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1 Introduction

A label-free graphene-based impedimetric
biosensor for real-time tracing of the cytokine
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Concurrent with the pandemic announcement of SARS-CoV-2 infection by the WHO, a variety of reports
were published confirming the cytokine storm as the most mortal effect of the virus on the infected
patients. Hence, cytokine storm as an evidenced consequence in most of the COVID-19 patients could
offer a promising opportunity to use blood as a disease progression marker. Here, we have developed
a rapid electrochemical impedance spectroscopy (EIS) sensor for quantifying the overall immune activity
of the patients. Since during the cytokine storm many types of cytokines are elevated in the blood, there
is no need for specific detection of a single type of cytokine and the collective behavior is just measured
without any electrode functionalization. The sensor includes a monolayer graphene on a copper
substrate as the working electrode (WE) which is able to distinguish between the early and severe stage
of the infected patients. The charge transfer resistance (Rct) in the moderate and severe cases varies
about 65% and 138% compared to the normal groups, respectively and a specificity of 77% and sensitivity
of 100% based on ELISA results were achieved. The outcomes demonstrate a significant correlation
between the total mass of the three main hypercytokinemia associated cytokines including IL-6, TNF-
o and IFN-y in patients and the Rct values. As an extra application, the biosensor's capability for
diagnosis of COVID-19 patients was tested and a sensitivity of 92% and specificity of 50% were obtained
compared to the RT-PCR results.

breath in most patients.>® Due to the high contagious nature of
this virus even person-to-person and airborne transmission*

COVID-19 as the new member of fatal coronaviruses was origi-
nally discovered in China in December 2019." This new viral
disease severely infects the lower respiratory tract and leads to
the common symptoms of dry cough, fever and shortness of
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and the daily upsurge of the newly infected patients globally,*
the pandemic status was announced by the WHO.®

COVID-19 virus still is very weird and unknown for the
scientists and many scenarios based on the case reports are
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raised to describe and predict its behavior.”® After the entry of
this virus to the respiratory tract, three phases are presumed:
viral replication, immune hyperactivity or cytokine storm and
finally the pulmonary dysfunction.>'® In fact, the immune
system itself attacks the infected patient. When the white blood
cells are faced with the virus or virus-infected cells, they become
hyperactivated and a storm of the cytokines to call other
immune cells are unleashed and secreted into the blood
medium." Three cytokines named interleukin-6 (IL-6), Tumor
Necrosis Factor-o. (TNF-o) and interferon-y (IFN-y) play a more
important role in cytokine storm relative to the others."
Furthermore, the reports demonstrate that cytokine storm is
the most alarming reason behind the mortality of the COVID-19
patients™ by inducing an acute respiratory distress syndrome
(ARDS). On this basis, a notable fraction of clinical trials are run
to suppress the hyperactivation of the immune system in
response to this infection after being diagnosed.* Hence,
monitoring the acute elevation of the cytokines could be a reli-
able warning approach to check the severity of the disease in the
infected patients.

Many methods were developed for rapid and precise tracing
of this storm in blood but time-consuming and expensive
protocols are the limitations of these methods and so, the
conventional enzyme-linked immunosorbent assay (ELISA)
method even with its limitations such as cross-reactivity of the
antibodies™ is still the most applicable technique among all
approved procedures.'®'” Although cytokine storm has arisen in
many other types of diseases such as sepsis, flu, GVvHD, etc.,"®
currently the best available cohort with meaningful level of
cytokine storm for developing new technologies is COVID-19
infected patients during this pandemic.

On the other hand, biosensors have been used in medicine
for decades in order to diagnose many macromolecules
including hormones, proteins, cancer markers, etc.19,20
Among all types of biosensors, electrochemical-based tech-
niques could offer very promising results and are extensively
utilized for many diseases.”*?® Electrochemical impedance
spectroscopy is one of such methods which measure the elec-
trical impedance of the target species in the electrolyte
medium.* Charge transfer resistance is the comparison
parameter between the studied groups and is always affected by
the presence of dielectric materials in the media.*® Hence,
impact of the glycoprotein cytokines on the Rcr elevation due to
their weight could be expected especially for the serum of
COVID-19 patients with the cytokine storm indication.

Here, we have proposed a new biosensing method for non-
direct detection of cytokine storm in SARS-CoV-2 patients and
their screening according to the severity of the overall immune
activity, based on the EIS of the total cytokine mass in unpro-
cessed blood serum. To improve electrochemical interface
between biological macromolecules (such as cytokines) and
electrodes, nanomaterials would be the best choice.”* Among
famous mostly used biosensing electrodes including MWCNT,*”
SiNWs?® and graphene®?*® we used graphene sheets deposited
on a copper substrate due to their better charge mobility** and
electrical conductivity.*> Moreover, graphene showed much

better site binding with polarizable bio-agents as we
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investigated IL-6 cytokine using MD simulation. The device
showed meaningful correlation between the immune hyper-
activation in COVID-19 patients (induced by acute elevation of
the total mass of cytokines in the blood serum) and the
increased Rcr. In addition, the EIS results obtained by our
method were compared with ELISA analysis. Moreover, we used
this sensor for indirect detection of the patients suffering from
the COVID-19 disease and validated the results by conventional
RT-PCR and CT techniques in normal and infected cases.

2 Materials and methods
2.1 Sensor fabrication and characterization

In the case of the sensor fabrication, at first a bilayer of Au/Ti
(30/5 nm) is deposited on top of a glass slide as the substrate
using a sputtering system (Veeco, USA). Then, the circular
pattern of the biosensor was designed using Corel DRAW® Suite
X6 (Corel Corporation, Canada). The biosensor is an integrated
three-electrode system containing a circular working electrode
with a diameter of 5 mm and a counter and reference electrode.
The distance between the working and reference and counter
electrode is 1 mm. After preparation of the mask, the designed
pattern of the three-electrode system was transferred to the glass
substrate using the standard photolithography method. At the
end, the graphene/Cu wafer was cut using a laser machine with
a diameter of 5 mm (equal size to working electrode diameter) and
placed and adhered on top of the working electrode (Fig. S11) and
sealed. The material of the reference and counter electrodes is gold
and the working electrode is a graphene monolayer on top of the
copper substrate (Graphenea Inc., Spain).

To investigate and determine the structure and composition of
the working electrode, some characterization methods were
employed. Fig. S2-Af displays the scanning electron microscope
(Hitachi-S4160, Japan) images of graphene on Cu. The white and
gray regions represent the Cu grains and dark areas reveal the
existence of graphene on Cu. As can be seen in Fig. S2-B,T the
energy dispersive X-ray (EDX) analysis verified that there are only
two elements in the sample: Cu and small amount of C, estimated
to be near 2.6 wt%.* Fig. S2-Ct demonstrates the Raman spectrum
of graphene/Cu. The Raman spectrum (Teksan-Apus, Iran) shows
two considerable peaks at 1562 cm ™' and 2712 cm ™ related to the
G-band (in-plane vibration mode) and 2D-band (double resonance
scattering of inter-valley) of the graphene layer, respectively. These
peaks confirm the presence of the graphene layer on Cu. As
observed in the Raman spectrum, there is no significant D-band
peak in the diagram, which illustrates approximately no defects
on graphene.* The formation of graphene/Cu was investigated by
the X-ray diffraction (XRD) technique (Fig. S2Df). The sharp
diffraction peak at 59.2° is related to Cu with the plane of (200).
Also, the tiny peak at 42.4° corresponds to the graphene layer.

2.2 Experimental setup

At first the patients suspected to be infected by SARS-CoV-2
virus were selected based on the severity of the disease. The
presence and severity of the disease were reported based on the
symptoms and clinical exams of the patients presented in latest

© 2021 The Author(s). Published by the Royal Society of Chemistry
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guidelines for clinical management of COVID-19 patients pub-
lished by the WHO.* The serum samples were prepared from
the residues of patients’ and candidates’ blood who did serological
tests to check themselves. People were informed about this
research and all agreed to donate their blood residue instead of
wasting it out. When the blood is sampled and coagulated, the
serum is isolated from the whole blood by centrifugation (10 min
at 3000 rpm). For EIS analysis, the serum is mixed in a ratioof 3 : 1
with electrolyte solution (0.1 M KCl, 5 mM Kj;[Fe(CN)q] and 5 mM
K4[Fe(CN)e]) and then is added (200 pL) to the three-electrode
sensor. EIS was performed using a potentiostat (Ivium, Nether-
lands) for a potential amplitude of 10 mV and in the frequency
range of 10 mHz to 100 kHz. Charge transfer resistance was
calculated based on the Nyquist diagram for each sample.

2.3 Molecular dynamics simulation

In this subsection, more details about the system description
and equilibrium simulations are presented. The crystal struc-
ture of human IL-6 which has been reported by solution NMR
spectroscopy (PDB code 1IL6)* was selected as the initial
structure of the protein. The structure of IL-6 preserves many of
the structural specifications assigned to this category of
proteins that differentiate them from the other similar but
short-chain cytokines (e.g. IL-3, IL-4, IL-5, and M-CSF).*” IL-6
monomer is composed of five alpha-barrel structures (H1 to
H5, Fig. S3-At), scattered among loops with variable lengths,
including two malformed helices (H1A and H1B, Fig. S3-Bf)
encompassing the interior pore of the protein. The first helix
(residues T21 to K47) exhibits a remarkable kink located in the
surrounding domain of residue 42. The kink exists due to the fact
that residues A39 and L40 possess some missing hydrogen bonds.
The C-terminal segment of connecting loops for helices 1 and 2
consists of two successive turn structures (residues A69 to C74 and
residues Q76 to F79). According to Fig. S3-C and -D,} the con-
necting loop of helices 3 and 4 is a three-residue turn at its N-
terminus (A131 to L134) extending into a distinct helix (helix 4,
residues T143 to A154).

In order to investigate the interaction of protein with surfaces,
MD simulations are carried out for the protein solvated in a box of
water on graphene and gold substrates separately. The solvent atoms
within 1.5 A of the solute were taken out from the system. Trans-
ferable intermolecular potential with 3 points (TIP3P) was used as the
model of water for all simulations.*®* The solvated structure of the
protein was placed on two substrates separately. In the first case we
put it on a single-layer of graphene sheet with armchair configuration
and in the second case it was placed on a single layer of gold (100).

In both systems, the approximate dimension of the substrate
was set to (88 x 67) A%, which is large enough to neglect the size
effects.” Ultimately, the final configuration of the system
involved ~24 400 atoms, including 6992 water molecules with
an approximate density of 0.998 g cm >, The protein was placed
on the center of each substrate at an initial normal distance of
about 10 A from the surface. Atoms of the surfaces were
supposed to be fixed during the simulation, and the tempera-
ture was applied to the box of water and protein with an NVT
ensemble. The final substrate-protein structure along with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solvent was considered as the input of the simulation. A Lan-
gevin thermostat with a damping coefficient of 5 ps~" was used
to control the system temperature at a constant value of 300 K.
Periodic cell dimensions for both of the systems were adjusted
to (89 x 68 x 47) A® in x, y and z directions respectively. Full
long-range electrostatic interactions are calculated by the
Particle Mesh Ewald (PME) method.** The PME grid spacing was
considered to be 1 A. Bonds to all hydrogen atoms are supposed
to be rigid using the SHAKE algorithm.*?

Simulations are carried out for each system individually using
the molecular dynamics program NAMD®* with a nonbonded
cutoff of 12 A and 1 fs timestep. The derived structures were
visualized using the VMD package.** The MD simulation proce-
dure was performed by minimization and equilibration of the
solvated protein on the substrate for 20 ns at 300 K. Moreover,
a modified CHARMM?22 parameter file for proteins**® was utilized
as the system force field to consider the intermolecular and
intramolecular interactions of IL-6. In order to consider non-
bonded interaction between protein-solvate and the gold surface,
modifications are applied to the force field. In this case, the force
field parameters for Au-amino acid interactions, along with partial
charges, were extracted from the GolP-CHARMM force field.*”

2.4 Blood serum isolation and assays

As reported previously,” human blood samples from normal
and suspected patients were collected and then divided into
ethylenediaminetetraacetic acid (EDTA) or clot activator tubes
for the CBC (Complete Blood Count) or biochemical analysis,
respectively. In the case of serum isolation, the clot activator
tubes were maintained at 37 °C for 15 minutes and then
centrifuged for 10 min at 3000 rpm. The serum as the top part of
the liquid was extracted for the EIS measurements.

2.5 Enzyme-linked immunosorbent assay

The amount of IL-6 (Cat number: D6050, R&D Systems, United
States), TNF-o. (Cat number: QK210, R&D Systems, United States),
and INF-y (Cat number: DIF50, R&D Systems, United States) present
in the serum of patients with COVID-19 was measured with an
enzyme-linked immunosorbent assay as previously described. In
brief, known concentrations of recombinant human IL-6, TNF-o. or
INF-y and the experimental samples were added and incubated in
polystyrene microtiter plates coated with an antibody against the
selected cytokine, followed by incubation with an enzyme-linked
polyclonal antibody directed to the cytokine. Next, a substrate
solution for the enzyme was added, and the color development was
stopped by adding 2N H,SO,. The substrate solution contains two
parts of color reagent A: stabilized hydrogen peroxide and color
reagent B: stabilized chromogen (tetramethylbenzidine). The
absorbance was measured with a microtiter plate spectrophotom-
eter. The amount of IL-6, TNF-a, or INF-y present in each sample
was determined from a standard curve generated in each assay and
expressed as picograms per milliliter. The sensitivity of the enzyme-
linked immunosorbent assay for IL-6, TNF-o. and INF-y is 0.70 pg
mL~", 1.88 pg mL ', and 8 pg mL ", respectively. The reproduc-
ibility of all measurements was within 10% in our laboratory.

RSC Adv, 2021, 11, 34503-34515 | 34505


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04298j

Open Access Article. Published on 25 October 2021. Downloaded on 4/3/2026 9:06:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2.6 Mass spectroscopy

Matrix-assisted laser desorption/ionization mass spectrometry
(Applied Biosystems 4800 MALDI TOF/TOF, Nd:YAG 200-Hz laser)
was used for MS experiments. For MS analysis, after diluting the
sample up to 5 times with deionized water, the sample was spotted
on a MALDI plate mixed with alphacyano-4-hydroxy-cinnamic acid
(CHCA) in 50% CAN containing 0.1% TFA (with 1:2 ratio) as
a matrix solution, air dried, and analyzed in linear positive mode.
The data were interpreted and processed using Data Explorer
software version 4.0 (Applied Biosystems).

2.7 RT-PCR assay

Total viral RNA was extracted from the specimens using a High
Pure Viral Nucleic Acid Kit (11858874001), according to the
manufacturer's instructions. Isolated RNA samples were then
used for RT-PCR. The extracted RNAs were stored at —80 °C.
Primer and probe sets targeting different gene regions (RdRp/
helicase [Hel], spike [S], and N) of SARS-CoV-2 were designed
and tested. The probes were predicted to specifically detect
SARS-CoV-2 and had no homologies with human, other human-
pathogenic coronaviruses or microbial genes on BLAST
(National Centre for Biotechnology Information) analysis that
would potentially produce false-positive test results as previously
described. Primers and probes with the best amplification
performance were selected and in vitro RNA transcripts for making
positive controls and standards were prepared. Real-time RT-PCR
assays for SARS-CoV-2 RNA detection were performed using
a One-Step Real-Time PCR Kit (Qiagen, Germany) in an Applied
Biosystems 7500 Real Time PCR Systems thermocycler (Applied
Biosystems, Foster City, CA, USA) in a final volume of 20 pL. Each
20 puL reaction mixture contained 10 uL master mix, 1 uL of
primer-probe RdRp, 1 pL primer-probe endogenous control, 5 pL
of RNA as the template, and 3 pL of RNase-free water. The thermal
cycling conditions were 15 min at 50 °C for reverse transcription,
3 min at 95 °C for cDNA initial denaturation, and 45 cycles of 15 s
at 95 °C and 40 s at 55 °C and 10 s at 25 °C.

2.8 Ethics statement

Clinical samples and blood serums were obtained from donors
who signed the written consent. Sample collection was per-
formed under the license of Ethics Committee with the license
code of IR. TUMS.VCR.REC.1399.577.

2.9 Statistical analyses

All the collected data were analyzed using GraphPad Prism
software version 8.3.0 (GraphPad Software, Inc. La Jolla, CA,
USA) and each data point represents the mean value of three
independent measurements.

3 Results and discussion
3.1 Cytokine analysis of the serum samples by ELISA

In order to run the experiment, in the first step the blood samples
were collected from normal donors, moderately and severely
infected patients (with signs of inflammatory diseases such as
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COVID-19) in three individual cohorts which had been selected
based on the clinical judgments of the patients (for more details
see methods, Experimental setup). Then, an adequate volume of
blood was sampled from the patients and after serum isolation,
the cytokine measurement was performed by the ELISA method.

Blood serum consists of many proteins including antibodies,
cytokines, hormones, etc. with different molecular weights and
dielectric properties.*® In chronic inflammatory diseases with
pathogens such as SARS-CoV-2 virus, many inflammatory signals
are produced and cytokine release into the blood serum becomes
out of control. Such a phenomenon is the so-called cytokine storm
which is the most prominent feature of the disease.'” Although in
the hypercytokinemia many cytokines are secreted into the blood,
three key cytokines including IL-6, TNF-o. and IFN-y show the most
elevated levels in the blood serum of the patients.'>*>*

On this basis, the ELISA procedure was carried out to measure
the number of the produced cytokines by the immune system of
each case. As presented in Fig. 1A-C, the expressed levels of IL-6,
TNF-o. and IFN-y cytokines in the infected patients were markedly
higher than those of the normal group. Furthermore, analyzing the
cytokines for the two groups of moderately and severely infected
patients demonstrates a correlated secretion pattern of those three
cytokines with the severity of the disease. Here, hypercytokinemia
alone means the sum of the moderate and severe cases.

Aside from the cytokine analysis, more laboratory tests
including immunoglobulins G, M and A were also performed
for the normal and infected groups. As demonstrated in
Fig. 1D-F, no meaningful correlation in the COVID-19 infected
patients compared to the normal donors could be detected in
the case of the immunoglobin G (IGG), immunoglobin M (IGM)
and immunoglobin A (IGA) antibodies, while a significant
difference existed in the case of cytokines.

For more clarification, total molecular weight per milliliter of
serum for all three types of cytokines was calculated for the normal and
infected cases. As presented in Fig. 1G and S4,7 the total molecular
weight of the mentioned cytokines for the suspected COVID-19
patients was meaningfully increased as the stage of the disease
becomes inferior. The calibration curves for the Ror vs. total cytokine
mass is plotted in Fig. 1H. Based on the curves, there is a satisfactory
linear relationship (7 = 0.80) between the Rcr and the total mass of
the cytokines. As presented in Table 1, total cytokine mass for the
patients was between 7395 and 20 770 kDa while this value for the
normal group was between 1206 and 2345 kDa. Also, this value in
moderate patients was about half of that in severe cases (Fig. 1G).

Mass spectroscopy analysis of plasma blood samples revealed
a total increase in intensity of mass peaks for the patients with
severe symptoms and cytokine storm (Fig. 1I and J). Moreover, in
some m/z such as 22 474 (Fig. 1K) which is close to the molecular
weight of the three mentioned cytokines, a meaningful increase
could be observed in the mass peaks from normal samples (4) to
severe patients (39). This might be in good correlation with cyto-
kine storm based tracing of people suspected to have COVID-19.

3.2 EIS analysis of the cytokine storm in the patient samples

3.2.1 Device characterization and molecular dynamics
simulation. In order to test the blood serum, three prevalent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparing secreted levels of (A) IL-6, (B) TNF-a, (C) IFN-vy, (D) IGG, (E) IGM, (F) IGA and (G) total cytokine mass in the blood serum of
normal donors,and patients with moderate and severe hypercytokinemia. Here, hypercytokinemia alone means the sum of the moderate ans
severe cases (H) typical experimental result for the sum of the normal, moderate and severe cases, in which black dots illustrate the charge
transfer resistance data, whereas the purple line denotes the corresponding data fitting results on the basis of the simple linear regression
method (I) mass spectrum of the blood serum from the three groups of normal, moderate and severe cytokine strom analyzed by MALDI-TOF
mass spectrometry (J) and (K) extracting the mass to charge (m/z) peaks and their intensity in the mass spectrum of the blood serums and their

abundance comparison in the normal and hypercytokinemia groups.

types of electrode materials®*~** including gold (Au), carbon and
graphene were candidates for EIS analysis. Adhesion and
spread of the serum on the selected substrates were evaluated
by the contact angle method. As the most part of the serum's

© 2021 The Author(s). Published by the Royal Society of Chemistry

volume is made up of the water,* it has more tendency to the
hydrophilic substrates. The maximum contact angle was
attributed to the carbon surface with ~118° and the minimum
was for the graphene electrode with an angle of ~69° (Fig. 2A).
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Table 1 EIS, CT, RT-PCR and total cytokine mass results of the normal and COVID-19 patients
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The results demonstrate that the blood serum is mostly
attracted to the graphene-coated electrode rather than the Au
and carbon.

In addition to the wettability experiment, molecular
dynamics (MD) simulation was performed in order to choose
the better material for cytokine adsorption on the electrode
surface. For this purpose, the IL-6 as the most important and
secreted protein in the hypercytokinemia® was selected as the
key sample in the cytokine storm to be interacted with the
electrode surface. In fact, IL-6 is the representative of the
interaction of other cytokines with the graphene material. As
presented in Fig. 2B and Movie S1,f the IL-6 shows more
tendency towards the surface of the graphene compared to the
gold substrate. As can be seen in Fig. 2B, one of the 6 composing
alfa helices of the IL-6 is visibly attracted toward the graphene
by attractive van der Waals forces between the graphene
substrate and THR143, ALA146, LEU149, THR150 and GLN153
amino acids of the IL-6 protein (Fig. 2C). For better clarification,
the interaction energy between the IL-6 and substrates (gold
and graphene surfaces) was plotted (Fig. 2D) for 20 nanosec-
onds of atomic interaction. After 5 ns of the interaction, the
cytokine showed better adsorption to the graphene sheet due to
its smaller amount of interaction energy (—47.68 kcal mol " vs.

34508 | RSC Adv, 2021, 1, 34503-34515

—20.46 kcal mol ! for gold) (Fig. 2E). The attractive interaction
between the IL-6 protein and the graphene substrate will be in
a range that it stabilizes the position of helix 4 at a minimum
distance of 3 A of the surface. However, the minimum distance
between the structural components of the protein and the gold
surface will be about 6 A.

3.2.2 Derivation of Rcy in the blood serum of the infected
patients. As presented in Fig. 3, after sampling blood from the
donors, the blood serums were isolated and mixed with the
charge carrier (KCl, K3[Fe(CN)q] and K4[Fe(CN)g]) (see methods).
Charge carriers are used to better record the frequency depen-
dent resistance of the target.”>*® Next, 200 pL of serum-elec-
trolyte mixture was dropped on the surface of the biosensor. EIS
of the solutions was scanned in the frequency range between 10
mHz and 100 kHz in a voltage amplitude of 10 mV. The Nyquist
response was then plotted and Rcr was derived for each of the
serum samples. Finally, the Rcr was compared between the
cases without sign of cytokine storm and those who have
hypercytokinemia based on the results of the ELISA.

Fig. 4A demonstrates the obtained Nyquist plot for the
serums of normal people without any symptoms and patients
suspected to have the COVID-19 disease. Three levels of
responses with distinct curves could be observed in this figure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagram of the procedure of cytokine storm diagnosis in patients suspected to have COVID-19 by the EIS method. Blood is
sampled from the normal donors and different stages of patients and then the serum is isolated and mixed with the electrolyte. The mixed
solution is then added to the three-electrode system with graphene/Cu WE and at the end EIS is performed and Rt is extracted for each sample.
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(A) Nyquist plot for 9 samples of blood serum for each group of normal, moderate and severely infected patients (B) comparing the

average value of the Rct for the normal and SARS-CoV-2 patients (C) representation of the Rct range for the individual normal and infected
patients. Ranges 377 Q to 441 Q and 620 Q to 750 Q are the free bands between normal-moderate and moderate-severe groups, respectively (D)
increased percentage of Rt for COVID-19 patients in different progression stages, relative to the average value of the normal group (E)
confusion matrix and (F) ROC curves for comparing our method with the ELISA technique on detection of cytokine storm, respectively.

The smallest curves were recorded for normal donors and the
largest curves were observed in the EIS responses of the patients
with severe infection. As can be deduced from Fig. 4B, the
semicircle diameter as the indicator of the Rcr for normal
groups and different stages of the patients showed meaningful
ranges. Rcr for all of the normal serum samples is less than 347
Q while for the moderate cases it stands in the range of 441 Q to
610 Q and that of severe ones is more than 715 Q (Fig. 4C). The
results of the impedimetry analysis showed increasing correla-
tion between R¢r (dielectric properties of blood serum) and the
disease from infection to progression in stage. The lowest Rcr
was recorded from the samples of normal people while the
highest Rcr was recorded from the samples of severely infected

34510 | RSC Adv, 2021, 11, 34503-34515

patients. An average increase of 101% was seen for the infected
patients compared to the normal donors. The values of % ARt/
Rcr for moderate and severe cases were about 65% and 138%,
respectively (Fig. 4D). For an illustration of the EIS sensor
detection limit, a blood serum with a specified amount of
cytokine mass was serially diluted, and Rcr was calculated. The
detection limit for the sensor was calculated to be 175 kDa total
cytokine mass, which is considerably lower than the amount in
patients with cytokine storm (8000-20 000 kDa) (Fig. S57).
During the EIS recording of a solution, site binding
phenomena would happen* after which a film of polarized
dielectric materials such as cytokines would be formed in the
interface between the electrode and electrolyte. This dielectric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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layer would increase the Rcr in the EIS response. These findings
prove a strong correlation between the hyper-secretion of the
cytokines and elevated Rcr. To prove this, we have added
different amounts of IL-6 protein to the sensor and the Nyquist
diagram was plotted. As can be seen from Fig. S6,f the semi-
circle diameter was increased in harmony with an increase in
the IL-6 concentration. This observation corroborates the theory
that any increase in serum cytokines or hypercytokinemia has
a direct impact on the elevation of the Rcr. For more clarifica-
tion, the results of two consecutive EIS of a sensor from
a specific serum were plotted. As can be seen in Fig. S7-A, the
semicircle diameter increases and it is due to the binding of the
serum proteins to the graphene which increases the charge
transfer resistance for the next experiment. On this basis, a new
graphene electrode was utilized for any of the tests to exclude
the effect of any other disturbing parameters. In addition,

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. S7-Bt demonstrates the EIS result of the three different
sensors with one serum. The results are the same, and this
means that the sensors are reliable and have the same result.
Cytokine analysis by the ELISA method represented no hyper-
secretion of the key cytokines in the normal group, while Rcr for
three of the cases (ID#6, ID#8 and ID#11) tested using the EIS
sensor relied on the range of the moderate cohort. Furthermore,
for five cases (ID#18, ID#24, ID#35, ID#37 and ID#38) in which the
ELISA test revealed a moderate secretion of the cytokines, the Rcr
was obtained in the range of the severely infected patients. These
inconsistencies might happen due to the non-specific binding of
other agents existing in the blood serum to the graphene electrode.
To assess the correlation of the hypercytokinemia with the
increased charge transfer resistance obtained by the EIS, Receiver-
Operating Characteristic (ROC) analysis was performed (Fig. 4E
and F). Our gold standard for positively scoring a patient with

RSC Adv, 2021, 11, 34503-34515 | 3451
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(A) Nyquist plot of two patients after two weeks of treatment (B) the corresponding Rcr, (C) IL-6, (D) TNF-a., (E) IFN-y and (F) total cytokine

mass in kDa for the patients recovered after two weeks (G) recovered lung CT images of patient ID#31 after two weeks.

cytokine storm was ELISA tests from the three cytokines of IL-6,
TNF-o. and IFN-y and evaluating the total cytokine mass. The
statistical analysis shows a sensitivity of 100% and specificity of
77% (Fig. 4E) with an AUC of 0.95 (Fig. 4F) for the EIS biosensor
with respect to the ELISA as the gold standard for cytokine
measurements. It is worth noting that the sum of the moderate
and severe cases was studied for the ROC analysis.

3.3 Evaluating the capability of the biosensor for COVID-19
detection

Since the cytokine storm is an evidenced consequence in most of
the COVID-19 patients,*”*° the capability of the EIS biosensor to
detect the patients with COVID-19 disease was tested.

34512 | RSC Adv, 2021, 11, 34503-34515

Our gold standard for positively scoring a COVID-19 infected
patient was either RT-PCR or CT-scan. As an example (Fig. 5A),
the chest CT image of a normal lung (ID#4) shows no abnormal
opacification while for a moderate case the glass-ground opa-
cification (GGO) is seen in the both lobes of the lung (ID#29).
Such a bilateral GGO pattern in the severe cases is more
intensive with more involved area of both lung lobes accom-
panied by consolidation (ID#55).

Table 1 compares the detailed data of the patients analyzed
using the EIS sensor, RT-PCR, CT-scan and cytokine analyses.
As presented, three of the patients (ID#23, ID#59 and ID#60)
with clinical symptoms of infection were also analyzed in the
case of cytokine storm as well as their CT/PCR results.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Interestingly, their Rcr value was placed in the range of the
severely infected patients with CT involvement but the RT-PCR
showed no signs of COVID-19 infection and diagnosis of acute
flu was more probable. On the other hand, Rqy for three cases
(ID#6, ID#8 and ID#11) was in the range of moderately infected
patients, while CT/PCR was negative and no cytokine storm was
detected by the ELISA results. As mentioned in the previous
section, these false signals of EIS for such cases might be due to
the unknown non-specific binding of other elevated reagents in
the blood serum of the studied patients. Moreover, four false
negatives were recorded by EIS analysis with normal RT-PCR
and chest CT results (ID#3, ID#7, ID#9 and ID#13). The blood
analysis of these patients revealed non-elevated IL-6, TNF-o. and
IFN-y cytokines which indicated that the immune system did
not react to the virus yet and just the lungs were involved in the
infection. Hence, no cytokine storm happened and neither
ELISA nor EIS diagnosed the COVID-19 disease. In the case of
COVID-19 detection, about 92% sensitivity with respect to both
CT/PCR, 67% and 50% specificity and AUC of 0.91 and 0.73 were
reached based on CT and RT-PCR methods, respectively
(Fig. 5B-D).

These outcomes mean that the EIS method and our sensor
showed strong responses to the patients with cytokine storm
activity in their blood serum irrespective of the type of disease.
So, due to the remarkable features of the EIS method it could
compete with the current ELISA method on detection of the
cytokine storm in the serum samples (Fig. 5E). In addition,
since most of the patients with COVID-19 disease suffer from
the cytokine storm, the results of the EIS method on diagnosis
of the infected patients by SARS-CoV-2 virus seem acceptable
and could be compared with the current methods of diagnosis
such as RT-PCR and CT scan (Fig. 5E).

3.4 Follow-up of the patients with cytokine storm by the EIS
method

In order to examine the sensitivity of the biosensor to the
cytokine production, five patients with SARS-CoV-2 infection
suffering from the hypercytokinemia were monitored for two
weeks. All patients were hospitalized under standard treatment
protocols and recovered with improved symptoms.

The EIS measurements were applied for the blood serum of
the candidates after two weeks and as depicted in Fig. 6A, the
Rer after treatment was reduced in all patients (Fig. 6B).

Moreover, ELISA results demonstrated that the cytokine
secretions were in accordance with the EIS outcomes. While
IFN-y levels increased in two patients (ID#15 and ID#29), the
overall levels of three cytokines (IL-6 + IFN-y + TNF-o) exhibited
a reduction for all five patients after two weeks of treatment
(Fig. 6C-E). In fact, the R¢r acts in harmony with the results of
the total cytokine mass and whenever it is increased, the Rqr
also rises. The reduction in total cytokine masses showed
a better insight into the correlation of EIS results and the
cytokine changes of the blood serum (Fig. 6F). In addition, chest
CT (Fig. 6G) was performed for the infected patients and
showed a significant decrease in GGO area after two weeks of
treatment compared to the initial CT (ID#31).
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4 Conclusion

In summary we designed an electrochemical impedimetric
biosensor based on graphene electrodes to measure the
collective levels of cytokine storm in patients infected by
chronic inflammatory diseases. No bioreceptor on the working
electrode was utilized due to the fact that many types of cytokines
are increased during the cytokine storm and measuring the
collective presence of the cytokines seems more rational than
specific detection of a single type. This sensor could be helpful as
a complementary diagnostic tool to warn about the presence of
cytokine storm in patients who are suspected to have COVID-19
during this pandemic. The sensor shows diagnostic responses
from serum of the blood in less than 10 minutes. A complete
correlation was observed between the total cytokine levels and the
EIS responses which reveals that the biosensor is able to detect the
hypercytokinemia in the COVID-19 patients. It is worth noting that
the sensor works when a cytokine storm exists, no matter the cause
of the hypercytokinemia is COVID-19 or other diseases such as
sepsis, flu, etc. Furthermore, the graphene-based biosensor was
applied for indirect detection of the COVID-19 disease based on
the serum cytokine levels. A sensitivity of 92% was achieved with
respect to the RT-PCR results which shows that this biosensor
could also be applied for COVID-19 diagnosis. The results (Fig. 5E)
prove that the proposed EIS biosensor based on the advantage of
easy fabrication, fast detection and high accuracy could also be
used for evaluating the new drugs and vaccines developed for the
treatment of cytokine storm in COVID-19 patients.
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