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Ultrasensitive Detection of Dopamine, IL-6 and SARSCoV-2 Proteins on Crumpled Graphene FET Biosensor
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Narayana R. Aluru, and Rashid Bashir*
can be used for clinical diagnosis, pointof-care testing, and on-site detection.[1]
The pandemic, amongst other healthcare
challenges, has pointed attention to the
importance of rapid and effective diagnosis of diseases.[2] FET-based biosensors
allow label-free and highly sensitive biomolecular detection on integrated lab-ona-chip systems. Detection of pH, nucleic
acids, proteins, and other biomarkers have
been reported using FET biosensor with
many different channel materials such as
conventional silicon,[3,4] nanowire,[5,6] and
2D materials.[7,8] Among those, graphene
is an attractive material due to its unique
mechanical, chemical, and electrical properties. CVD-grown graphene exhibits
superior sensitivity in charge-based detection of biomolecules owing to its singleatom thickness and ultimate aspect ratio.
In the past, we have shown that the
crumpled graphene FET-based biosensor
is capable of detecting nucleic acids with
ultra-high sensitivity.[9,10] This was due
to the unique finding that the crumpled
FET allows for an increase Debye length
and reduced charge screening of the biomolecules, and that the
bending of graphene can also open a bandgap, allowing for an
exponential increase in current upon binding of charges. In this
paper here, we demonstrate that the crumpled graphene can be

Universal platforms for biomolecular analysis using label-free sensing modalities can address important diagnostic challenges. Electrical field effect-sensors
are an important class of devices that can enable point-of-care sensing by
probing the charge in the biological entities. Use of crumpled graphene for this
application is especially promising. It is previously reported that the limit of
detection (LoD) on electrical field effect-based sensors using DNA molecules
on the crumpled graphene FET (field-effect transistor) platform. Here, the
crumpled graphene FET-based biosensing of important biomarkers including
small molecules and proteins is reported. The performance of devices is
systematically evaluated and optimized by studying the effect of the crumpling
ratio on electrical double layer (EDL) formation and bandgap opening on the
graphene. It is also shown that a small and electroneutral molecule dopamine
can be captured by an aptamer and its conformation change induced electrical
signal changes. Three kinds of proteins were captured with specific antibodies
including interleukin-6 (IL-6) and two viral proteins. All tested biomarkers are
detectable with the highest sensitivity reported on the electrical platform. Significantly, two COVID-19 related proteins, nucleocapsid (N-) and spike (S-) proteins antigens are successfully detected with extremely low LoDs. This electrical
antigen tests can contribute to the challenge of rapid, point-of-care diagnostics.

1. Introduction
An all electrical biosensor is of great interest and capturing
increased attention, especially in the pandemic, as these devices
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Figure 1. Schematics and characterization of crumpled graphene FET biosensor. a): i) Scheme of crumpled graphene FET biosensor; “S” is source,
“G” is liquid gate, and “D” is drain electrodes. ii) Dopamine detection with aptamer probe and iii) various proteins detection with specific antibodies
on the crumpled graphene channels. iv) Scheme and the lateral section of COVID-19 virus which show targeted viral proteins for the proposed antigen
test with crumpled graphene FET. b) SEM images of flat and different crumpling ratios of graphene. SEM images of i) flat graphene and ii–iv) with
10–60% of crumpling ratios. v–viii) SEM images of same samples of i–iv) with a larger scale. Scale bars and crumpling ratios are indicated on images.
z

universally used for different analytes and biomarkers across a
range of sizes at unprecedented concentration level (Figure 1).
Dopamine, Interleukin 6 (IL-6) protein and SARS-CoV-2 Viral
spike protein were detected on the crumpled graphene biosensor (Figure 1a). The high sensitivity was possible by optimizing the crumpling ratio of the graphene sensing film. We
also investigated the effect of crumpling ratio (10–60%) on biosensing performance (Figure 1b) which is elaborated in the later
section. Importantly, we have successfully detected COVID-19
related proteins, spike (S-), and nucleocapsid (n-) proteins with
extremely low LODs.

2. Results and Discussion
2.1. Molecular Dynamics (MD) Simulations
We investigated the effect of RNA and ionic species near flat
and crumpled graphene surfaces to predict and explain the
enhanced sensitivity of molecular detection from our experimental observations. As shown in Figure 2, five different configurations are considered (see the computational methods for
the simulations details). In the first configuration, which is
labeled as flat, a COVID-19 RNA with 20 bases is equilibrated
on a flat graphene sheet (see Note in supporting materials).
In the other four systems, the RNA is self-adsorbed onto the
surface of the crumpled graphene along the concave regions of
the graphene for different degrees of crumpling of 10%, 30%,
50%, and 70% (Figure 2a–e). It has been shown computationally that DNA molecules adsorb onto the concave region of
crumpled graphene, as it is the most energetically favorable
configuration.[9] The detection sensitivity of any charged molecule is influenced by the degree by which the charged molecule
is screened by the electrical double layer (EDL). Detection of
the RNA molecule is enhanced when more of the RNA charge
is exposed to the graphene surface without being electrostatically screened by ions. The concentrations of ions (sodium and
chloride) and the backbone of the RNA strand as well as the
screening factor of ions are plotted in Figure 2 for all the configurations considered. The screening factor is obtained from,
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SF( z) = ∫ F([Na + ] − [Cl − ])dz/ | σ |, where F is the Faraday con0

stant, z is the normal distance from graphene surface (z = 0
on graphene) and σ is the surface charge density. As shown,
because of the confined nature of the concave crumpled region,
the ionic layer forms farther away from the concave graphene
surface compared to the case of flat graphene. As the degree
of crumpling increases, more ions are excluded from the graphene interface and the ionic screening takes place at a longer
distance away from the graphene (Figure 2a–f). With less of
the RNA charge screened in highly crumpled graphene sheets,
the RNA detection is enhanced. Hence, it should be noted that
performance of crumpled graphene can be correlated with the
crumpling ratio and systematically optimized for improved
performance. We controlled the crumpling ratio by varying the
annealing temperature (110–115 °C) and time (10–120 min) as
described later.
To investigate the electronic structure of the deformed graphene, we performed density functional theory (DFT) calculations using the local density approximation (LDA)[11] and
Perdew–Burke–Ernzerhof (PBE)[12] functionals. Both LDA
and PBE functionals produce bandgap values that are close to
each other and show a local bandgap opening in the deformed
graphene over all the crumpling range (10–60%) studied here
(Figure S1, Supporting Information). While the bandgap
exhibits an oscillatory behavior as a function of the crumpling
percentage, the overall bandgap opening upon crumpling has
been shown to play an important role in increasing the graphene detection sensitivity.[9]

2.2. Surface Characterization
Surface characterization of the crumpled graphene with different ratios was performed with AFM and SEM imaging, contact angle measurements, EDL capacitance measurements, and
Raman spectroscopy analysis (Figure 3a–c and Figure S2, Supporting Information). There are previous studies which reported
structural analysis, roughness changes, and hydrophobicity
modulation with stepwise crumpling of graphene by stretching
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Figure 2. The molar concentration of ions (sodium and chloride) and the backbone of COVID-19 RNA strand segment along with the screening factor
of ions are plotted as a function of the distance from the graphene surface for a) flat, b) 10%, c) 30%, d) 50%, and e) 70% crumpled graphene. The
configurations of different graphene (in cyan) are illustrated. In concave regions of crumpled graphene, ions are excluded due to its confinement and
most of the adsorbed COVID-19 RNA molecule remains unscreened electrostatically. As the degree of crumpling increases, more of the RNA molecules
are exposed to the graphene surface without being electrostatically screened by ions resulting in enhanced RNA detection. f) Summary table of the
simulations.

and releasing on elastic substrates.[13–15] However, there are few
reports on graphene crumpling with slow buckling on a thermoplastic substrate with stepwise crumpling ratios.[10,16–18] We
explored the different ratios of graphene crumpling using AFM
imaging. As shown in Figure 3c and Figure S2, Supporting
Information, increasing the crumpling ratio created increased
roughness in the graphene. More complicated and rougher
surface should perturb ion distribution at the interface of the
graphene and the ionic solutions more effectively. Also, higher
crumpling ratio increases the surface area of graphene per unit
of flat area and thus the surface becomes more hydrophobic.[19]
Those two effects are expected to result in modulation of Debye
screening effect.
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Hydrophobicity heavily influences the formation of the EDL
and it is directly related to Debye screening effect and thus
affect the sensitivity of the charge-based sensors.[20] The hydrophobicity of crumpled graphene samples with four different
crumpling ratios was compared by contact angle measurements
(Figure S2, Supporting Information). It has already been shown
that the hydrophobicity of MoS2 sheets on the pre-strained polystyrene substrate can be tuned by different crumpling ratio with
the similar experimental schematics with this work.[19] In the
previous study on MoS2, higher crumpling ratio provided higher
hydrophobicity. Similar to this result, 60% crumpled graphene
showed the highest hydrophobicity with the largest contact
angle while 15% crumpling showed the smallest contact angle.
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Figure 3. Characterization of crumpling ratio effects. a) EDL capacitance of the graphene samples with crumpling ratio of i) 10%, ii) 30%, iii) 40%, and
iv) 60%. b) Strain analysis via confocal Raman spectroscopy. i) Raw Raman spectrum of graphene with various crumpling ratios. ii) 2D peak position
map of graphene with various crumpling ratios. Scale bars: 1 µm. iii) 2D Raw Raman spectrum of (ii) (iv) 2D peak position graph of (iii). c) AFM image
of (i) 40% and (ii) 60% crumpled graphene. 3D AFM image of (iii) 40% and (iv) 60% crumpled graphene. d) Dirac point shift by ssDNA absorption
on graphene FET sensors with various crumpling ratios.

EDL capacitance measurements results were also consistent
with the contact angle data (Figure 3a). 55% crumpling showed
the smallest capacitance, which indicated the highest hydrophobicity. However, the wettability of the graphene tends to decrease
as the crumpling ratio is increased. We found that it might be
hard to settle on Wenzel state at certain highly crumpling ratio,
resulting in unstable Dirac point measurement over time.
Because of increased hydrophobicity, crumpled graphene
devices need ‘wetting process’ by repeating the I–V measurements over hours without adding target molecules. When the
Dirac points are identical for at least 2 h, the actual biomarker
detection experiments can be initiated. We found that devices
with higher crumpling required a longer time for the wetting
process. Most of devices with 50% crumpled ratios required
up to 4 h of wetting process, while flat devices did not need
any prior incubation time for wetting. When the crumpling
ratio was 60%, some devices needed more than one day of wetting and even after the Dirac point being stable, about 25%
of the devices yielded reliable and consistent sensing results.
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These issues could be attributed to irreversible bonding of
some ions with graphene with prolonged exposure to water.[21]
Hence, increase in sensitivity of devices is also correlated with
decreasing yield and we concluded that ≈55% is the optimal
crumpling ratio when considering the trade-offs between sensitivity, reproducibility and yield. Further studies are warranted to
quantify these trends in more detail.
It is known that strain effect can open the bandgap in
graphene and we have shown that the strain induced by crumpling process may locally open the bandgap of the curved graphene.[22] It has been reported that the strain modulation of
graphene by nanoscale substrate curvatures can be characterized by measuring shifts of G and 2D peaks[16,23,24] and rippled
graphene can behave as a semiconductor due to the strain.[24]
Moreover, larger strain may open larger bandgap.[22] Therefore,
if increasing the crumpling ratio generates larger strain, the
bandgap opening effect can be larger with higher crumpling
ratio and could contribute to larger exponential changes in the
current from a small numbers of charges.[25]
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Typical raw spectra Raman peaks of crumpled graphene with
different crumpling ratios are shown in Figure 3b. The size of
the laser spot in the Raman measurements is ≈0.2 × 0.2 µm2,
covering many peaks and valleys of various sizes of crumples.
Thus, the spatially averaged strain across crumples was measured in each spectrum spot. It is reasonable to consider those
values as estimates of the overall magnitude of strain even
though these averaged measurements are not the complete
information of the microscopic strain distribution. It is wellknown that two prominent peaks are closely related to strain
effect on graphene: G mode (1580−1590 cm−1) and 2D mode
(2660−2680 cm−1). However, G peaks of the polystyrene substrate and graphene overlap, making only the 2D mode peaks
useful.[9] Compared to 5% crumpled graphene, 20, 40, and
60% show blue shifts in the 2D peaks, with more significant
shifts occurring in larger crumpling ratios. In Figure 3b, the
measured spectrum in each optical pixel is fitted with Lorentzian line shapes for 2D modes, and the fitted peak values (ω2D)
are plotted in the map. The strong modulation on the Raman
scattering of crumpled graphene was confirmed by the sharp
transition across the domain boundary and the large spectral
shifts. Raman peak shifts in graphene are known to be sensitive to strain modulations.[16,23,26] The strain is tensile if the
shift is blue and compressive when it is red. The average strain
effect of different crumpling ratios shows a clear increasing
trend (Figure 3b). All the larger crumpling ratios samples have
larger average tensile strain than the smallest crumpling ratio,
5%, revealing that the graphene lattice is stretched with larger
crumpling ratios. It was reported that the stretched graphene
showed bandgap opening and the gap can be larger when the
tensile strain was increased.[22] It is reasonable to conclude
that the larger crumpling ratio might open larger bandgap of
graphene because of the larger strain and this can lead to the
higher sensitivity in charge-based biomolecular sensing.[9,25]
To clarify the physical distinction of highly crumpled graphene, 40% and 60% of crumpled graphene samples were
imaged by atomic force microscopy (AFM) (Figure 3c). 2
dimensional images of AFM images were not so distinguishable at glance. However, 3D images show clearly higher fluctuation in z-direction for the 60% sample as compared to the 40%.
Rq and Rs values are also higher as marked in Figure 3c.
DNA absorption through π–π stacking on the graphene FET
was also investigated with varied crumpling ratios and electrical measurements (Figure 3d). Four different crumpling
ratios ranging from 10% to 55% has been tested in 1 × PBS
buffer solution. As predicted, the 55% showed the largest Dirac
shift of 50 mV while the 30% showed 15 mV. LODs were also
different; there was 8 mV of shift with the 55% crumpling at
200 zM, which corresponds to only ≈6 molecules (≈120 copy per
mL). However, similar size of shift was observed at 20 aM with
40% of crumpling and negligible shifts were observed below
this concentration. Noticeable shifts were observed from 2 fM
for 30% of crumpling. In the previous study, flat device did
not generate meaningful signals with the similar experimental
condition. From the above results, we optimized the crumpling
ratio to 55% and used this ratio for the sensing experiments
performed next. We note that the rest of the device fabrication,
sample preparation including the probe molecule immobilization, and electrical measurement methods were previously
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published.[9] We postulate that the sensitivity enhancement
effect induced by the crumpling process can be applied to
charge-based molecular detection.
2.3. Detection of Small Molecule Dopamine
We first examined the detection of an uncharged small mole
cule, dopamine, which is a neurotransmitter associated with
motivational salience, and can serve as a biomarker for the
onset and progression of diverse diseases such as schizophrenia, Parkinson’s disease, and several cancers such as
neuroblastoma and pheochromocytoma.[27] Conventional monitoring methods of upregulation, downregulation or imbalance
of dopamine are challenged by rigorous sample preparation to
achieve the desired specificity and sensitivity. Precise detection
of dopamine can be closely related to early diagnosis of neurological diseases, function tests of dopaminergic neurons derived
from various stem cell sources and toxicity assessments of
drugs.[28] Dopamine is electrically neutral and hence could not
be directly detected by a FET based sensor; however, a previous
study showed that the neutral molecules can be detectable with
conformational change of aptamer probes.[29] Graphene- and
its nanocomposite-based electrical or electrochemical sensing
of dopamine have been demonstrated previously however, as
dopamine is electroneutral, the detections relied on redox or
oxidation process of analytes, which lack specificity and sensitivity.[30–32] A few studies utilized aptamer as a probe molecule
for aptamer detection and one report demon
strated Indium
oxide FET-based dopamine detection at fM range of concentration with conformation change of aptamer probe when capturing the target molecules.[29,33]
Aptamer is a single stranded DNA or RNA, and its conformation is changed upon binding of the target resulting in a
change in the distance of the overall charge from the negative
backbone to the active channel surface. In a previous report
where the same aptamer was used on an organic FET biosensor, the aptamer, which is negatively charged, became closer
to the active channel surface when capturing dopamine.[29]
This situation can be analogous to DNA capturing the target
molecules and the IV curve of the proposed graphene FET biosensor is expected to shift to left.[9] As seen in Figure 4, capture
of dopamine by the aptamer induced left-shift of the I–V curve,
consistent with the previous reports. The dopamine aptamerFET exhibited concentration-dependent responses to dopamine, ranging from 2.5 aM to 2.5 µM). The LoD of 25 aM is
three orders of magnitude lower than the previous report with
the same aptamer. Negative control tests were performed with
non-specific target molecule serotonin as well as with dopamine without the aptamer probe. Negative control signals were
negligible compared to the positive test signals. Dopamine
detection was also reproduced on a regular flat graphene FET
and the sensitivity was far inferior.
2.4. Detection of IL-6 Protein
We also detect proteins such as interleukin-6 (IL-6) and viral
protein on the crumpled graphene FET biosensor with very
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Figure 4. Dopamine detections on graphene FET biosensors. a) Schematic of dopamine capturing with aptamer on the crumpled graphene channel.
b) I–V relationship of the crumpled and c) flat graphene FET sensors for the dopamine detection using aptamer probe. d) Dirac voltage shift of the
FET sensor with the detection of dopamine in PBS, NC is negative control with no aptamer attached or with serotonin, and e) In aCSF (Artificial cerebrospinal fluid). Sample without aptamer is the negative control sample is aCSF only which has only chemicals typically present, and sample with
Dopamine is aCSF spiked with Dopamine.

high sensitivity.[1,34,35] IL-6 protein is a multipotent cytokine
that plays an important role in immune responses, inflammation, bone metabolism, reproduction, arthritis, aging, and neoplasia.[36] Monitoring the level of IL-6 protein can help diagnose
inflammatory diseases and sepsis. Concentration level of IL-6 in
blood can grow up to approximately nM range under these disease conditions.[37] However, several reports proposed advanced
diagnostics in other body fluids which are easier to collect such
as saliva, sweat or urine, and those solutions contain much
lower concentration of IL-6 than in blood, thus requiring highly
sensitive sensing platform.[38,39]
We next tested detection of Interleukin 6 (IL-6) as shown in
Figure 5a,b. To bind the inherently charged IL-6 protein, IL-6
antibody was used as a probe molecule. It was reported that
the detection of IL-6 protein with the antibody on a graphene
FET showed negative shift of the IV curves.[34] We also consistently found negative shifts of Dirac points with the detection
of IL-6 protein with the antibody on the crumpled graphene
FET in 1 × PBS (Figure 5b). The total shift is smaller than previously reported DNA detection because there can be certain
distances from the graphene surface to the charged target protein (≈25 kDa) due to the bulkiness of the antibody as the general IgG molecular weight is ≈150 kDa. The isoelectric point of
IL-6 protein is 6.96 therefore it can be assumed that the overall
charge of the protein is negative in PBS solution which could
explain the left-shifts of the IV curves. The flat device was not
able to detect IL-6 protein as the protein is further away and
screened as Debye length of 1 × PBS is ≈1 nm. In summary,
we demonstrated detection of IL-6 protein detection by using
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its antibody as a probe molecule on the crumpled graphene
FET in 1 × PBS and showed aM level sensitivity, which corresponds to only tens of molecules in 50 µL, given sample
volume.
2.5. Detection of SARS CoV-2 Antigens
There are three kinds of commercially available tests for
COVID-19. These are; i) detection of viral RNA genes based on
nucleic acid amplification techniques are the gold standard for
confirmation of COVID-19, ii) Antigen tests which target the
proteins on or inside the virus. The antigen tests do not need
amplification and hence can significantly reduce the turnaround time but are inherently less sensitive as compared to the
RNA tests, and iii) antibody tests from blood samples which
detect presence of antibodies and confirm immunity from the
infection. There is an opportunity to improve the sensitivity of
the antigen tests and use of label-free electric sensors could play
a role in this area. For SARS-CoV-2, the spike protein or the
nucleocapsid protein can be captured with specific antibodies
anchored on surfaces. Several antigen tests are available or in
development by companies including Quidel, OraSure, Iceni
Diagnostics, and E25Bio. These antigen tests are typically based
on enzyme-linked immunoassay (ELISA) and have an optical
readout. New tests typically require fluorescence labelling or
nanoparticle anchoring to enhance the output signal. There are
reports which have raised concerns about the performance of
available antigen tests.[40,41] For example, an analysis suggest
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Figure 5. Various protein detections on graphene FET biosensors. a) Schematic of proteins capturing with specific antibodies on the crumpled graphene channel. b) Dirac voltage shift of the FET sensor with detection of IL-6 protein, c) COVID-19 N-protein, and d) S-protein.

that each 10-fold increase in LoD is expected to increase the
false negative rate by 13%, missing an additional one in eight
infected patients.[41]
The crumpled graphene FET-based antigen test can be
important as its sensitivity can be superior to ELISA and it
does not require any labelling.[40,42,43] Such sensors can attempt
to capture whole virus or the proteins after the virus lysis, the
later can be safer from a user perspective. Recent reports have
demonstrated label-free COVID-19 related protein detection
in human nasopharyngeal swab specimens on graphene FET
sensors.[1]
We immobilized N- and S-protein antibodies (purchased
from CD Diagnostics) on the graphene channels as reported
previously[1] (Figure 5a). Different kinds of coronavirus-related
N-proteins detections were reported using nanowire FET in the
pM concentrations.[44,45] However, an improvement in sensitivity desired if antigen tests were to replace the RNA molecular
detection tests.[41] Moreover, COVID-19 N-protein has not been
tested on graphene FET based biosensor before this report.
Figure 5c shows our results of the IV-curve shifts with N-protein detection in 1 × PBS on the crumpled graphene channels.
The isoelectric point of the N-protein is pH ≈10 and thus the
overall charge would be positive in 1 × PBS. However, previous
studies showed that some regions of the previous SARS N-protein, of which the isoelectric point was also ≈10, are locally
negatively charged.[44,46] It might be possible that the positive
charges on active channel surface attract the negatively charged
regions of N-protein captured on the surface, thus leading to
conductance change as a result of the local negative charges
of the antigens at the surface.[44,45] This result was supported
by study with computational simulations, which shows that
N-protein has an asymmetric charge distribution.[47] Depends
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on the “up” or “down” orientation, the protein would generate
different charge signals at pH = 7.4. It was concluded that, with
“up orientation,” the N-protein is expected to exhibit negative charges for Debye screening lengths up to 3 nm.[47] Even
though these previous results were based on SARS N-protein
and not the SARS-CoV-2 N-protein, their isoelectric points and
molecular weights are very similar, that is, pH ≈10 and 46 kDa,
respectively. Furthermore, it was recently shown that many
aspects of SARS N-protein and COVID-19 N-protein are similar
and have more than 90% sequence similarity.[48] Thus it might
be reasonable that electrical charge effect of COVID-19 N-protein on graphene surface could be either positive or negative
depending on the orientation.[49,50]
The S-protein was also tested on the crumpled graphene FET
(Figure 5d) and showed a clear shift at 1 aM in 0.1 × PBS. In
1 × PBS, the signal from S-protein detection was not statistically significant and could not be delineated. This can also be
explained by large size of the S-protein antibody at ≈150 kDa
and the decrease in Debye Length from 0.1× to 1× PBS. Many
prior studies have reported on the differences in signal with
size of antibodies as function of experimental conditions,
including buffer solution concentrations, etc.[1,44,45,51] Comparison of electrolyte-gated FET biosensor sensitivity is shown in
Table S1, Supporting Information.

3. Conclusion
In summary, detection of several important disease-related
biomarkers including dopamine, IL-6 protein, and viral proteins were demonstrated on the crumpled graphene FET biosensor. The effect of various crumpling ratio on the detection
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sensitivity was studied and confirmed by computational simulations, Raman spectroscopy analysis, and EDL capacitance
measurements. The optimized crumpled graphene FET biosensors were able to detect various sizes of biomarkers with
unprecedented sensitivities. Importantly, we also demonstrated
SARS CoV-2 antigen test by detecting S- and N-proteins with
the crumpled graphene FET biosensor in a label-free format
that could result in a diagnostic tool with small footprint. This
platform can overcome the limitation of currently available
antigen tests owing to its superior sensitivity due to modulation of the Debye layer on the crumpled graphene biosensors.
In the future, this platform can be highly multiplexed and can
target many multiple biomarkers on a chip and have a significant impact on the diagnostics market.
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MD Simulations: Molecular dynamics simulations were performed
using the LAMMPS package.[52] The systems were generated by the
Visual Molecular Dynamics (VMD).[53] As mentioned in the manuscript,
different graphene topologies with crumpling degrees of 0% (flat), 10%,
30%, 50%, and 70% are used. Each simulation box consists of a singlelayer graphene sheet, a single-stranded COVID-19 RNA, water, and ions.
The COVID-19 RNA segment has 20 bases with a sequence of GAC
CCC AAA ATC AGC GAA AT. A concentration of 1.2 m sodium chloride
is considered. Depending on the degree of crumpling, the simulation
system contained 20 000–80 000 atoms. Periodic boundary conditions
are applied in the x and y directions (projected plane of graphene
lies in the xy plane). The systems are non-periodic in z direction. The
CHARMM forcefield[54] is used. The Lennard-Jones (LJ) potential with
a cutoff distance of 1.2 nm is employed. The long–range electrostatic
interactions are calculated using the PPPM.[55]
First, the energy of each system was minimized for 15 000 steps.
Equilibrium simulations were then performed in NPT ensemble
for 2 ns at a pressure of 1 atm and a temperature of 300 K. The NPT
simulation ensures that the water reaches its equilibrium density. The
systems were further equilibrated in NVT ensemble for another 2ns at
300 K. Temperature was maintained at 300 K by using the Nosè–Hoover
thermostat[56,57] with a time constant of 0.1 ps. The carbon atoms of
graphene are kept frozen. The production simulations were carried out
in NVT ensemble for 10 ns. Trajectories of atoms were dumped every
picosecond to obtain the structure of RNA and ions near graphene
sheets.
Atomic Force Microscopy Imaging: AFM images were recorded using
an ASYLUM RESEARCH MFP-3D AFM SYSTEM (Asylum Research,
Santa Barbara, CA).
Raman Spectroscopy Imaging: The Raman spectra and imaging of
the crumpled graphene were recorded using a Nanophoton RAMAN-11
laser confocal microscope (Nanophoton, Osaka, Japan). A 532 nm
diode laser was used for excitation. The excitation power was 0.1 mW
with 3 s exposure time and 3 times averaging for point and mapping,
respectively. In Raman mapping mode, region of interest was 2.2 by
2.2 um in x, y axis with 200 nm per pixel resolution with NA 0.9 100x Plan
Fluor objective lens. The grating was 600 gr mm−1. The wave number
range covered was 700–2900 cm−1. The wavenumber shift compensation
was −8.4 cm−1 after initial Ne-sample calibration. The Raman signals
were detected by a Peltier cooled CCD camera at −70 °C.
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