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ABSTRACT: The rapid and unexpected spread of SARS-CoV-2 worldwide has caused unprecedented disruption to daily life and
has brought forward critical challenges for public health. The disease was the largest cause of death in the United States in early
2021. Likewise, the COVID-19 pandemic has highlighted the need for rapid and accurate diagnoses at scales larger than ever before.
To improve the availability of current gold standard diagnostic testing methods, the development of point-of-care devices that can
maintain gold standard sensitivity while reducing the cost and providing portability is much needed. In this work, we combine the
ampliﬁcation capabilities of reverse transcriptase loop-mediated isothermal ampliﬁcation (RT-LAMP) techniques with highsensitivity end-point detection of crumpled graphene ﬁeld-eﬀect transistors (cgFETs) to develop a portable detection cell. This
electrical detection method takes advantage of the ability of graphene to adsorb single-stranded DNA due to noncovalent π−π bonds
but not double-stranded DNA. These devices have demonstrated the ability to detect the presence of the SARS-CoV-2 virus in a
range from 10 to 104 copies/μL in 20 viral transport medium (VTM) clinical samples. As a result, we achieved 100% PPV, NPV,
sensitivity, and speciﬁcity with 10 positive and 10 negative VTM clinical samples. Further, the cgFET devices can diﬀerentiate
between positive and negative VTM clinical samples in 35 min based on the Dirac point shift. Likewise, the improved sensing
capabilities of the crumpled gFET were compared with those of the traditional ﬂat gFET devices.
KEYWORDS: crumpled graphene FET biosensor, ﬂat graphene FET biosensor, SARS-CoV-2, RT-LAMP, COVID-19,
VTM clinical samples
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of the viral puriﬁcation step and the simpliﬁcation of the
instrumentation complexity.1 It is due to these advantages and
the aforementioned inconveniences of RT-PCR that isothermal ampliﬁcation-based approaches have recently attracted
signiﬁcant attention for the detection of SARS-CoV-2 at the
point-of-care.1

s it is well known, reverse transcription-polymerase chain
reaction (RT-PCR) is the current gold standard
diagnostic method for the COVID-19 disease.1 This molecular
detection technology, which detects the genetic material of the
SARS-CoV-2 virus, has high accuracy when performed by a
healthcare professional.2 However, some inherent PCR
analysis features, such as the need for temperature cycling
and laboratory-based protocols for viral isolation, lysis, and
removal of inhibiting materials, make this technique diﬃcult to
adapt for miniaturization, portability, and point-of-care
detection.3,4 Isothermal approaches eliminate the need for
precise thermal cycles to achieve RNA ampliﬁcation and
provide additional advantages such as the possible elimination
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Figure 1. Schematic diagram of crumpled graphene ﬁeld-eﬀect transistor-based (cgFET) SARS-CoV-2 virus detection in VTM clinical samples. (A)
Genome map shows the target site on the SARS-CoV-2 N-gene. Five RT-LAMP primers (F3, B3, FIP, BIP, LB) speciﬁc to the N-gene were used.
(B) Workﬂow of the isothermal ampliﬁcation prior to cgFET sensing. Detection is based on the consumption of RT-LAMP primers during the
ampliﬁcation reaction. RT-LAMP was used to amplify SARS-CoV-2 RNA within the N-gene region from VTM clinical samples resulting in primer
consumption. (C) Crumpled graphene is used as a sensing material for the ionic gate-based FET, and the chamber is fabricated for isolating virus
samples. CE: counter electrode, RE: reference electrode. Dimensions of crumpled graphene and chamber system can be seen in the Supporting
Information (Figures S2 and S3). N-gene primers are attached to the crumpled graphene surface by π−π stacking. Primer adsorption on the
graphene surface shows a large Dirac point shift in negative samples.

Yet, the availability of the COVID-19 vaccine has not
diminished the importance of the need for diagnosis. As of
August 15, 2021, less than 60% of the population ≥12 years of
age has been fully vaccinated in the U.S.5 Moreover, even after
vaccination, diagnostics remain important because vaccinated
people may still carry and transmit the live virus and the
duration for which immunity lasts after infection or vaccination
is not yet known.1,6,7
Since the current pandemic brought the point-of-care
(POC) diagnostic tests into the spotlight, many POC devices
for the diagnosis of COVID-19 have been reported in the
literature or have been awarded an Emergency Use Author-

ization (EUA) over the past year. Although most of them rely
on visual readout techniques,3,8−10 several electrical readout
options are also available. Electrical readout options reduce
cost by avoiding the necessity of ﬂuorophores, lasers, LEDs,
cameras, etc. Among the electrical readout options, special
attention is paid to graphene-based biosensors.11 Likewise,
isothermal ampliﬁcation-based approaches, such as RT-LAMP,
have recently generated signiﬁcant interest for the detection of
the SARS-CoV-2 virus due to the simplicity of this technology
and the ease of translation into a point-of-care device.1
Graphene, a two-dimensional material, is attracting signiﬁcant attention for the development of sensing platforms due to
B
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Figure 2. Direct detection of SARS-CoV-2 N-gene primers on ﬂat and crumpled graphene FET. (A) SEM images of the ﬂat and crumpled
graphene surface, scale bar is 100 nm. (B) Examples of I−V curves of ﬂat and crumpled graphene FET sensors for primer adsorption. (C) Bar plot
summarizing the Dirac point shifts obtained after primer adsorption on ﬂat and crumpled graphene FETs (n = 3). n.s.: not signiﬁcant, *P < 0.05,
**P < 0.005. (D) Raman spectra of the polystyrene substrate and crumpled graphene surface after testing RT-LAMP primers (left). The close-up
characterization of the spectra within the rectangular area (right) demonstrates the speciﬁc adenine, cytosine, and thymine Raman peaks for the
primer-adsorbed crumpled graphene. (E, F) End-point measurement of the Dirac point shift at various reaction times in the absence (E) or
presence (F) of primers. A negligible voltage change is obtained during the stabilization step, while the presence of primers produces a signiﬁcant
variation in the Dirac point. The total shift is calculated after the washing steps. Light blue arrows represent the washing step. The stability of
primer adsorption on cgFET during measurement is shown in Figure S5.

its extraordinary properties, including ambipolar ﬁeld eﬀect,
high electrical conductivity, high carrier mobility, large speciﬁc
area, biocompatibility, mechanical strength, and ﬂexibility.11,12
In particular, the combination of graphene and ﬁeld-eﬀect
transistors has produced a new generation of biosensing
devices, gFET biosensors, with potential application in clinical
diagnosis, point-of-care testing, and on-site detection, all the
while oﬀering high-sensitivity, low-cost, and high-throughput

detection.13−15 Although gFET biosensors generally use ﬂat
graphene as the sensing area, innovation in this ﬁeld has
recently been reported with the use of crumpled graphene.12,16
Crumpled graphene, a structure that can be fabricated on
diﬀerent thermally12 or mechanically17 ﬂexible and stretchable
substrates, is a 3D engineered material. When crumpled
graphene is combined with FET transistors (crumpled gFET,
cgFET), ultra-high-sensitivity nucleic acid detection (zM
C
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range) can be accomplished.12,16 It is known that the Debye
length in the ionic solution increases in the convex region of
the crumpled graphene.12 Therefore, more DNA is present
inside the Debye length, which makes crumpled graphene
more electrically susceptible to the negative charge of DNA.12
This can be translated into a larger Dirac point shift.
In this study, we present a crumpled graphene FET (cgFET)
biosensor to detect the presence of the SARS-CoV-2 virus in
viral transport media (VTM) samples from patients. The
developed point-of-care device was validated by the analysis of
20 VTM clinical samples (10 known positive and 10 known
negative samples) with perfect sensitivity and speciﬁcity. This
biosensor uses a conventional isothermal RT-LAMP ampliﬁcation method,3,18 and sensing is based on the detection of the
consumption of primers after the ampliﬁcation reaction. Our
electrical device has shown the ability to detect the spiked
SARS-CoV-2 virus in the range from 10 to 104 copies/μL and
diﬀerentiate positive from negative clinical patient samples
after 35 min of ampliﬁcation. Using the fact that the primers
are consumed during the ampliﬁcation, we took advantage of
graphene’s ability to discriminate between double-stranded
DNA (dsDNA) and single-stranded DNA (ssDNA). Thus, the
ssDNA RT-LAMP primers against N-gene that were not
consumed during the ampliﬁcation event were strongly
adsorbed on the cgFET surface through noncovalent π−π
stacking interactions. This adsorption of ssDNA produced a
shift in the Dirac voltage that was correlated to the presence of
the virus. Thus, shifts above the detection threshold indicate
negative samples, while shifts below the detection threshold
indicate positive samples. In this work, we fully characterized
our cgFET device and compared its performance with a ﬂat
graphene FET (fgFET) biosensor. We also characterized the
adsorption of primers on both ﬂat and crumpled graphene
surfaces after measuring the Dirac point shifts, which was
veriﬁed by both Raman spectroscopy and atomic force
microscopy techniques.
Although our group has recently demonstrated the improved
sensitivity of crumpled graphene12,19 and indirect detection
based on primer consumption,16 here, we further demonstrate
the eﬀectiveness of this technology through the detection of
SARS-CoV-2 virus ampliﬁcation and end-point measurement
of the Dirac point shift at various reaction times. The SARSCoV-2 virus was detected from VTM clinical samples in a
portable detection cell. Moreover, herein, pretreatment of the
clinical samples entailed simple dilution and short (10 min)
thermal lysis, which eliminated the need for RNA puriﬁcation
kits. Although other contributions have reported the use of the
graphene-based FET for the detection of the SARS-CoV-2
virus,11,20 this is the ﬁrst time, to the best of our knowledge,
that crumpled graphene FET biosensors are used for this
application. We also optimized the RT-LAMP reaction time
using multiple end-point experiments and the corresponding
statistical comparison analysis, resulting in shortened reaction
time (from 1 h to 30 min). In addition, our device has achieved
detection based on primer consumption, which is an
improvement over other detection techniques that use the
conjugation of expensive capture molecules on the graphene
surface. Furthermore, this biosensor utilized the inherently
high sensitivity of crumpled graphene and the ampliﬁcation
assays.

Article

RESULTS AND DISCUSSION
Point-of-Care Crumpled Graphene FET Biosensor for
SARS-CoV-2 Virus Detection. The process ﬂow for the
detection of SARS-CoV-2, based on the use of the developed
crumpled graphene ﬁeld-eﬀect transistor (cgFET) is shown in
Figure 1. Single-stranded DNA (ssDNA) RT-LAMP primers,
speciﬁcally targeting the N-gene region, were selected for the
isothermal RT-LAMP ampliﬁcation reaction (Figure 1A). In
the detection protocol (Figure 1B), the sample collected from
the patient using a nasopharyngeal (NP) swab, was ﬁrst
transferred to the VTM solution. The sample was diluted 1:1
in Tris EDTA (TE) buﬀer and then thermal lysis (95 °C, 10
min, heating block) was performed to eﬃciently disrupt the
viruses to release the RNA for ampliﬁcation, while also
inactivating the nucleases that are present in unpuriﬁed
samples. The lysed sample was mixed again with TE buﬀer
(1:1) and added to the RT-LAMP reaction mix, and the
ampliﬁcation reaction was conducted (65 °C, 50 min). With
regards to the SARS-CoV-2 negative sample, the ssDNA RTLAMP primers against N-gene are not consumed during the
ampliﬁcation event due to the absence of the RNA target. On
the other hand, in the event of a positive sample, the primers
will form dsDNA molecules during the ampliﬁcation reaction.
After the ampliﬁcation reaction is completed, the ampliﬁed
sample is transferred to the cgFET detection cell to perform
the electrical measurement (Figure 1C). During sample
incubation, the ssDNA molecules available were strongly
adsorbed on the cgFET surface through noncovalent π−π
stacking interactions, which included noncovalent interactions
between the aromatic rings of the graphene and exposed bases
of the oligonucleotides. Thus, the shift in the Dirac point
voltage is correlated to the presence or absence of the virus.
Negative samples result in a large Dirac point shift due to the
availability of ssDNA molecules. Meanwhile, a small Dirac
point shift is expected for positive samples as most of the
primers were consumed during the ampliﬁcation event. The
fabricated cgFET detection cell provided insulation for the
sample and prevented sample evaporation during the
incubation step.
Detection of ssDNA Primer Molecules Using the
Crumpled Graphene FET Biosensor. The ability of the
cgFET device to detect the presence of ssDNA molecules was
assessed by calculating the Dirac point shifts produced when
the RT-LAMP primers are added to the device. The
concentration of primers added was the same as that required
for the ampliﬁcation assay. In Figure 2A, the morphology of
50% crumpled graphene was compared to the morphology of
ﬂat graphene by scanning electron microscopy (SEM). The
random and large wrinkles created in the crumpled graphene
structure are known to increase the Debye length,12 resulting
in enhanced changes in electrical conductance when the DNA
strand is attached to the surface. In our previous study, the
electrostatic and charge distributions of DNA and ions near ﬂat
and deformed graphene surfaces were studied using molecular
dynamics (MD) simulations to investigate the eﬀect of ionic
screening of DNA molecules.12,19 The deep and narrow trench
on deformed graphene can provide low ionic screening for an
absorbed DNA molecule with increasing EDL length. As a
result, deformed graphene can reduce the counter-ion
screening of the DNA molecules, which can enhance the
detection sensitivity of cgFET. In addition, density functional
theory (DFT) and GW methods were used to calculate the
D
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Figure 3. Detection of the inactivated SARS-CoV-2 virus spiked in 25% VTM on ﬂat and crumpled graphene FET biosensors. Representative
example of I−V curves of (A) crumpled and (B) ﬂat graphene FET sensors for primer absorption from ampliﬁed (10 and 104 copies/μL) and
unampliﬁed (0 copies/μL) virus spiked in VTM. (C) Top panel: schematic of the primers consumption approach. Bottom panel: bar plot
summarizing the Dirac point shifts obtained after ampliﬁcation of the inactivated SARS-CoV-2 virus on ﬂat and crumpled graphene FETs (n = 3).
n.s.: not signiﬁcant, *P < 0.05, **P < 0.005.

bandgap for ﬂat and crumpled graphene in the absence and
presence of DNA bases.12 Bandgap opening on deformed and
crumpled graphene by adding DNA allows an exponential
change in the source−drain current from small numbers of
charges. Therefore, the deformation of graphene can enhance
the detection sensitivity by reducing charge screening coupled
with the opening of the bandgap, which can induce more
changes in graphene carrier charge density from DNA
absorption leading to a larger Dirac point shift. This
enhancement in the sensitivity can be seen in Figure 2B,C
where the changes in the source−drain current and Dirac point
shifts of the cgFET were compared with the changes produced
when using a fgFET biosensor. These ﬁgures show a
statistically signiﬁcant variation in the Dirac point for the
same concentration of primers when using the cgFET in
comparison to the fgFET. Dirac point changes were measured
on the fgFET and cgFET biosensors in the presence (44 nM)
or absence (0 nM) of RT-LAMP primers. Adsorption of
negatively charged single-stranded DNA triggered a left shift of
the Dirac point, which describes the n-doping of the primers
on graphene.21 Likewise, the correlation of the changes in the
Dirac point with the concentration of added primers
demonstrates that the variation in the Dirac point could be
used as a ﬁgure of merit to detect the presence of primers.
Also, the smaller variations were observed using the fgFET
device and the diﬀerences in the signal-to-noise ratio (SNR)
demonstrate better sensitivity of the developed cgFET sensor
(Figure 2C). Finally, the adsorption of primers on the
graphene surface was veriﬁed by means of Raman spectroscopy
(Figure 2D). This technique was used to detect the
predominant Raman spectra of ssDNA in crumpled graphene
after measuring the I−V curves. The predominant Raman peak

of adenine at 1304, 1336, and 1372 nm, cytosine at 3172, 1643
nm, and thymine at 1230 and 1372 nm,22 were observed in
crumpled graphene tested with 44 nM RT-LAMP primers,
whereas the peak was not observed in crumpled graphene
tested without primers (Figure S1).
In addition to the end-point detection, the ability of endpoint measurement of Dirac point in various reactions was also
demonstrated. Figure 2E,F shows the variation of the Dirac
point when using the crumpled graphene FET device. Endpoint measurement analysis shows, ﬁrst, the negligible voltage
changes during the stabilization step, and then the primer
concentration-dependent variation of the Dirac point. The
total shift is calculated after the washing steps.
Detection of the Inactivated SARS-CoV-2 Virus
Spiked in VTM Solution. The ability of the cgFET device
to detect the presence of the SARS-CoV-2 virus was assessed
by spiking known concentrations of inactivated virus spiked in
VTM solution, using these samples to conduct RT-LAMP
assays, incubating the ampliﬁed product on the device, and
calculating the Dirac point shifts produced after incubation.
As an oﬀ-chip control, the RT-LAMP ampliﬁcation reaction
was tested not only electrically (using the cgFET devices), but
also optically (using a commercial thermocycler).
To do this, EvaGreen, a green ﬂuorescence intercalating dye
that can ﬁt between base pairs of DNA molecules, was
included in the reaction. The inactivated SARS-CoV-2 virus,
ranging from 0 to 104 copies/μL, were spiked in 25% VTM
solutions, and the RT-LAMP reaction was conducted at 65 °C
(50 min). The ampliﬁcation curves obtained from the
thermocycler (reaction control) can be found in Figure 5A.
The ampliﬁcation threshold time was calculated at 20% of the
normalized ﬂuorescence signal. These results demonstrated
E
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Figure 4. AFM images of ﬂat and crumpled graphene surfaces showing primer adsorption after ampliﬁcation of the inactivated SARS-CoV-2 virus
spiked in 25% VTM. (A) Height images and (B) phase images of the ﬂat and crumpled graphene surface after the cgFET test of 104 and 0 copies/
μL virus samples. (C) Corresponding quantiﬁcation of surface roughness (Rq) analyzed either from height images (C) or phage images (D) of ﬂat
and crumpled graphene surfaces tested with ampliﬁed and unampliﬁed spiked SARS-CoV-2 samples. All of the data points were obtained for three
cycles from diﬀerent devices. n.s.: not signiﬁcant, *P < 0.05, **P < 0.005, ***P < 0.0005.

compared to the shift obtained with the ﬂat graphene sensor
(∼35.83 mV). On the other hand, when the virus was present
in the sample (primers were consumed during the
ampliﬁcation reaction), the Dirac point shift obtained was
smaller (<30 mV for both devices). The signiﬁcance level of
statistical diﬀerence between positive and negative samples was
increased (the p-value was decreased from <0.05 to <0.005,
Figure 3C) and therefore the signal-to-noise ratio and
detection sensitivity were improved. It is important to achieve
such high SNR since the ampliﬁed samples include several
components that can bind nonspeciﬁcally to the graphene
surface, thereby leading to the overlap of the Dirac point shift
between two sample groups. Finally, the adsorption of the
primers was also veriﬁed in both ﬂat and crumpled graphene
devices through atomic force microscopy (AFM) characterization of height and phase images (Figure 4). As can be seen

that this reaction could detect at least 10 copies/μL of viral
RNA.
After successful ampliﬁcation was conﬁrmed by the
thermocycler ampliﬁcation curves, the ampliﬁed products of
the tested virus concentrations (0, 10, and 104 copies/μL)
were diluted 100-fold in 0.1× phosphate-buﬀered saline (PBS).
The diluted samples were transferred to both the cgFET and
fgFET devices, and the variations in the Dirac point were
measured (before and after adding the ampliﬁed product). The
raw I−V curves and the corresponding Dirac point shifts in the
cgFET and fgFET devices can be seen in Figure 3A,B,
respectively. In the case of blank samples (0 copies/μL of virus
in the sample), a large Dirac point shift was obtained since
primers were not consumed during the ampliﬁcation reaction.
However, as can be seen in Figure 3C, a larger Dirac point shift
was found for the crumpled graphene sensor (∼77.64 mV)
F
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Figure 5. Detection of the inactivated SARS-CoV-2 virus spiked in 25% VTM samples using the cgFET biosensor. (A) Oﬀ-chip control.
Normalized ﬂuorescence data (n = 3) of 104, 10, and 0 copies/μL virus samples. RT-LAMP ampliﬁcation threshold is determined at 20% of the
normalized ﬂuorescence signal. (B) Bar plot summarizing the Dirac point shifts of cgFETs obtained after ampliﬁcation of 104 copies/μL virus
samples with 0, 5, 10, 15, 20, and 50 min of RT-LAMP ampliﬁcation time (n = 3). (C) Bar plot summarizing the Dirac point shifts obtained after
ampliﬁcation of 10 copies/μL virus samples with 0, 20, 25, 30, 35, 40, and 50 min of RT-LAMP ampliﬁcation time on cgFETs (n = 3). n.s.: not
signiﬁcant, *P < 0.05, **P < 0.005.

Figure 6. Detection of the SARS-CoV-2 virus in 25% VTM clinical samples. (A) Representative example of I−V curves of crumpled graphene FET
sensors for primer adsorption from SARS-CoV-2 positive and negative clinical samples in 25% VTM after isothermal ampliﬁcation. (B) Bar plot of
the Dirac point shift of 10 known positive and 10 known negative clinical samples (RT-LAMP; 65 °C, 50 min) on cgFET. The decision threshold
(48.66 mV, 95% CI = 72.25−100%) was determined using ROC analysis. (C) Bar plot summarizing the average Dirac point shift of positive and
negative clinical SARS-CoV-2 samples (RT-LAMP; 65 °C, 50 min) on the crumpled graphene FET. **P <0.005. (D) Bar plot of the Dirac point
shift of 3 known positive clinical samples with the lowest viral load (RT-LAMP; 65 °C, 30 min) on the cgFET. (E) ROC curve analysis for positive
and negative SARS-CoV-2 clinical samples in 25% VTM. (F) Summary of the performance of the cgFET biosensor for SARS-CoV-2 VTM clinical
samples.

G
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an approved institutional review board (OSF Peoria IRB #
1602513 via the University of Illinois College of Medicine with
a waiver for consent). Samples were collected following clinical
gold standard techniques (using an NP swab) and then frozen.
We received VTM discards prior to the RNA puriﬁcation step
and the results of the RT-PCR tests performed by OSF
Healthcare.
Comparable to the results obtained with the spiked samples,
the negative samples produced a large shift in the Dirac point,
while the positive samples produced a smaller distinguishable
variation (Figure 6A). First, 10 known positive and 10 known
negative clinical samples were ampliﬁed following the
procedure described previously (RT-LAMP; 65 °C, 50 min).
Then, the ampliﬁed products were incubated (20 min) in the
cgFET device and the variation in the Dirac point was
calculated. As can be seen in Figure 6B,C, the negative samples
produced a large shift in the range from 68 to 118 mV. On the
other hand, the shift obtained with the positive samples was
<29 mV in all cases. With this data, the decision threshold was
determined to be 48.66 mV by receiver operating characteristic
(ROC) curve analysis. Using this decision threshold, three
positive samples were retested, but only after 30 min of
ampliﬁcation time. These three samples were chosen as they
are the ones with the latest ampliﬁcation time in the RTLAMP analysis (lowest viral load). As illustrated in Figure 6D,
the variation in the Dirac point was again below the decision
threshold. Therefore, 30 min of isothermal ampliﬁcation was
shown to be suﬃcient to correctly distinguish positive from
negative clinical samples. The raw data (I−V curves) of
variation in the Dirac point of these samples is given in the
Supporting Information (Figure S3). The RT-LAMP ampliﬁcation curves and a table showing the RT-PCR Ct values
(control) is shown in the Supporting Information (Figure S4
and Table S2). The ROC curve analysis performed with the
results of Figure 6B can be seen in Figure 6E. Likewise, the
summary of the biosensor performance (sensitivity and
speciﬁcity = 100%) is shown in Figure 6F.
It is important to mention that in this paper we conﬁrmed
RT-LAMP ampliﬁcation using a thermocycler, only for
characterization purposes. However, to successfully amplify
samples prior to electrical analysis, the only instrumentation
required is a simple heating block that can be set to 65 °C.
Although other graphene-based devices used for the
detection of SARS-CoV-2 from clinical samples can be found
in the literature,11,20,24 none of these have implemented the
crumpled graphene approach. The use of the crumpled
graphene approach gives our device the ability to oﬀer a
better decision threshold (100% accuracy, sensitivity and
speciﬁcity). Furthermore, although our detection protocol
requires isothermal ampliﬁcation, unlike the devices proposed
in the literature, our cgFET biosensor does not require kits or
protocols for RNA puriﬁcation, gold nanoparticles, hybridization, or functionalization of molecules on the surface of
graphene, which considerably reduces the cost.

in Figure 4A,C, AFM height images do not distinguish between
the presence or absence of primers. This is because the height
of the ssDNA is ∼1 nm, which is negligible by AFM when
DNA is adsorbed with a π−π stacking structure on both ﬂat
and crumpled graphene surfaces. Likewise, the signal in the
height images is higher in the crumpled graphene device than
in ﬂat graphene due to the morphology of the crumpled
surface. On the other hand, as can be seen in Figure 4B,D, the
AFM phase images conﬁrmed the presence of primers for the
negative samples. The phase shift between the cantilever
oscillation and the driving signal enables chemical surface
mapping that relies on inelastic interaction between the tip and
surface, such as stiﬀness/smoothness and adhesion.23 A clear
diﬀerence in the signal was obtained in the phase images when
comparing the positive with the negative samples for both
devices. However, the diﬀerence was more signiﬁcant for the
cgFET than for the fgFET, which indicated that more primers
were adsorbed on crumpled graphene than on ﬂat graphene.
Together, these results demonstrate the enhanced ability of the
cgFET device to distinguish positive from negative samples.
Cross-section plots of AFM height and phase images can be
seen in the Supporting Information (Figure S2).
Analysis of the Required Ampliﬁcation Time to
Distinguish Positive Samples from Negative Sample.
In the previous section, we demonstrated that SARS-CoV-2
positive samples (in the range from 10 to 104 copies/μL) can
be distinguished from negative samples using graphene devices
after 50 min of ampliﬁcation. However, to show that shorter
ampliﬁcation times could also be used, multiple end-point
experiments, in time intervals ranging from 0 to 50 min were
performed (Figure 5). From the thermocycler ampliﬁcation
data (Figure 5A), we know that 104 copies/μL of virus amplify
in 17 min, while 10 copies/μL of virus amplify in 25 ± 1.4 min.
For electrical testing of VTM samples spiked with 104 copies/
μL of inactivated virus, 6 ampliﬁcation cycles in the range of
interest were analyzed (Figure 5B). No signiﬁcant diﬀerence in
the Dirac point shift was obtained for ampliﬁcation time ≤10
min. However, a statistically signiﬁcant variation in the Dirac
point was found for ampliﬁcation time ≥15 min. This
demonstrates that no more than 15 min of ampliﬁcation is
required for highly concentrated samples. Similarly, for
electrical testing of VTM samples spiked with 10 copies/μL
of inactivated virus, 7 ampliﬁcation times in the range of
interest were analyzed (Figure 5C). In this case, while no
signiﬁcant diﬀerence in the Dirac point shift was obtained from
ampliﬁcation time ≤25 min, a statistically signiﬁcant variation
was found for ampliﬁcation time ≥30 min. This demonstrates
that no more than 30 min of ampliﬁcation is required for the
low concentrated samples. Therefore, we can conclude that 30
min is the ampliﬁcation time required to distinguish positive
samples (≥10 copies/μL) from negative samples. In addition,
we found in the control measurements that the Dirac point
shifts at the end of various reaction times were inversely
proportional to the starting concentration of the RNA in the
sample. This suggests that quantitative end-point measurements could be possible, but a more detailed characterization is
needed before such a claim can be made.
Detection of the SARS-CoV-2 virus in VTM clinical
samples. The performance of the developed crumpled
graphene FET biosensors was also assessed by the analysis of
VTM clinical samples (Figure 6). The device was validated
using 20 clinical samples (10 known positives and 10 known
negatives) obtained from OSF Healthcare, Peoria, IL, through
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CONCLUSIONS
We have developed an electrical point-of-care device for the
detection of SARS-CoV-2 virus ampliﬁcation. This crumpled
graphene-based FET biosensor was able to distinguish VTM
positive clinical samples from VTM negative clinical samples
with 100% sensitivity, and speciﬁcity. Our platform can also
decrease the detection time to ∼60 min (ampliﬁcation ∼30
min and cgFET measurement ∼30 min). The detection
H
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principle, which is based on isothermal RT-LAMP ampliﬁcation, primer consumption, and noncovalent π−π stacking
interactions, facilitates the development of cost-eﬀective
devices that require minimal instrumentation. Future innovations in this technology will focus on the miniaturization of
cgFET devices and on the development of CMOS-compatible
mass fabrication processes. Although the device developed in
this article was applied and validated for the SARS-CoV-2
virus, this biosensor could easily be adapted to the detection of
other pathogens when the corresponding RT-LAMP primers
are available.
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