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Rapid and Ultra-Sensitive SARS-CoV-2 Subgenomic RNA
Detection Using Single-Molecule With a Large
Transistor-SiMoT Bioelectronic Platform

Eleonora Macchia, Anna Maria D’Erchia,* Mariapia Caputo, Angelica Bianco,
Claudia Leoni, Francesca Intranuovo, Cecilia Scandurra, Lucia Sarcina, Cinzia Di Franco,
Paolo Bollella, Gaetano Scamarcio, Luisa Torsi,* and Graziano Pesole

The replication of Coronaviridae viruses depends on the synthesis of
structural proteins expressed through the discontinuous transcription of
subgenomic RNAs (sgRNAs). Thus, detecting sgRNAs, which reflect active
viral replication, provides valuable insights into infection status. Current
diagnostic methods, such as PCR-based assays, often involve high costs,
complex equipment, and reliance on highly trained personnel. Additionally,
their specificity can be compromised by technical limitations in kit design.
While viral culture remains highly accurate, it is impractical for routine
diagnostics. In this study, the single-molecule-with-a-large-transistor (SiMoT)
technology is presented for detecting sgRNA encoding the nucleocapsid (N)
protein in clinical samples. SiMoT incorporates a stable layer of
complementary DNA strands on the sensing gate electrode, facilitating rapid,
sensitive, and specific sgRNA detection. Among 90 tested samples, SiMoT
achieved a diagnostic sensitivity of 98.0% and a specificity of 87.8%,
delivering results within 30 min. This user-friendly platform requires minimal
sample preparation and offers a cost-effective point-of-care (POC) diagnostic
solution. With its demonstrated diagnostic accuracy and scalability, SiMoT
represents a promising tool for detecting active viral replication in SARS-CoV-2
and other coronaviruses. It addresses the limitations of existing molecular and
culture-based methods while enhancing accessibility to reliable diagnostics.

1. Introduction

Coronaviridae viruses are responsible
for a range of respiratory and gas-
trointestinal diseases, from mild to
life-threatening  infections.!!.  These
viruses possess the largest known RNA
genomes, measuring between 26 and
32 kb.[2) Their RNA synthesis process
consists of two main stages: genomic
RNA (gRNA) replication and subge-
nomic RNA (sgRNA) transcription.
Genome replication ensures continuous
RNA synthesis, while sgRNA transcrip-
tion involves a discontinuous process
typical of RNA viruses, resulting in a
nested set of sgRNAs. These sgRNAs
encode proteins essential for viral capsid
assembly, such as nucleocapsid (N),
spike (S), membrane (M), and envelope
(E), along with eight other proteins,
some of which vary across different
coronaviruses.}) The transcription of
sgRNAs in infected cells leads to the
production of structural viral proteins
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that assemble into virion particles. Detecting these sgRNAs can

therefore serve as an indicator of active viral replication, instead
of merely the presence of residual viral RNA.3* Currently, RNA
virus detection mainly depends on molecular methods like Re-
verse Transcription quantitative Polymerase Chain Reaction (RT-
qPCR), which use primers and probes targeting the essential cod-
ing regions of viral RNA. However, this approach cannot distin-
guish between non-infectious residual virions and actively repli-
cating virus particles, as it detects all viral RNA, including ge-
nomic, subgenomic, and degradation products.>”7! For this rea-
son, obtained results may not accurately reflect the duration of
viral shedding or the transmission potential of the virus. In con-
trast, viral isolation and culture offer a more direct method for
assessing viral replication, but this approach is complex, labor-
intensive, and requires biosafety level 11T laboratories.!®] Due to
these challenges, viral culture is not a practical option for rou-
tine clinical diagnosis of viable viral infections. Additionally, the
detection of sgRNA could be pivotal in human viral challenge
studies, where volunteers are intentionally infected with a chal-
lenge agent to examine both the impact of infection and the effi-
cacy of experimental interventions, such as vaccines.®1 In this
context, assays targeting total RNA would detect both the input
challenge agent and newly replicating virus, without differentiat-
ing between them. Consequently, monitoring total RNA may not
provide the most accurate measure of protective efficacy.'1112]
A more refined approach would be to target sgRNA instead of
gRNA.

Recent years have seen significant research dedicated to the
development of detection methods aimed at targeting sgRNA.
These methods commonly use standard technologies such as
PCR based assays and virus isolation techniques.!"* While viral
isolation and culture remain the most accurate methods for de-
termining viral replication activity, they are not practical for rou-
tine clinical diagnostics.['*] Alternatively, methods for detecting
nucleic acids that target sgRNA have become promising alterna-
tives for evaluating viral replication.'®] For example, Wolfel et
al. and Oranger et al. developed specific primer/probe sets for
the detection of E sgRNA, employing this approach to differen-
tiate between actively replicating virus and viral RNA load.[*1¢!
Nonetheless, various studies have compared PCR-based sgRNA
detection in clinical samples with viral culture results, which
are considered the ultimate standard for evaluating active viral
replication.!"! Furthermore, PCR-based methods face significant
limitations, especially in low-resource laboratories, due to high
costs, the need for complex equipment, and reliance on highly
trained personnel. Additionally, some studies have reported that
PCR has reduced specificity and can be affected by sample con-
taminants and interfering substances.!'”"18] These primary limi-
tations are often linked to technical shortcomings in PCR kit de-
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sign, which may involve reagent instability, suboptimal oligonu-
cleotide design for primers or probes, and the presence of impu-
rities. Meanwhile, other molecular diagnostic methods, such as
those based on Loop-mediated isothermal amplification (LAMP)
and CRISPR-based testing, are advancing rapidly.”] However,
many of these diagnostic approaches have yet to receive global
healthcare authority approvals or undergo independent valida-
tion. The single-molecule-with-a-large-transistor (SiMoT) tech-
nology is proposed here for the first time for detecting sgRNA
encoding the nucleocapsid (N) protein (N sgRNA) in clinical
samples. This technology has been shown to detect single pro-
teins and genetic markers (DNA or RNA) with minimal sam-
ple handling and an assay time-to-result within 1 h, achieving
a technology readiness level of 5.11%211 The SiMoT platform has
demonstrated the ability to classify and identify individual viruses
in samples as small as 100 pL. Utilizing an immunometric ap-
proach, it detects the spike protein S1 on the SARS-CoV-2 cap-
sid in blood serum, saliva, and swab samples.?%! Its diagnostic
specificity, sensitivity, and overall accuracy reached 99.2%, based
on 240 tests, including a pilot clinical trial.

The SiMoT platform now targets N sgRNA by using a stable
layer of complementary DNA strands anchored to the sensing
gate electrode. In testing a cohort comprising 90 samples, the
platform has shown a diagnostic sensitivity of 98.0% and speci-
ficity of 87.8%. The SiMoT assay is also highly user-friendly, re-
quiring only a few simple steps and delivering results in 30 min.
These advantages make the SiMoT technology especially suited
for point-of-care (POC) testing, providing a cost-effective, reli-
able, and fast method for identifying sgRNAs. Table 1 presents
a comparison of the SiMoT assay for N sgRNA detection with
the leading sensor technologies and platforms. Key performance
metrics are highlighted, including time-to-results, limit of detec-
tion (LOD), diagnostic sensitivity, specificity, point-of-care (POC)
applicability, and labeling requirements. As a result, the SiMoT
platform represents a valuable diagnostic tool for detecting active
viral replication and holds promise for identifying other emerg-
ing coronaviruses in the future.

2. Results and Discussion

2.1. Surface Plasmon Resonance Characterization

Detection of the N sgRNA was achieved using SiMoT technology,
where the sensing gate electrode is modified with probes specif-
ically designed to hybridize with the target sgRNA sequence.
To optimize and benchmark the biofunctionalization strategy
prior to validating the SiMoT assay, Surface Plasmon Reso-
nance (SPR) was employed. Figure 1a schematically illustrates
the gold surface modification. The latter involves the immobi-
lization of a biotinylated single-strand oligonucleotide sequence
(b-DNA), designed to anneal to the junction region between the
Leader Sequence (LS) and the ORF of N sgRNA, through a neu-
travidin (NAV) layer. The b-DNA probe selected in this study
matches the sequence of the forward primer used in the reverse
transcription-qPCR assay, specifically in the leader sequence (LS)
of the N coding region, extensively characterized elsewhere.l%]
Specifically, the biofunctionalization protocol begins with form-
ing a self-assembled monolayer of alkanethiol (chem-SAM) to
provide a covalent anchor for the NAV layer, followed by the
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Table 1. Benchmarking the SiMoT assay for N sgRNA detection. The comparison accounts for the state-of-art where real-sample analysis is demonstrated.

Technology LOD [copies/100 uL] Time to results Label-free Diagnostic sensitivity Diagnostic specificity POC
PCR-based testing!* 8] 12 4-6h No 100% 65-100% No
LAMPI22] 400 1h No 88.8% 89.5% Yes
CRISP-based testingl’] 675 Within Th No 96.7% 97% Yes
SiMoT 24+5 30 min. Yes 98.0% 87.8% Yes

immobilization of the b-DNA probe via biotin/NAV affinity in-
teraction. Importantly, although the target of the SiMoT assay
is a RNA molecule, a DNA probe was chosen. This selection is
based on the fact that DNA probes offer greater stability com-
pared to RNA probes, as DNA is not vulnerable to degradation
by RNases, the enzymes that degrade RNA. Additionally, pre-
vious studies have demonstrated that DNA-RNA hybridization
has thermodynamic stability comparable to that of DNA-DNA
hybridization.[?*] The biofunctionalization protocol has been as-
sessed in situ and in real-time through SPR, as reported in
Figure 1b. SPRis a surface-sensitive spectroscopic technique that
allows for detecting changes in the refractive index of an ultra-
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thin biological layer deposited on an SPR slide, approximately
half a square centimeter in size, positioned within a 100 pL flow-
through cell.?*2%] When the SPR laser beam (wavelength 4 =
670 nm) strikes the glass/metal interface, it can couple with plas-
mon surface polariton (PSP) states that travel along the metal,
biolayer, and electrolyte interface. This coupling generates an
evanescent wave, which propagates perpendicularly to the sur-
face, extending about 100-300 nm beyond the metal layer. At
this depth, the wave interacts with the biolayer film. For plasmon
resonance to occur, meaning the complete transfer of light en-
ergy to the PSP states, the wave vector of the PSP must precisely
match the component of the incident light’s wave vector in both
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Figure 1. a) Graphical depiction of the biofunctionalized gold surface. b) SPR sensogram recorded during the biofunctionalization protocol using
biotinylated DNA probes. c) Assays for standard solutions of cDNA were performed across a concentration range from 10 to 800 nM. The sensogram
(blue line) represents data obtained from the biofunctionalized SPR slide exposed to varying concentrations of the target oligonucleotide, while the black
line shows the sensogram from the negative control experiment, using a non-complementary strand. The grey shading indicates the standard deviation
calculated from four replicate sensograms. d) Calibration curve for the cDNA assay (blue points) and the negative control experiment (black points).
Error bars, representing one standard deviation from four replicates, are shown. The modeling (blue solid curve) was conducted using the Hill equation.
The limit of detection (LOD), defined as the noise level (average signal from the control experiment) plus three times its standard deviation, is 40 nM.
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magnitude and direction along the plasmonic propagation path.
This match, defined by the angle 6y, is crucial, as it enables
the resonance effect and subsequent detection of refractive in-
dex changes within the thin biological layer. The SPR traces,
which record the transient angle shift (Af,;), are referred to as
sensograms, as shown in Figure 1b. This angular shift is mea-
sured relative to the baseline signal, defined as the 6 of the
gold slide modified solely with the chem-SAM layer. The first
step, illustrated in the sensogram in Figure 1b, involves the in-
jection of an EDC/sulfo-NHS solution in water to activate the
carboxylic groups of the chem-SAM.!?’] Following this, a PBS
solution is injected, and the activated surface is exposed to a
NAV solution for 1.5 h. After rinsing with PBS, an ethanolamine
(EA) solution is introduced and allowed to interact with the sens-
ing area for 45 min, effectively blocking any unreacted activated
acidic functionalities. Next, the b-DNA probe is injected and in-
cubated on the surface for 1 h before being rinsed with PBS.
As depicted in Figure 1b, the b-DNA probe is successfully im-
mobilized on the gold sensing platform, reaching 95% of the
SPR signal within 20 min. The b-DNA surface coverage is de-
termined using the de Feijter equation,?®! which correlates the
refractive index increment of the adsorbed layer with its mass
density on the sensing surface. The calculated surface cover-
age is (52.1 + 3.2) ng cm~2, equivalent to (4.6 + 0.2) x 10'!
molecules cm~2. Studies have demonstrated that single-stranded
DNA probes immobilized on gold surfaces exhibit optimal hy-
bridization efficiency with complementary sequences when their
surface density is maintained below 5 x 10'2 molecules cm~2.11%]
On the other hand, for the SiMoT platform, as extensively dis-
cussed in previous research,!2*3 it is essential to achieve a high
density of biorecognition elements—on the order of at least 10!
molecules cm~2—to ensure optimal sensitivity. This probe layer,
with surface densities below the 5 x 10'2 molecules cm~? thresh-
old, facilitates efficient hybridization while preserving the in-
tegrity and compactness of the capturing probe layer.
Subsequently, the modified SPR slide was exposed to a 100
bases long oligonucleotide, referred to as complementary DNA
(cDNA), exclusively corresponding to the N sgRNA sequence, to
assess the capability of the immobilized probe to recognize the
target strand, as per Figure 1c. To establish the baseline, PBS
buffer was utilized as the reference fluid. Subsequently, succes-
sive injections of 100 uL N sgRNA standard solutions were tested
at increasing concentrations ranging 10 nM and 800 nM. Each
concentration was incubated for 40 min, then PBS was injected
as a rinsing buffer. At the highest concentration of 800 nM, the
binding of the target, as shown in Figure 1c, resulted in Afgp,
= (0.093 + 0.003)°, which corresponds to a surface density of
(1.2 £ 0.1)-10" molecules cm~2. The surface density of the target
strand indicates a high concentration of biomarkers deposited on
the probe layer, closely corresponding to the number of probes
available on the SPR slide. Those SPR analysis confirms the ab-
sence of potential allosteric interactions that could hinder the hy-
bridization of the target strand at nanomolar concentrations. No-
tably, the observed SPR angle shift for the target strand aligns
with the Afpp reported in previous SPR assays.*!! This consis-
tency confirms the effectiveness of the biofunctionalization pro-
tocol developed for the SiMoT assay of N sgRNA. Figure 1c also
presents the sensogram acquired during the negative control ex-
periment, represented by a black line. This experiment was con-
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ducted to assess the assay’s noise level and determine its limit
of detection (LOD). For this purpose, the gold SPR sensor, func-
tionalized with the same b-DNA probe, was exposed to a non-
complementary oligonucleotide sequence of 100 bp in length,
within the same concentration range as the sensing experiment.
At the maximum concentration of 800 nM, a Af,, of (0.015
+ 0.006) was recorded. As a result, the assay’s selectivity was
calculated as the ratio of the angle shift observed in the nega-
tive control experiment to the shift measured during the sens-
ing experiment at 800 nM, yielding a value of A6, . /A6, =0.16
+ 0.01. Figure 1d displays the dose-response curves, showing
ABpr as a function of nominal oligonucleotide concentrations
for both the negative control experiment (black circles) and the
sensing experiment (blue squares). The error bars indicate one
standard deviation, calculated from four replicates. The full blue
line in Figure 1d is the modeling of the dose-response curve reg-
istered for the sensing experiment, using the Hill model. The
Hill model describes the relationship between the SPR signal
(AB4pg) and the target analyte concentration (¢), according to the
following equation Af¢pp = Abgpp oy - kn —, where AOgpp 18
the SPR signal registered in the saturation. The two parameters
of the model are the dissociation constant (k) and the Hill coeffi-
cient (n).132] The Hill coefficient estimates the cooperativity of the
target-probe interaction: n = 1 indicates non-cooperative binding,
n> 1 suggests positive cooperativity, and n < 1 indicates negative
cooperativity. The dissociation constant (k) represents the analyte
concentration at which half of the maximum response (A8 spg ,4x)
is observed or, alternatively, the concentration at which half of
the binding sites are occupied. Additionally, the term k" corre-
sponds to the equilibrium dissociation constant (Kp) of the bind-
ing pairs, which reflects the binding affinity between the target
analyte and the probe. Modeling the data in Figure 1d yielded a
Hill coefficient (n) of 1.1 + 0.2 and a K}, value of (1.1 + 0.3) X
1077. These values align closely with Hill coefficients and disso-
ciation constants typically observed in DNA-DNA hybridization
processes,[?*3*] thereby confirming the efficacy of the biofunc-
tionalization protocol employed in this study.

2.2. SiMoT Assay of N sgRNA

The biofunctionalization protocol, developed and validated
through SRP characterization, was proposed to functionalize the
sensing gate of the SiMoT platform, enabling the ultrasensitive
detection of N sgRNA. Figure 2a illustrates a graphical depic-
tion of the SiMoT assay. The SiMoT device comprises a biofunc-
tionalized sensing gate and a reference gate, capacitively cou-
pled to the transistor channel. The channel includes gold drain
(D) and source (S) electrodes, which are coated with a p-type or-
ganic semiconductor.3% The sensing gate is functionalized with
b-DNA probes, according to the protocol validated via SPR anal-
ysis and then exposed to the sgRNA containing solution. This
exposure occurs during a 10-min incubation in an incubation
well (not depicted) containing 100 pL of the solution to be tested.
When the target N sgRNA sequence binds to the probes, the sens-
ing gate’s work function undergoes a significant shift.>>>’] This
shift is measured through capacitive coupling with the transis-
tor channel, resulting in a detectable change in current. To opti-
mize the electronic sensing response, the Debye length must be
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Figure 2. a) Schematic illustration of the SiMoT platform. b) Transfer characteristics (I versus V) of a typical sensing experiment and c) a negative
control in forward mode, measured at Vp = —0.4V with Vg swept from 0.1 to —0.5 V. The baseline current level is shown in red. The same gate was
sequentially exposed to PBS solutions containing the DNA at concentrations from 10 zM to 1fM. d) Dose-response curves displaying the relative current
shift (Al/ly) for sensing gates (blue squares) and negative controls (black circles). Error bars represent one standard deviation across three replicates.
The solid blue curve represents a 4-parameter logistic model fit. The limit of detection (LOD), calculated as the control noise level plus three standard
deviations, corresponds to 24 + 5 molecules per 100 pL. Red triangles indicate reference gate responses, remaining below the LOD. e) Time-resolved
Ip measurements at Vg = —0.4V, recorded before and after incubation in the sample solution.

maximized. Since the assay samples are in high-ionic-strength
media (162 mM), the sensing gate is subsequently analyzed in
the measuring well containing deionized (DI) water. The latter
has a low ionic strength of approximately 5 uM, thus resulting in
a Debye length of 138 nm.I*”) However, the hybridization process
occurs in a physiological medium with high ionic strength, to en-
sure the stability of the probe/target duplex formation. Moreover,
the stability of biorecognition layers has also been demonstrated
in a previous study,?’l where SPR characterization confirmed the
retention of biological functionality even after extended exposure
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to deionized water. The reference gate, suspended stably above
the channel at a distance of ~4 mm, ensures the monitoring
of the stability of the device throughout the assay. Moreover, all
the incubation and measuring steps with the SiMoT assay have
been accomplished under RNAse-free conditions. Figure 2b il-
lustrates the transfer characteristics obtained during the assay of
cDNA matching the sequence of the N sgRNA target using the
sensing gate. These curves represent the transistor drain current
(Ip) measured at a fixed drain-source voltage (V) of —0.4V , with
the gate voltage (V) varied from 0.1 to —0 .5V. As described in
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the Experimental Section, the sensing protocol involves record-
ing 20 consecutive transfer curves for each tested solution. Only
the final transfer curve for each solution is shown in Figure 2b,
highlighting the stable current levels achieved during the mea-
surement. The violet curve represents the baseline current (I,)
recorded after incubating the sensing gate for 10 min in a basic
PBS solution. Following incubation, the sensing gate is rinsed
with deionized (DI) water, placed in the measurement well, and
subjected to cyclic testing step. Subsequently, it is immersed in
100 uL of PBS solution containing the oligonucleotide sequence
matching that of the N sgRNA. The blue curve (I) reflects the
current recorded after the binding of a single target strand, with
measurements taken in water. Indeed, the sample comprises a
PBS solution spiked with 10 zM (1072 M) of oligonucleotide cor-
responding to N sgRNA. Additional transfer curves in Figure 2b
were obtained by exposing the sensing gate to PBS solutions with
target strands at concentrations of 100 zM, 1 aM, 10 aM, 100 aM,
and 1 fM. For each solution, the relative current shift (AIl/I, =
(I-1,)/1,) at Vo = —0.4 V, at the maximum transconductance,
was calculated. Figure 2c presents a negative control experiment
in which the biofunctionalized sensing gate, was exposed to PBS
solutions containing the non-complementary target strand. This
assay covered the same concentration range (from 10 zM to 1 M),
and the relative current shift (I relative to I,) was similarly evalu-
ated. The insets in Figure 2b,c display the gate leakage currents
(I) within the V range of the sensing experiment. These curves,
recorded at each stage of the experiment, illustrate the Faradaic
I current contribution, which is over three orders of magnitude
smaller than the I, current flowing through the device. Addition-
ally, there is no observable dependence of I on the tested cDNA
standard solutions. Figure 2d presents the data from Figure 2b,c
as dose-response curves of the SiMoT electronic signal AI/I, for
both the negative control (black circles) and the sensing exper-
iment (blue squares) performed with the oligonucleotide corre-
sponding to cDNA spiked PBS solutions. The SiMoT sensing re-
sponse was modeled using an analytical approach (represented
by the solid blue curve) based on Poisson distribution probabil-
ities, as described in previous studies.[**3°] The model, encom-
passing a four-parameter logistic equation,*! accounts for the
limited number of binding events observed. The negative control
experiments were employed to establish the average noise level of
the assay, calculated as 0.06 + 0.05. The limit of detection (LOD),
defined as the noise level plus three times its standard deviation
(0.20, indicated by the gray dashed line),[*°l was determined to be
400 zM. Given that each sampled solution has a volume of 100 uL,
the LOD corresponds to 24 + 5 target strands. This demonstrates,
with 99.73% confidence at the LOD, that the SiMoT assay is ca-
pable of detecting tens of target strands within a 100 pL sample
volume. Additionally, the SiMoT current was recorded with the
reference gate during each step of the assay to further validate
the process.

As demonstrated in Figure 2d, the average relative current shift
observed using the reference gate (red triangles) is 0.08 + 0.02,
which is significantly below the LOD threshold. In Figure 2e, the
I, current values at V; = —0.4V are presented as a function of
time (bottom x-axis) and cycle number (top x-axis) for 20 con-
secutive transfer characteristic recordings. The first 320 s (cor-
responding to 20 cycles) represent the cycling protocol for the
biofunctionalized gate after exposure to the reference fluid, high-
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Table 2. Summary of the SiMoT cohort comprising 90 samples.

Positive Negative ~ Samples  Samples spiked with Total
patients  patients  spiked with  non-complementary  samples
N sgRNA sgRNA

Training set 14 4 19 23 60
Test set 16 14 - - 30

lighting the dynamic evolution of the baseline current over time.
The following 320 s (cycles 21-40) show the signal response to a
standard solution containing 1 aM of cDNA. From the curve in
Figure 2e, it is possible to extract the most representative param-
eter of the system, selected to develop a machine-learning-based
landmark analysis,[*1*?] instead of directly feeding the classifica-
tion algorithm with the entire current traces. Such an approach
offers the main advantage of reducing computational complexity,
enhancing the algorithm’s efficiency, and potentially improves
classification accuracy by focusing on the most informative fea-
tures rather than processing redundant or noisy data from the
full current traces.

Therefore, for each assayed solution the features AI/I,, AV,
and AI/AI,, described in detail in the Experimental Section, have
been evaluated. The parameter AI/I, quantifies the relative sig-
nal variation against the baseline, to minimize the effect of the
device-to-device fluctuation, while AV, represents the threshold
voltage shift observed upon target sequence binding. Addition-
ally, AI/AI, captures the normalized slope of current drift during
signal cycling relative to the baseline. In other words, the AI/AI,
feature represents the dynamic behavior of a given sensing gate.
The current drift observed during stabilization is linked to the
formation of the electric double layer at the electrode/electrolyte
interface when the gate potential is applied, a process that is
highly specific to each gate. The current dynamics, which reflect
the adjustment of the biofunctionalized electrode to a lower ionic
strength environment, are characteristic of the sensing gate. The
cycling of the gate in the measuring well, whether it stabilizes
within 20 cycles or not, reveals the rate of this stabilization pro-
cess, being a key characteristic feature of each gate. Understand-
ing and analyzing this dynamic behavior is highly informative for
evaluating gate performance. In Figure 2e inset, AV, is derived
graphically from the /I, versus V,, plots (red curve for baseline,
blue curve for signal), illustrating the shift upon exposure to the
sampled solution. These metrics serve as features for subsequent
machine learning landmark analysis (vide infra).

3. The Clinical Assay on COVID-19 Patients

The SiMoT sensing protocol was utilized to analyze the pres-
ence of N sgRNA in RNA extracted from residual nasopharyn-
geal swab samples of 30 SARS-CoV-2-positive individuals and
18 SARS-CoV-2-negative individuals, as summarized in Table 2.
Each sample was initially characterized by droplet digital PCR
(ddPCR) assays, to precisely detect the presence of SARS-CoV-2
gRNA and quantify the content of N sgRNA. Typical data mea-
sured for SARS-CoV-2-positive and negative samples are pre-
sented in Figure 3a,b, respectively. Figure 3a illustrates the time-
resolved drain current (I,) levels measured at V; = —0.4V, along
with the corresponding transfer characteristic recorded during
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Figure 3. a) Time-resolved |, measurements at Vg = —0.4 V, recorded before and after exposure to a patient’s RNA tested as positive for SARS-CoV2

gRNA and N sgRNA. The inset shows the /I, as a function of the gate bias, showing the typical threshold voltage shift registered between the baseline
(red curve) and the signal (blue curve). b) Time-resolved I measurements at V; = —0.4 V, recorded before and after exposure to a patient’s RNA tested
as negative for SARS-CoV2 gRNA and N sgRNA. The inset shows the /I versus V¢, showing the typical threshold voltage shift registered between
the baseline (red curve) and the signal (black curve). c) Score—Plot illustrating the scores of the samples assessed using the SiMoT assay. The blue
samples are the N sgRNA positives, while those in black indicate the N sgRNA negative samples. The points represent the samples of the training set,
used to compute the PCs, while the hollow stars are the samples belonging to the test set, projected on the PCA model. d) The loading plot shows the
contributions of each initial variable extracted for the SiMoT assay on principal components PC1 and PC2. The loading of the variables Al/l;, AVy,, and

Al/Aly are shown as black, red, and blue arrows, respectively.

the final cycle, both before and after incubation in a COVID-19
positive patient sample. The ddPCR also detected as few as 2.00
+ 0.14 copies per reaction of N sgRNA in a 5 uL sample volume,
thus corresponding to a concentration of 600 zM. The very same
patient sample assayed with the SiMoT technology, returned a
distinct signal change, expressed as Al/I,, of 0.41, being well
above the LOD, upon sensing the 600 zM of N sgRNA. Further-
more, as shown in the inset of Figure 3a, a significant thresh-
old voltage shift of 24 + 3 mV is observed. This suggests that the
sensing gate experiences a sizable work function change upon
the binding of 36 + 6 target strands in 100 pL sample volume. In
contrast, the COVID-19 negative sample, confirmed by ddPCR
for the N sgRNA, exhibited a signal change (AI/I,) of 0.08, which
was below the LOD. Additionally, it showed a negligible AV, of
5 + 3mV, as illustrated in Figure 3b. The complete dataset, char-
acterized for N sgRNA using the SiMoT assay, was initially exam-

Adv. Electron. Mater. 2025, 2400908 2400908 (7 of 12)

ined through exploratory multivariate analysis employing Princi-
pal Component Analysis (PCA), as showed in Figure 3c,d.

PCA generates a set of orthogonal principal components
(PCs), with each component expressed as a linear combination
of the variables AI/I,, AV,,, and AI/AI,, weighted by the eigen-
values of the loading matrix. The scores reflect the cumulative
contribution of each variable to a given PC. Additional details re-
garding the PCA methodology are documented elsewhere.[2131:43]
In this analysis PC1 and PC2, the first two principal components,
effectively capture the dataset’s variability, accounting for 87.1%
of the total variance across the three features evaluated for each
patient fluid sample. A total of 60 samples were utilized as the
training set, while the remaining 30 samples were analyzed in a
double-blind manner as the external test set, as summarized in
Table 2. The training set, used to develop the PCA model, con-
sisted of 33 positive and 27 negative samples.
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Table 3. SiMoT classifier's output on the external test set benchmarked against the results of COVID 19 molecular diagnosis and N sgRNA copies/ddPCR

reaction.

Sample ID gRNA molecular diagnosis N sgRNA copies/ddPCR reaction SiMoT classification Alfly AVy, [mV] Al/Aly
24 N 0.00 + 0.00 N 0.35 4 1.73
F N 0.00 + 0.00 N 0.24 3 0.35
5 N 0.00 + 0.00 N 0.35 7 1.29
8 N 0.00 + 0.00 N 0.36 6 1.72
12 N 0.00 + 0.00 N 0.32 1 1.36
20 N 0.00 + 0.00 N 0.37 8 1.61
1 N 0.00 + 0.00 N 0.24 4 1.24
14 N 0.00 + 0.00 N 0.26 3 1.26
2 N 0.00 + 0.00 N 0.31 1 1.14
9 N 0.00 + 0.00 P 0.58 30 1.84
4 N 0.00 + 0.00 P 0.40 14 1.53
7 N 0.00 + 0.00 P 0.69 23 2.04
15 N 0.00 + 0.00 P 0.77 41 1.61
18 N 0.00 + 0.00 P 0.39 1 1.66
30 P 32.00 £ 11.70 N 0.18 6 1.45
13 P 2219.00 + 76.60 P 0.60 30 1.77
23 P 17.00 +0.28 P 0.48 9 2.05
3 P 2019.00 + 79.80 P 0.37 37 1.48
6 P 58.00 +5.29 P 0.63 27 1.70
21 P 2293.00 + 141.20 P 0.35 40 1.43
25 P 1835.00 + 56.00 P 0.42 26 1.21
22 P 1380.00 + 42.30 P 0.51 25 1.29
26 P 44.70 +9.45 P 0.37 27 0.03
10 P 53.00 + 11.00 P 0.28 27 133
17 P 1157.00 + 182.90 P 0.48 31 1.57
29 P 93.00 + 4.62 P 0.23 7 2.37
19 P 2.00 +0.14 P 0.41 24 1.50
28 P 23.00 +4.38 P 0.28 31 1.22
D P 3.00 +0.28 P 0.45 24 4.15
E P 76.00 + 8.72 P 0.37 5 1.13

The training set positive class included 14 samples from
COVID-19 positive patients, and 19 samples spiked with N
sgRNA at concentrations above the LOD, thus ranging from 1
aM to 1 fM. Conversely, the training set negative class comprised
4 samples from COVID-19 negative patients and 23 samples
spiked with a non-complementary sgRNA strand. This design en-
sured a balanced distribution of negative and positive samples in
the training set. Figure 3c illustrates the scores for PC1 and PC2
calculated using the training set samples. Specifically, the blue
points represent scores from positive samples, while the black
points correspond to negative samples within the training set.
The score plot reveals distinct clustering, with positive samples
aligning at higher PC1 values and negative samples displaying
negative PC1 scores. Moreover, Figure 3d presents the loadings
for PC1 and PC2, highlighting the contribution of the original
variables to the principal components. The loading plot demon-
strates that all three features, which increase in value in the pres-
ence of the target strands, contribute positively to the loadings on
PC1. The hollow stars in Figure 3c represent the patient samples
from the external test set. These samples were projected onto the
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PCA model, showing a general alignment with the clusters ob-
served in the training set. However, a region of overlap is evident
in the score plot.

To achieve a clear binary classification between N sgRNA-
positive and negative samples, a machine learning approach was
applied.**! Specifically, a K-Nearest Neighbor (K-NN) classifier
was trained on the training set (60 samples), and its performance
was estimated on an external test set (30 samples). To avoid over-
fitting, the test set was excluded from the training phase. As stan-
dard practice, the K-NN decision boundary was assessed through
10 iterations of cross-validation.[21#] All samples in the training-
set were correctly classified by the K-NN classifier, in line with
the results from ddPCR. To further evaluate the model’s pre-
dictive performance, the trained K-NN classifier was applied to
classify the samples in the external test set using a double-blind
approach. The results, presented in Table 3, compare the classi-
fier’s results with the ddPCR findings for gRNA and N sgRNA.
The SiMoT classifier misclassified six samples, as shown in red
in Table 3. Specifically, one positive sample was incorrectly clas-
sified as negative, resulting in one false negative across the 90
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samples. Additionally, five negative samples were misclassified
as positive, resulting in five false positives. As a result, the diag-
nostic sensitivity (the percentage of true positives correctly iden-
tified) and diagnostic specificity (the percentage of true negatives
correctly identified) for the entire cohort were 98.0% and 87.8%,
respectively. Notably, these results were obtained using portable
equipment suitable for point-of-care settings, delivering results
in just 30 min at an estimated cost of less than 10 €. In contrast,
standard diagnostic methods, based on PCR, take up to 6 h and
can cost several hundred euros.

4. Conclusion

The SiMoT portable bioelectronic platform is proposed as a novel
tool for detecting sgRNAs. The SiMoT prototype, developed at
Technology Readiness Level 5 (TRLS), reliably detects sgRNA en-
coding the nucleocapsid (N) protein with a LOD as low as 400
zM, corresponding to 24 + 5 strands in a 100 uL sample volume.
The N sgRNA strands are directly detected in RNA extracted from
nasopharyngeal swab samples from SARS-CoV-2 patients.

A machine-learning-based classifier trained on data from 60
samples was tested with an external, double-blind set of 30 pa-
tient samples. Remarkably, the SiMoT assay achieved 98% diag-
nostic sensitivity and 87.8% diagnostic specificity across all 90
samples analyzed. Furthermore, SiMoT is faster and more cost-
effective than the current state-of-art diagnostic techniques, mak-
ing it the sole assay fully compatible with point-of-care (POC) set-
tings.

Therefore, the SiMoT technology represents a groundbreak-
ing approach to detecting active viral replication, addressing the
limitations of existing methods. Its high sensitivity, good speci-
ficity, rapid turnaround time, and affordability establish it as a
reliable diagnostic tool for SARS-CoV-2 and other coronaviruses.
Additionally, the simplicity and scalability of the platform enable
widespread adoption in both clinical and resource-limited set-
tings. SiMoT has the potential to revolutionize global diagnostic
capabilities, particularly in managing ongoing and future pan-
demics.

5. Experimental Section

Materials: The following chemicals were obtained from Sigma-—
Aldrich: Poly(3-hexylthiophene-2,5-diyl) (P3HT, molecular weight of
17.5 kDa), 3-mercaptopropionic acid (3MPA), 11-mercaptoundecanoic
acid (11TMUA), N-hydroxysulfosuccinimide sodium salt (NHSS), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and Ethanolamine
hydrochloride (EA). Phosphate-buffered saline (PBS) tablets were
dissolved in HPLC water and filtered using a 0.22 um Corning
polyethersulfone membrane. Neutravidin and Bovine Serum Al-
bumin (BSA) were also purchased from Sigma-Aldrich. The bi-
otinylated single-strand  oligonucleotide sequence (b-DNA) 5'-
CATTTTAGTTTGTTCGTTTAGA-3/, the target oligonucleotide (5’
GGTAACAAACCAACCAACTTTCGATCTCTTGTAGATCTGTTCTCTAAACG-
AACAAACTAAAATGTCTGATAATGGACCCCAAAATCAGCGAAATGCACCC-
3') and the non-complementary oligonucleotide (5-
AGACCTTAAATTCCCTCGAGGACAAGGCGTTCCAATTAACACCAATAG-
CAGTCCAGATGACCAAATTGGCTACTACCGAAGAGCTACCAGACGAA-
TTCGT-3’) were synthetized by Invitrogen.

Biofunctionalization Protocol: A SAM is deposited on the gold de-
tecting interface by depositing a solution with 10 mM of 3-MPA and
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11-MUA (in a 10:1 molar ratio) dissolved in ethanol. The gold sur-
face is then activated using a 200 m M solution of EDC with a
50 m M sulfo-N-hydroxysuccinimide (sulfo-NHS) aqueous solution at
25 °C for 20 min. The activated surface is then exposed to a neutra-
vidin solution (100 pg mL~") for 1.5 h. Then, the surface is exposed
to the biotinylated single-strand oligonucleotide sequence (b-DNA) 5'-
CATTTTAGTTTGTTCGTTTAGA (0.5 uM) for 1 h.

Biomarker’s Standard Solutions in PBS:  PBS standard solutions of the
analyte oligonucleotide sequences were prepared using a standard serial
dilution protocol. The nominal concentrations used for SPR characteri-
zation range from1078 to 8 x 1077 M, while for SiMoT validation, they
range from 1x 10720 to 107> M. The PBS solution, which mimics a phys-
iological environment, maintains an ionic strength and a pH of 162 mM
and 7.4, respectively. The target single-strand oligonucleotide and the non-
complementary oligonucleotide, used for the negative control experiment
are both 100 bases long.

Collection of Patients’ Samples: Remnants from nasopharyngeal swabs
(in UTM matrix) from of unidentified subjects were collected at the Is-
tituto Zooprofilattico Sperimentale della Puglia e Basilicata, Putignano,
Italy. 560 uL of UTM matrix were used to purify viral RNA using the QlAamp
Viral RNA Mini Kit (Qiagen, Hilden, German) according to the manufac-
turer’s instructions. RNA samples were analyzed by an in-house reverse
transcription-qPCR assay using the primers/probe for N gene, as from the
World Health Organization, previously described previously.[*’] to confirm
the presence of the viral RNA. 30 RNA samples were identified as positive
and 18 were identified as negative for SARS-CoV-2. Ethical approval was
not required for this study, as nasopharyngeal swab remnants were from
subjects that remained unidentified, and data generated concerned exclu-
sively viral sequences. RNA samples were stored at —80 °C until use. The
quantification of N sgRNA was performed by Reverse Transcription (RT)
followed by droplet digital PCR (ddPCR).[] Briefly, 10 ng of viral RNA was
reverse transcribed into cDNA using the iScript Reverse Transcription Su-
permix for RT-qPCR (Bio-Rad, Hercules, CA, USA) according to the manu-
facturer’s instructions. The ddPCR reaction was set up with a final volume
of 22 uL, combining 1 pL of the cDNA with 11 uL of 2X Evagreen Supermix
(Bio-Rad), primers LS_For1 and N_Rev at 250 nM final concentration and
water. All samples were assayed in analyzed in triplicate and a negative
control (no template control) was included in each experiment. The emul-
sion was generated using the QX200 Droplet Generator (Bio-Rad) accord-
ing to the manufacturer’s instructions. Then the droplet partitioned sam-
ples were amplified, according to already reported amplification profile.[?]
Absolute quantification was performed using the QuantaSoft version 7.4.1
software (Bio-Rad) and the negative/positive thresholds were set manu-
ally. The absolute quantification of each target was expressed in copies/uL
of ddPCR reaction.

The N sgRNA analysis was accomplished ensuring all procedures were
performed under RNAse-free conditions. The water used for RNA handling
was RNase-free to prevent RNA degradation by RNases. To this aim, HPLC
water was treated with diethyl pyrocarbonate (DEPC), chemical agent that
inactivates RNases. The treatment involves adding DEPC at a concentra-
tion of 0.1% v/v to the water, followed by incubation stirring overnight at
25 °C. Subsequently, the water is sterilized by autoclaving for 20 min, fol-
lowing the inactivation of any remaining traces of DEPC. Before the sens-
ing measure, the samples were diluted 1:4 (v/v) in RNAse-free phosphate-
buffered saline (PBS). Next, an aliquot of each diluted sample was incu-
bated in a water bath at 60 °C for 10 min, followed by immediate cooling
on ice for 1 min before incubation with the biofunctionalized gate.

Surface Plasmon Resonance Characterization: SPR data are collected
using a BioNavis-200 Multi-Parameter Surface Plasmon Resonance (MP-
SPR) Navi instrument in the Kretschmann configuration. Piranha solution
was used for the cleaning procedures of SPR sensor slides. Substrates
were immersed for 10 min in NH;/H,0, aqueous solution (1:5 v/v) for
10 min at a temperature of 80-90 °C. Then, substrates were rinsed with wa-
ter, dried with nitrogen, and treated in a UV-ozone cleaner for 10 min. The
SPR slide, docked in a 100 pL flow-through cell, consists of a gold coated
optical glass matching the high refractive index of the prism on which
the laser beam strikes. The solutions are injected manually in batches
of 100 L. The SPR apparatus is equipped with two laser beams that
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simultaneously inspect two different points (3 mm apart) of the detect-
ing interface, to assess the uniformity of the film over the 0.4 cm? area
inspected. The two traces measured concur to the number of replicates
acquired for a given experiment. The laser incident angle 0 is varied in
the 50.290°-77.930° range with an instrumental error of 1-1073 (°) corre-
sponding to one unit shift in the SPR reflectance intensity, while a 8 shift of
86.3 (°) corresponds to one refractive index unit. All the experiments are
performed at 21.0 + 0.1 °C. The measured sensograms are the plasmon
resonant angle Ospg versus time. The SPR characterization is conducted
monitoring the detecting surface in situ and real-time.

SiMoT Fabrication and Electronic Characterization: The SiMoT plat-
form was fabricated, as described in detail elsewhere,[303848] beginning
with a Si/SiO, substrate patterned with photo-lithographically defined
drain (D) and source (S) interdigitated electrodes (e-beam evaporation,
with 5 nm of Ti and 50 nm of Au).

Two circular electrodes (x0.2 cm?) were fabricated on a PEN foil by e-
beam evaporation of Au, serving as the reference and sensing gates. The
b-DNA single strand was used to biofunctionalize the sensing gate, while
the reference gate was left unmodified. This reference gate allows continu-
ous monitoring of the channel current, ensuring the stability of the device
throughout the assay. To this aim, the reference gate always remains in the
measurement well.

The sensing measurement protocol begins by stabilizing the FET chan-
nel current, using the reference gate. This process continues until a stable
current is observed over three consecutive cycles. Subsequently, the sens-
ing gate is exposed for 10 min to 100 pL of reference fluid (PBS solution).
Afterward, it is washed with HPLC-grade water, positioned into the mea-
surement well, and the first 20 transfer characteristics are recorded. Once
20 cycles are completed and a stable baseline current (10) is achieved,
the sensing gate is extracted from the measurement well and reposi-
tioned in the incubation well with 100 L of PBS solutions with the target
DNA complementary strand or the endogenous N sgRNA in the patient’s
RNA. Negative control experiments are conducted using PBS with a non-
complementary DNA strand as the sample. After 10 min, the sensing gate
is washed again, returned to the measurement well, and another 20 trans-
fer characteristics are recorded, referred to as the signal current (1).

SiMoT Classification Model:  The SiMoT assay provides a binary, yes/no
response utilizing a machine learning approach, specifically the K-Nearest
Neighbors (K-NN) algorithm.[444°] The binary classifier was trained on a
dataset comprising 33 positive samples, including 19 PBS standard solu-
tions spiked with the target oligonucleotide sequence and 14 RNAs from
COVID 19 positive samples. It also included 27 negative samples, con-
sisting of 23 PBS standard solutions spiked with a non-complementary
oligonucleotide sequence and 4 RNAs from COVID 19 negative sam-
ples. Those 60 analyses were employed to train the model. Moreover, a
test set consisting of 30 swab samples (in double-blind manner), was
utilized to evaluate the performances of the classification model. The
summary of the measurements performed on the test set is given in
Table 3, along with the output of the classification model and the diagno-
sis achieved through ddPCR is given as well. For RNA samples analyzed
trough the SiMoT assay, the following features were calculated: i) Al/l, =
(I15-20 = lo_15-20)/10_15_20 (average over three replicates), where I;5_» =

% Z,.zzow [-(Vg=-04V; Vp=-04V) is the sensing current aver-

aged over cycles 15-20 after the sensing gate incubation in a patient sam-

ple, while the Iy 15_20 = 3 Xiojs lo( Vg = =04 V; Vp=—04V)is the

baseline current averaged (cycles 15-20) after exposure to the PBS ref-
erence fluid. i) AVy, = V,, — Vy,0 is the threshold voltage shift mea-
sured upon exposure to the patient sample. The latter was extracted from
the equation describing the I current flowing in the transistor chan-
nel in the saturation regime,[®] given by the following equation I =
W”;—Fq (VG = V)2, where L is the channel length and W is the channel
width, while C; is the capacitance per unit area of the gating system, V,, is
the threshold voltage, and ug¢r is the field-effect mobility. From the equa-
tion previously mentioned, \/Ip is linearly related to (Vg—Vy,), with Vy,
corresponding to the intercept on the V; axis, while the product (Ci e upe7)
is proportional to the slope of the linear segment of the curve. A V;;, shift
after exposure to the target analyte evidences an adjustment in the elec-
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trochemical potential or work function of the gate, reflecting the biorecog-
nition events.3%] The threshold voltages before and after exposure to the
patient samples, used to compute the AV,, feature, are the average values
l0—h
lo20=l0,1”
lo1 10,20 are the baseline (I) and the sensing (ly) current values (at Vs =
—0.4V and V, = —0.4 V) registered during the cycles 1and 20. It is related
to the normalized dynamic drift of a specific sensing gate. A schematic
depiction of the features is shown in Figure 2e. The K-NN classifier was
trained using those three features extracted from each assay in the train-
ing set. This algorithm operates on a guilt by association concept, where the
classification result is achieved by assessing the similarity between a new
query and patterns in the training set, based on calculated distances. As
a non-linear discriminant classification method, it categorizes a query ob-
ject by evaluating its distances to all objects in the training set. The query
is then assigned to the category of the k-nearest-neighbors, with the value
of k indicating the number of neighboring objects considered in deter-
mining its classification. The K-Nearest Neighbors algorithm for the SiMoT
dataset was performed with a value of k set to 3 to prevent ties in clas-
sification, using Euclidean distance as the metric. To fine-tune the K-NN
model, a 10-fold cross-validation was conducted. The K-NN classifier was
implemented using the freely available software Chemometric Agile Tool
(CAT).5T]
The specificity and sensitivity of the model were calculated as:

recorded over the last 5 cycling steps. iii) Al/Aly =

where I; 15,

. N
ty= — . ] =1 1
Specificity TN+ FP 00% = 100% (1)
Sensitivity = L 100% = 100% (2)
YT TPT AN T

where TN and TP represent the numbers of true negatives and true posi-
tives, while FP and FN represent the numbers of false positives and false
negatives, respectively.
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