Brien, J. T.; Herholz, K. Amyloid imaging for dementia in
clinical practice. BMC Med. 20185, 13, No. 163.

(3) de Almeida, S. M.; Shumaker, S. D.; LeBlanc, S. K.; Delaney, P.;
Marquie-Beck, J.; Ueland, S.; Alexander, T.; Ellis, R. J. Incidence of
post-dural puncture headache in research volunteers. Headache 2011,
51, 1503—1510.

(4) Shahim, P.; Politis, A.; van der Merwe, A.; Moore, B.; Ekanayake,
V.; Lippa, S. M;; Chou, Y.-Y.; Pham, D. L; Butman, J. A; Diaz-
Arrastia, R.; et al. Time course and diagnostic utility of NfL, tau,
GFAP, and UCH-LI in subacute and chronic TBI. Neurology 2020,
95, e623—e636.

(5) Thambisetty, M.; Lovestone, S. Blood-based biomarkers of
Alzheimer’s disease: challenging but feasible. Biomarkers Med. 2010, 4,
65-79.

(6) Kim, K.; Kim, M.-J.; Kim, S. Y.; Park, S.; Park, C. B. Clinically
accurate diagnosis of Alzheimer’s disease via multiplexed sensing of
core biomarkers in human plasma. Nat. Commun. 2020, 11, No. 119.

(7) Jung, C.; Foerch, C.; Schinzer, A.; Heck, A.; Plate, K.; Seifert, V.;
Steinmetz, H.; Raabe, A.; Sitzer, M. Serum GFAP is a diagnostic
marker for glioblastoma multiforme. Brain 2007, 130, 3336—3341.

(8) Tichy, J.; Spechtmeyer, S.; Mittelbronn, M.; Hattingen, E.;
Rieger, J.; Senft, C.; Foerch, C. Prospective evaluation of serum glial
fibrillary acidic protein (GFAP) as a diagnostic marker for
glioblastoma. J. Neuro-Oncol. 2016, 126, 361—369.

(9) Yue, J. K; Yuh, E. L; Korley, F. K;; Winkler, E. A; Sun, X;
Puffer, R. C.; Deng, H,; Choy, W.; Chandra, A.; Taylor, S. R;; et al.
Association between plasma GFAP concentrations and MRI
abnormalities in patients with CT-negative traumatic brain injury in
the TRACK-TBI cohort: a prospective multicentre study. Lancet
Neurol. 2019, 18, 953—961.

(10) Abdelhak, A.; Huss, A.; Kassubek, J.; Tumani, H.; Otto, M.
Serum GFAP as a biomarker for disease severity in multiple sclerosis.
Sci. Rep. 2018, 8, No. 14798.

(11) Chatterjee, P.; Pedrini, S.; Stoops, E.; Goozee, K.; Villemagne,
V. L,; Asih, P. R;; Verberk, I. M.; Dave, P.; Taddei, K.; Sohrabi, H. R.
Plasma glial fibrillary acidic protein is elevated in cognitively normal
older adults at risk of Alzheimer’s disease. Transl. Psychiatry 2021, 11,
No. 27.

(12) Petzold, A.; Keir, G.; Green, A.; Giovannoni, G.; Thompson, E.
An ELISA for glial fibrillary acidic protein. J. Immunol. Methods 2004,
287, 169—177.

(13) Clairembault, T.; Kamphuis, W.; Leclair-Visonneau, L.; Rolli-
Derkinderen, M.; Coron, E.; Neunlist, M.; Hol, E. M.; Derkinderen,
P. Enteric GFAP expression and phosphorylation in Parkinson’s
disease. J. Neurochem. 2014, 130, 805—815.

(14) Frankel, M,; Fan, L.; Yeatts, S. D.; Jeromin, A.; Vos, P. E;
Wagner, A. K.;; Wolf, B. J.; Pauls, Q.; Lunney, M.; Merck, L. H,; et al.
Association of very early serum levels of S100B, glial fibrillary acidic
protein, ubiquitin C-terminal hydrolase-L1, and spectrin breakdown
product with outcome in ProTECT IIL J. Neurotrauma 2019, 36,
2863—2871.

(15) Ishigami, A.; Masutomi, H.; Handa, S.; Nakamura, M.; Nakaya,
S.; Uchida, Y.; Saito, Y.; Murayama, S.; Jang, B.; Jeon, Y. C,; et al.
Mass spectrometric identification of citrullination sites and
immunohistochemical detection of citrullinated glial fibrillary acidic
protein in Alzheimer’s disease brains. J. Neurosci. Res. 2015, 93, 1664—
1674.

(16) Arya, S. K; Pui, T. S.; Wong, C. C.; Kumar, S.; Rahman, A. R.
A. Effects of the electrode size and modification protocol on a label-
free electrochemical biosensor. Langmuir 2013, 29, 6770—6777.

(17) Wang, T.; Fang, Y.; He, Z. Electrochemical Quantitative
Detection of Glial Fibrillary Acidic Protein Based on Molecularly
Imprinted Polymer Sensor. Int. J. Electrochem. Sci. 2017, 12, 7341—
7350.

(18) Song, J.; Dailey, J.; Li, H.; Jang, H. J.; Zhang, P.; Wang, J. T. H;
Everett, A. D.; Katz, H. E. Extended Solution Gate OFET-Based
Biosensor for Label-Free Glial Fibrillary Acidic Protein Detection with
Polyethylene Glycol-Containing Bioreceptor Layer. Adv. Funct. Mater.
2017, 27, No. 1606506.

(19) Ma, Y.; Xu, G.; Wei, F.; Cen, Y.; Song, Y.; Ma, Y.; Xu, X; Shi,
M.; Sohail, M.; Hu, Q. Carbon dots based immunosorbent assay for
the determination of GFAP in human serum. Nanotechnology 2018,
29, No. 145501.

(20) Agostini, M.; Amato, F.; Vieri, M.; Greco, G.; Tonazzini, L;
Baroncelli, L.; Caleo, M.; Vannini, E.; Santi, M.; Signore, G. Glial-
fibrillary-acidic-protein (GFAP) biomarker detection in serum-matrix:
Functionalization strategies and detection by an ultra-high-frequency
surface-acoustic-wave (UHF-SAW) lab-on-chip. Biosens. Bioelectron.
2021, 172, No. 112774.

(21) Khetani, S.; Ozhukil Kollath, V.; Kundra, V.; Nguyen, M. D.;
Debert, C.; Sen, A.; Karan, K.; Sanati-Nezhad, A. Polyethylenimine
modified graphene-oxide electrochemical immunosensor for the
detection of glial fibrillary acidic protein in central nervous system
injury. ACS Sens. 2018, 3, 844—851.

(22) Prattis, L; Hui, E.; Gubeljak, P.; Schietle, G. S. K.; Lombardo,
A.; Occhipinti, L. G. Graphene for biosensing applications in point-of-
care testing. Trends Biotechnol. 2021, 39, 1065—1077.

(23) Morales-Narvéez, E.; Baptista-Pires, L.; Zamora-Galvez, A,;
Merkogi, A. Graphene-based biosensors: going simple. Adv. Mater.
2017, 29, No. 1604905.

(24) Nag, A; Mitra, A;; Mukhopadhyay, S. C. Graphene and its
sensor-based applications: A review. Sens. Actuators, A 2018, 270,
177—194.

(25) Sreeprasad, T.; Berry, V. How do the electrical properties of
graphene change with its functionalization? Small 2013, 9, 341—-350.

(26) Ramadan, S.; Lobo, R.; Zhang, Y.; Xu, L.; Shaforost, O.; Kwong
Hong Tsang, D.; Feng, J.; Yin, T.; Qiao, M.; Rajeshirke, A,; Jiao, L. R;;
Petrov, P. K;; Dunlop, I. E,; Titirici, M.-M.; Klein, N. Carbon-Dot-
Enhanced Graphene Field-Effect Transistors for Ultrasensitive
Detection of Exosomes. ACS Appl. Mater. Interfaces 2021, 13,
7854—7864.

(27) Tsang, D. K. H,; Lieberthal, T. J.; Watts, C.; Dunlop, L. E;
Ramadan, S.; Armando, E.; Klein, N. Chemically functionalised
graphene FET biosensor for the label-free sensing of exosomes. Sci.
Rep. 2019, 9, No. 13946.

(28) Hwang, M. T.; Heiranian, M,; Kim, Y,; You, S.; Leem, J.;
Tagieddin, A.; Faramarzi, V.; Jing, Y.; Park, L; van der Zande, A. M;
et al. Ultrasensitive detection of nucleic acids using deformed
graphene channel field effect biosensors. Nat. Commun. 2020, 11,
No. 1543.

(29) Seo, G.; Lee, G.; Kim, M. J.; Baek, S.-H.; Choi, M.; Ku, K. B;
Lee, C.-S;; Jun, S.; Park, D.; Kim, H. G;; et al. Rapid detection of
COVID-19 causative virus (SARS-CoV-2) in human nasopharyngeal
swab specimens using field-effect transistor-based biosensor. ACS
Nano 2020, 14, 5135—5142.

(30) Ping, J.; Vishnubhotla, R.; Vrudhula, A; Johnson, A. C. Scalable
production of high-sensitivity, label-free DNA biosensors based on
back-gated graphene field effect transistors. ACS Nano 2016, 10,
8700—8704.

https://doi.org/10.1021/acssensors.1c02232
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.15585/mmwr.ss6609a1
https://doi.org/10.15585/mmwr.ss6609a1
https://doi.org/10.15585/mmwr.ss6609a1
https://doi.org/10.1186/s12916-015-0404-6
https://doi.org/10.1186/s12916-015-0404-6
https://doi.org/10.1111/j.1526-4610.2011.01959.x
https://doi.org/10.1111/j.1526-4610.2011.01959.x
https://doi.org/10.1212/WNL.0000000000009985
https://doi.org/10.1212/WNL.0000000000009985
https://doi.org/10.2217/bmm.09.84
https://doi.org/10.2217/bmm.09.84
https://doi.org/10.1038/s41467-019-13901-z
https://doi.org/10.1038/s41467-019-13901-z
https://doi.org/10.1038/s41467-019-13901-z
https://doi.org/10.1093/brain/awm263
https://doi.org/10.1093/brain/awm263
https://doi.org/10.1007/s11060-015-1978-8
https://doi.org/10.1007/s11060-015-1978-8
https://doi.org/10.1007/s11060-015-1978-8
https://doi.org/10.1016/S1474-4422(19)30282-0
https://doi.org/10.1016/S1474-4422(19)30282-0
https://doi.org/10.1016/S1474-4422(19)30282-0
https://doi.org/10.1038/s41598-018-33158-8
https://doi.org/10.1038/s41398-020-01137-1
https://doi.org/10.1038/s41398-020-01137-1
https://doi.org/10.1016/j.jim.2004.01.015
https://doi.org/10.1111/jnc.12742
https://doi.org/10.1111/jnc.12742
https://doi.org/10.1089/neu.2018.5809
https://doi.org/10.1089/neu.2018.5809
https://doi.org/10.1089/neu.2018.5809
https://doi.org/10.1002/jnr.23620
https://doi.org/10.1002/jnr.23620
https://doi.org/10.1002/jnr.23620
https://doi.org/10.1021/la401109r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la401109r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.20964/2017.08.69
https://doi.org/10.20964/2017.08.69
https://doi.org/10.20964/2017.08.69
https://doi.org/10.1002/adfm.201606506
https://doi.org/10.1002/adfm.201606506
https://doi.org/10.1002/adfm.201606506
https://doi.org/10.1088/1361-6528/aaabea
https://doi.org/10.1088/1361-6528/aaabea
https://doi.org/10.1016/j.bios.2020.112774
https://doi.org/10.1016/j.bios.2020.112774
https://doi.org/10.1016/j.bios.2020.112774
https://doi.org/10.1016/j.bios.2020.112774
https://doi.org/10.1021/acssensors.8b00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tibtech.2021.01.005
https://doi.org/10.1016/j.tibtech.2021.01.005
https://doi.org/10.1002/adma.201604905
https://doi.org/10.1016/j.sna.2017.12.028
https://doi.org/10.1016/j.sna.2017.12.028
https://doi.org/10.1002/smll.201202196
https://doi.org/10.1002/smll.201202196
https://doi.org/10.1021/acsami.0c18293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c18293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c18293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-50412-9
https://doi.org/10.1038/s41598-019-50412-9
https://doi.org/10.1038/s41467-020-15330-9
https://doi.org/10.1038/s41467-020-15330-9
https://doi.org/10.1021/acsnano.0c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c02823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors pubs.acs.org/acssensors

(31) Bungon, T.; Haslam, C.; Damiati, S.; O'Driscoll, B.; Whitley,
T.; Davey, P,; Siligardi, G.; Charmet, J.; Awan, S. A. Graphene FET
Sensors for Alzheimer’s Disease Protein Biomarker Clusterin
Detection. Front. Mol. Biosci. 2021, 8, No. 651232.

(32) Gao, J.; Gao, Y.; Han, Y Pang, ].; Wang, C.; Wang, Y.; Liu, H.;
Zhang, Y.; Han, L. Ultrasensitive label-free MiRNA sensing based on
a flexible graphene field-effect transistor without functionalization.
ACS Appl. Electron. Mater. 2020, 2, 1090—1098.

(33) Malec, J. F.; Brown, A. W,; Leibson, C. L.; Flaada, J. T.;
Mandrekar, J. N.; Diehl, N. N.; Perkins, P. K. The mayo classification
system for traumatic brain injury severity. ] Neurotrauma 2007, 24,
1417—-1424.

(34) Graham, N. S. N; Zimmerman, K. A.; Bertolini, G.; Magnoni,
S.; Oddo, M.; Zetterberg, H.; Moro, F.; Novelli, D.; Heslegrave, A.;
Chieregato, A. Multicentre longitudinal study of fluid and neuro-
imaging BIOmarkers of AXonal injury after traumatic brain injury: the
BIO-AX-TBI study protocol. BMJ Open 2020, 10, No. e042093.

(35) Huang, W.; Besar, K; LeCover, R; Dulloor, P.; Sinha, J;
Martinez Hardigree, J. F.; Pick, C.; Swavola, J; Everett, A. D,
Frechette, J.; Bevan, M.; Katz, H. E. Label-free brain injury biomarker
detection based on highly sensitive large area organic thin film
transistor with hybrid coupling layer. Chem. Sci. 2014, S, 416—426.

(36) Liu, Y.; Yuan, L; Yang, M,; Zheng, Y, Li, L; Gao, L,
Nerngchamnong, N.; Nai, C. T.; Sangeeth, C. S.; Feng, Y. P,; et al.
Giant enhancement in vertical conductivity of stacked CVD graphene
sheets by self-assembled molecular layers. Nat. Commun. 2014, S,
No. 5461.

(37) Wang, S.; Hossain, M. Z.; Shinozuka, K.; Shimizu, N.; Kitada,
S.; Suzuki, T.; Ichige, R.;; Kuwana, A.; Kobayashi, H. Graphene field-
effect transistor biosensor for detection of biotin with ultrahigh
sensitivity and specificity. Biosens. Bioelectron. 2020, 165, No. 112363.

(38) Landry, J. P,; Fei, Y.,; Zhu, X. Simultaneous measurement of
10,000 protein-ligand affinity constants using microarray-based kinetic
constant assays. Assay Drug Dev. Technol. 2012, 10, 250—259.

(39) Li, B; Tan, H; Jenkins, D.; Raghavan, V. S;; Rosa, B. G;
Giider, F; Pan, G.; Yeatman, E.; Sharp, D. J. Clinical detection of
neurodegenerative blood biomarkers using graphene immunosensor.
Carbon 2020, 168, 144—162.

https://doi.org/10.1021/acssensors.1c02232
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.3389/fmolb.2021.651232
https://doi.org/10.3389/fmolb.2021.651232
https://doi.org/10.3389/fmolb.2021.651232
https://doi.org/10.1021/acsaelm.0c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1089/neu.2006.0245
https://doi.org/10.1089/neu.2006.0245
https://doi.org/10.1136/bmjopen-2020-042093
https://doi.org/10.1136/bmjopen-2020-042093
https://doi.org/10.1136/bmjopen-2020-042093
https://doi.org/10.1039/C3SC52638K
https://doi.org/10.1039/C3SC52638K
https://doi.org/10.1039/C3SC52638K
https://doi.org/10.1038/ncomms6461
https://doi.org/10.1038/ncomms6461
https://doi.org/10.1016/j.bios.2020.112363
https://doi.org/10.1016/j.bios.2020.112363
https://doi.org/10.1016/j.bios.2020.112363
https://doi.org/10.1089/adt.2011.0406
https://doi.org/10.1089/adt.2011.0406
https://doi.org/10.1089/adt.2011.0406
https://doi.org/10.1016/j.carbon.2020.06.048
https://doi.org/10.1016/j.carbon.2020.06.048
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

