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The poor situational awareness about the spreading of the virus especially in the underdeveloped regions calls for
novel virus assays of low cost and simple operation. Currently, such assays are exclusively restricted to nucleic
acid detection. In this investigation, a virus protein serum assay has been proposed in a one-step and reagent-less

f)ili?(;io:;io network route. Specifically, in this assay, the main protease of the virus is targeted by a short probe mimicking its sub-
COpVID-19 strate. While the probe-protein interaction brings them together, a fluorescent thiol targeting molecule reacts

with the free thiol groups on the target protein near the probe, generating a fluorescence signal proportional to
the concentration of the target. This induces an electroactive 2D peptide nano-network on the sensing surface
only in the presence of the target protein. The sensitivity of the method is enhanced through potential elec-
trochemical scanning during incubation with serum samples. The successful detection of the virus marker protein
in the serum of the infected patients encourages further development of incorporation of this method into clinical

practice.

1. Introduction

COVID-19 vaccination is successfully an ongoing process in many
countries(Krammer, 2020); still, some impoverished regions are in dire
need of this vaccine(Sbarra et al., 2021). So, large scale surveillance
becomes the first line of defense in combating the virus, providing all the
important situation awareness(Hozé et al.). In this data network of
global awareness, the poorly developed regions usually have a weak
link. The simple, fast, one-step, reagent-less and low-cost SARS-Cov-2
assays are urgently required to provide effective coverage for these re-
gions. The current gold standard, the nucleic acid test, needs several
amplification steps, introducing human errors since the medical staff
works under stress(Basile et al., 2020). On the other hand, the tradi-
tional antibody-based assays seem to have fewer chances of replacing
the DNA test. This is due to the relatively high cost of biologically pro-
duced antibodies and enzymes(Weinstein et al., 2020). Hence, re-
searchers have developed artificial targeting molecules such as aptamers
and small molecular drug leads, but these have rarely been applied in
clinical practice. The less strong binding affinity (Kalra et al., 2018) of
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these targeting molecules than antibodies is the main obstacle to their
clinical application. This necessitates the requirement of a simple and
effective bio-assay to check the viral spreading.

This study attempts to design a SARS-Cov-2 assay using synthetic
molecules only. A strong target-binding and effective signal amplifica-
tion were realized in the detection using clinical samples. The detailed
design of this assay strategy has been shown in Scheme 1. The surface-
immobilized probe is a short peptide sequence mimicking the sub-
strate of a virus marker protein, the main protease of SARS-Cov-2. This
protease is highly conservative and responsible for building the repli-
cation machine of the virus(Zhang et al., 2020). It thus does not tend to
mutate rapidly like the Spike protein. Virus protease from the clinical
samples can recognize the surface substrate probes and bind with them.
However, this molecular recognition event does not inherently generate
any readable signal output. This might be why traditional
immuno-assays always follow the conventional sandwich design where
an additional reagent is required to mark the surface captured target
protein. But we aim to achieve a reagent-less detection route. For this,
the reactivity of amino acid side chains is considered. These are two
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Scheme 1. The proposed method to detect the viral protease, not drawn to scale. The protease model is adopted from the crystal structure from the reference (Zhang

et al., 2020).

cysteine residues with free thiol groups(Zhang et al., 2020) located near
the substrate-binding pocket of the target protein. The
substrate-mimicking probe is extended by a recently developed fluo-
rescent “signal on” detector molecule(Liu et al., 2016). This is a recently
developed “signal-on” probe, which has a maleimide group that can
react with thiol to recover the quenched fluorescence of the conjugated
1,8-naphthalimide. This fluorophore can be activated by visible light,
avoiding UV radiation that can lead to large background interference.
This molecule forms covalent bonding with the free thiol groups, leading
to “lighting”. In this way, using one probe alone, not only the target
protein is irreversibly attached to the sensing surface, but the covalent
attachment also generates a signal in proportion to the amount of sur-
face captured protein molecules. This covalent attachment is indis-
pensable in clinical application, as it allows thorough denaturing on the
sensing layer to remove the non-specific interfering species. High
robustness can therefore be achieved at the same time when complicated
assaying steps involving additional reagents are also not needed.

But the sensitivity may not be sufficient in this design, while addi-
tional biosensing reagents are avoided to simplify the assay maximally.
Hence, the well-established electrochemical pre-treatment in mass
spectrometry/chromatography protein analysis can be employed. In
this, a simple potentiostat module can electrochemically reduce S-S
bonds in proteins, and the formed free thiol can crosslink the protein
molecules together(Kraj et al., 2013; Stocks and Melanson, 2018). The
molecules in the clinical serum sample can then be used to enhance the
signal since the surface probe does not have such a function. The probe
molecules are immobilized on a conductive glass slide. Previous reports
have successfully used a serum disease marker protein to crosslink the
most abundant serum species, the albumin, together(Jiang et al., 2021).
Therefore, using similar methods, the virus protease covalently captured
on the sensing surface can serve as the covalent anchoring point of the
crosslinked serum proteins (mainly albumin). The protease contains
Zinc finger-like domains with free thiol groups(Maiti, 2020). The
extensive 2D nano-network of the electrochemically crosslinked peptide
chains can then be interrogated electrochemically, leading to cathodic

stripping or oxidation of reactive groups such as the tyrosine moieties
(Zhang et al., 2019). In both the above methods of direct fluorescent
detection and amplified electrochemical detection, the equipment is not
expensive, and the fluorescent detection can be done with ELISA fluo-
rescent plate reader, while the handheld electrochemical module has
already become commercially available. The electrochemical scanning
is applied during incubation with the clinical serum sample, so that no
extra step is required before collecting signal readout. Thus, a low-cost,
one-step, reagent-less bio-assay using only synthesizable simple mole-
cules are developed, enabling not only antibody-like strong targeting of
the virus marker protein, but also reasonable signal amplification, using
the interfering species in the serum as signal amplifier.

2. Experimental
2.1. Chemicals and reagents

The peptide probe (sequence shown in Scheme S1) and the ferrocene
tagged control probe were manufactured by Jinan V.R. Biotechnology,
purity> 95%. The main protease of SARS-Cov-2, also known as SARS-
Cov-3CL protease was received in the form of HEPES buffer solution
from the R&D system. 11-Mercaptoundecanoic acid (MUA), 9-Mer-
capto-1-nonanol (MN), ferrocene and cystine were from Sigma-
Aldrich. All other chemicals were of analytical grade. The peptide
probe solution was prepared by dissolving the powder to 10 pM with 10
mM phosphate buffer solution (PBS) (pH 7.4). The HEPES buffer solu-
tion of the target protease was serially diluted with “blank” serum
samples from a healthy volunteer to prepare standard samples for
establishing working curves. All solutions are prepared with double
distilled water (dd water), which has been purified by Milli-Q purifica-
tion system (Branstead, USA) with a resistivity of 18MQecm. Approved
by the local ethics committee, clinical serum samples of patients infected
with SARS-Cov-2 were retrieved from the sample database of the P2.5
clinical laboratory of the Nanjing Second Hospital. The patients were
randomly picked from the sample bank, and since only the marker
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Fig. 1. Validation of the covalent detection mechanism. (a) Isothermal titration calorimetry (ITC) results obtained by titrating 0.1 mM control probe into 0.01 mM
viral protease. (b) Surface Plasma Resonance (SPR) time course recorded during detecting the target protease using the designed probe (red), and the control probe
(blue). The points 1-3 represents the start of adding the protease, the mild surfactant and the de-naturing. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

protein in their blood samples were under concern, the past medical
history of the patients were not disclosed. These 9 patients were inci-
dentally all male, aged from 21 to 56. And the sample bank collected
these samples from a wide area not restricted to Nanjing, during the
outbreak in the first half of 2020. The blood samples were stored in
heparin vial, before testing, the samples were centrifugated for 15 min at
2500 RPM, and then the supernatant was collected. Strictly adhering to
the safety regulations, all experiments were carried out in the enclosed
area of the laboratory.

2.2. Fabrication of the sensing surface

The conductive indium tin oxide (ITO) coated glass (from Hangzhou
DCT hardware) was cut into small pieces to fit the small cuvette for
fluorescence measurement. In order to fix the probe, the ITO glass slide
was continuously immersed in dd water, ethanol and methanol, and
subjected to bath ultrasonic treatment to remove any organic impurities
absorbed on the surface. The end of the probe (Scheme S1) contained a
16-phosphohexadecanoic acid residue (Sigma-Aldrich), which could
self-assemble on the ITO surface. To start this process, drop the probe
stock solution onto the newly cleaned glass slide, and then mark the area
covered by the stock solution drop with a marker pen. Then the self-
assembly process was carried out for 16 h in a refrigerator at 4°C in
the dark. Finally, the glass slide was rinsed with a large amount of dd
water, dried in a high-purity nitrogen stream, and then sent to the test
sample.

2.3. Detection of the virus protease

Serum spiked samples or clinical serum samples were incubated with
the slide presenting the sensing surface at 37 °C for proper time as
detailed in the results and discussion section. Thorough detergent
rinsing was then applied to the slide, and after this rinsing step, the slide
was ready for subsequent fluorescent measurements. For cross-linking
method, during incubation, the sensing slide was kept at an open cir-
cuit potential of —0.5 V.

2.4. Experimental measurements

The MicroCal ITC200 system (GE Healthcare Life Sciences) was used
for isothermal titration calorimetry (ITC) measurement. The titration
was performed at 25°C. The titration schedule consisted of 38 consec-
utive 1 pL injections with at least 120 s between each two injections. The
heat of dilution measured by titrating over saturation from each data set
was subtracted. Before titration, all solutions were degassed. Origin 7.0
software was used to analyze the data. The electrochemical measure-
ment was carried out on a CHI660D potentiostat (CH Instruments) with
a conventional three-electrode system: the glass slide was used as the
working electrode, the saturated calomel electrode (SCE) was used as
the reference electrode, and the platinum wire was used as the counter
electrode. Cyclic voltammetric scanning was applied under a rate of
potential scanning of 1 mV/s, the range of scanning is as shown in
Figure S1. Square wave voltammetric scanning rounds were conducted
under the following parameter setting: scan range, as shown in
Figure S3, step potential, 5 mV, frequency, 15 Hz, amplitude, 25 mV.
The electrolyte vial is a self-made type of approximately 100 pL. A QM-
4/2005 fluorescence spectrometer (Photon Technology International,
Inc., Birmingham, NJ) equipped with a xenon lamp was used to measure
the fluorescence emission spectrum of the surface. The light source and
the detector were located on the same plane and were at right angles to
each other. The glass slide was kept in a water-filled test tube at 60° from
the bottom of the test tube for fluorescence measurement. The surface
with the gold film should be away from the light source and towards the
detector. The activating wavelength of 1,8-naphthalimide is 345 nm.
The SPR measurement was performed by an Autolab ESPRIT system
(Echo Chemie B.V., The Netherlands) equipped with a 670 nm mono-
chromatic p-polarized light source. Atomic force microscopy (AFM)
imagery results were obtained on an ex situ Agilent 5500 AFM system.
The samples were interrogated at a set scanning rate of 0.5-1 Hz, and the
setting was in a tapping mode. AFM tips used were of a resonant fre-
quency in the range from 160 to 260 kHz.
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Fig. 2. Detection of the protease using the thiol sensitive probe. (a) Time course of probe and protease incubation recordede as the peak fluorescent response of the
probe. Inset is the fluorescent peaks plotted as a function of incubation time. Error bars represents the standard deviation (n=3). (b) Quantitative fluorescent
detection of the protease using the probe. Inset is the calibration curve, the linear working curve about the logarithm of protease concentration has been included.
Error bars are of the same meaning as (a). (c) Specificity with respect to various control targets. The concentration of all control targets is 33 nM.

3. Results and discussion
3.1. Validation of the sensing mechanism

The proposed synthetic probe is first tested in targeting the virus
protease in the bulk solution phase. Since the fluorescent thiol-targeting
molecule may readily react with the protease if being placed near to the
free thiol on the protease molecule, the thiol reactive maleimide group
in this fluorescent-targeting molecule is removed, resulting in a control
probe that always give out fluorescent signal. As the maleimide, before
reacting with thiol group, can quench the fluorophore. Using this control
probe that can only non-covalently target the virus protease, isothermal
titration calorimetry (ITC) measurement is conducted. And as shown in
Fig. la, the substrate-mimicking sequence seems to work properly in
docking with the target virus, showing a typical saturated binding curve
(the calculated affinity is 6.82 (+0.43) x 10~° M). This step is the pre-
requisite for subsequent covalent thiol-targeting, as only molecular
recognition of the probe can bring the thiol-targeting molecule to the
vicinity of the free thiol groups around the substrate binding pocket of
the protease. To examine this covalent step, surface plasma resonance
(SPR) spectra are recorded for the designed probe as well as for the
control probe. As shown in Fig. 1b, in the blue line corresponding to the
control probe, a saturated binding curve can be observed. While in the
red line representing the designed probe, the binding is generally similar
to the control, but the signal response is higher, showing the possible
existence of a second source of SPR signal, the response of which is
superimposed on the first. This might be due to the covalent coupling. As
the non-covalent molecular recognition is actually fast and real-time
association and dissociation, so the signal recorded is smaller than the
covalent curve. To verify this, mild surfactant is first added to wash the
sensing surface. And dramatic reduction of SPR signal can be observed in
the case of the control probe, indicating that many non-covalently sur-
face-captured protease molecules are disrupted by the surfactant when
interacting with the probe, and is washed away. In contrast, the red line
shows a signal drop much smaller, suggesting that some of the surface-
captured protein molecules have already formed covalent linkage with
the probe. But this process is not as fast as the non-covalent recognition,
since there are still considerable protease molecules being washed-off.
And more non-covalently attached protease molecules can still hold
fast, since the surfactant is mild. So in a second proving step, de-naturing
detergent is added. This can destroy the conformation of the non-
covalently surface-captured proteins, resulting in total loss of protein
SPR response in the blue line, as expected, but again the signal drop in
the red line is limited, and the remaining signal can be postulated as
from the covalently bound protease molecules on the surface. The ki-
netics of the SPR for the red curve (Kon=1.03 (£0.21) x 108 M’ls’l,
kosr=1.82(£0.13) x 107! s results an apparent affinity of 1.77
(£0.02) x 10° M.

3.2. Fluorescent detection as the intermediate step

Then the fluorescent signal of covalent bonding between the probe
and the target protein can be directly studied. But before that step, the
surface density of the probe molecules should be studied. To this end,
the fluorescent thiol-targeting molecules is swapped out, and replaced
by an electrochemical reporter molecule, ferrocene. The result is shown
in Figure S1, which is the cyclic voltammetric I-V curve recorded on the
ferrocene-tagged probe modified sensing surface. While knowing the
potential scanning rate, using the electrochemical response of ferrocene,
the area below the curves can be calculated to give the surface density of
the probe. This is based on the Faraday law of electrolysis. And esti-
mation of the order of magnitude is enough to guarantee that the
average distance between each two probes are far larger than the size of
the target protein. This, combined with the high ion strength of the
serum, can prevent undesirable mutual stereo-hindrance during the non-
covalent molecular recognition between the probe and the target pro-
tein. Because the assay only involves one step of incubation, there are
not many experimental conditions to be optimized.

3.3. Induced cross-linking for improved sensitivity

The fluorescent signal of probe-protein covalent binding is then first
employed to trace the time line of probe-protein incubation. As shown in
Fig. 2a and b, this covalent process is indeed slower than the non-
covalent interaction represented by the blue curve in Fig. 1b. It takes
over 1 h for most non-covalently surface-captured protease molecules to
form the fluorescent covalent bond. Under this optimized condition, the
direct fluorescent detection of the virus protease in serum diluted sam-
ple is studied. As shown in Figure S2, quantitative detection can be
realized in serum samples, and a working curve can be established be-
tween fluorescent peak repsonse and the logarithm of protease con-
centration. In the absence of the target protein, the main types of serum
proteins cannot generate evident interfering noise (Fig. 2c), since only
the probe-protease molecular recognition can bring the fluorescent
thiol-targeting molecule within range of free thiol groups on protein. To
study this point in depth, control experiments using blank serum sam-
ples are conducted. As shown in Figure S3a, it needs far longer time for
the non-specific proteins in the serum to form covalent-link with the
maleimide group of the probe. In Figure S3b, cysteine molecules are
added directly into the serum, and what looks similar to the original
reporting constructing the fluorescent thiol-targeting molecules is ach-
ieved. These results can be viewed in light of the fact that the large
protein molecule itself effectively enlarges the distance between the
thiol group and the probe. Since only correctly oriented protein can put
its free thiol groups in contact with the probe. And only the probe-target
molecular recognition can induce the correct orientation effectively.

To improve the sensitivity of detection, electrochemical potential
scanning is applied to the sensing surface during incubation, to induce
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cross-linking of the serum proteins for signal amplification. The effect of
this cross-linking is first noted morphologically using atomic force mi-
croscopy (AFM). It is evident that after cross-linking (Fig. 3a), an
extensive web-like morphology is developed, if compared with the
probe-modified surface before incubation (Fig. 3b). But this cross-
linking is non-specific, only that the probe does not contain reactive
amino acids that can cross-link with the interfering serum proteins. So,
in the absence of the target protease, the blank buffer is incubated with
the sensing surface. The time course is recorded in Figure S4a, the
background signal is negligible. This is because the probe is peptido-
mimetic but not the amino acids that can react with the serum protein,
and the Thiol group is also absent in the probe. As a proof, the solution
for thorough rinsing is collected after the slide has been incubated for
long time with the blank serum. The solution is centrifugated; and the
parameter is set so that normally, proteins won’t be fractionated. But
this time there is sediment, which, if collected and dried on a working
electrode, can generate the characteristic electrochemical response of
aromatic amino acid oxidation (Figure S4b). This result confirms that
the electrochemical scanning is able to cross-link proteins to form larger
oligomers, but they cannot anchor to the surface slide. In Figure S4c, the
time course of detecting the target protease at relative high and
extremely diluted concentrations are studied, and it can be concluded
that 50 min incubation under electrochemical agitation is the optimal
for maximizing the signal difference between different concentrations.
As shown in Figure S4, the peptide probe can work specifically for SARS-
Cov-3CL protease.
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Fig. 5. Detection of clinical serum samples with the serum of healthy volun-
teers as the control. The method adopted is that described in Fig. 4. Briefly, the
serum samples of 9 infected patients, as well as similar samples collected via
vein extract from 9 male healthy volunteers are dropped onto probe modified
sensing slides to induce the covalent capturing of the target viral protease. Then
electrochemical potential scanning at 1 mV/s between 0 and 0.8 V is applied to
the slide to induce cross-linking with the serum proteins. Finally, using the
electrochemical signal of aromatic amino acid of the serum proteins, the pro-
tease contained in the sample is detected as signal readout.
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3.4. Analytical performance

Under this optimized condition, the detection of the target using the
amplified electrochemical response of aromatic amino acid oxidation is
carried out in serum diluted signal. As shown in Fig. 4a and b, quanti-
tative detection is possible, while Fig. 4c shows negligible noise in the
absence of the target protease and the presence of various serum pro-
teins. The clinically required sensitivity and limit of detection (LOD) of
SARS-Cov-3CL protease is equivalent to around 182 pM, while the LOD
of the proposed method is 1 pM. The performance of this method also
compares favorably with commercially available methods (Table S1).
This amplified electrochemical signal ensures higher sensitivity
compared with the above fluorescent method as shown in Fig. 2, so it is
chosen for the final clinical test. Using this method, the clinical serum
samples are detected, serum from healthy volunteers serves as the
control (Fig. 5), and the detected serum level of the viral protease in the
patients are clustered in the range of 0.16 nM-1.6 nM. It can be seen that
the method is well adapted to detect the presence of this unique protease
in the serum environment.

4. Conclusion

In conclusion, we have developed a maximally simplified detection
method that requires no antibodies and enzymes. Using this method we
have successfully detected a marker protein of the SARS-Cov-2 virus in
serum clinical samples in a one-step and reagent-less fashion. Specif-
ically, a mimic of the substrate of the target protease is used to form the
main sequence of the probe, while a fluorescent thiol-targeting molecule
is responsible for signal generation. The interaction between the probe
and the target protein brings the two molecules to the vicinity of each
other, so that the thiol-sensitive molecule can specifically target the free
thiol group on the target protein, forming new covalent bond. In
consequence, the fluorophore previously quenched by the thiol-
targeting group can now gives out fluorescent signal in proportion to
concentration of the target protein. This method has been further
improved by amplifying the signal readout using the interfering proteins
in the serum. Through electrochemical potential scanning, an electro-
active 2D nanonetwork can be formed on the sensing surface, only in the
presence of the captured target protein molecules as the surface
anchoring points. This method is capable of detecting the virus protease
in clinical serum samples of the SARS-Cov-2 infected patients. These
results point to clinical application of the proposed method in combat
against COVID-19 in the near future.

5. Supplementary data

Supplementary data can be found in the online version.
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