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BIOPHYSICS

A handheld intelligent single-molecule binary
bioelectronic system for fast and reliable immunometric

point-of-care testing
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Molecular tests are highly reliable and sensitive but lack portability and are not simple to use; conversely, easy-to-
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use antigenic tests still lack high performance. BioScreen combines single-molecule sensitivity and outstanding
reliability with ultraportability and simplicity of use. This digital platform is capable of artificial intelligence-based
binary classification at the limit of identification of a single marker/virus in 0.1 ml. The diagnostic sensitivity, spec-
ificity, and accuracy reach 99.2% as validated through 240 assays, including a pilot clinical trial. The versatile
immunometric system can detect the SARS-CoV-2 virus, spike S1, and immunoglobulin G antigen proteins in
saliva, blood serum, and swab. BioScreen has a small footprint comprising a disposable cartridge and a handheld
electronic reader connected to a smart device. The sample handling is minimal, and the assay time to result is
21 min. Reliable and sensitive self-testing with an ultraportable and easy-to-use diagnostic system operated directly
by a patient holds the potential to revolutionize point-of-care testing and early diagnosis.

INTRODUCTION

The ongoing severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic, with its over 450 million infected and 6 million
deaths (as of March 2022), is still threatening the world, while non-
communicable diseases, e.g., cardiovascular syndromes, cancers, and
neurodegenerative pathologies, are stably among the top 10 causes
of death in higher-income countries (1). Point-of-care (POC) testing
devices can offer early diagnostic with fast time to results at a low
cost. This can limit the pathogens spreading in the case of pandemics
(2). In progressive noncommunicable diseases, early detection and/
or continuous monitoring can improve treatment efficacy and quality
of life. However, until very recently, typical POC testing drawbacks
included limit of detections (LOD) (3) higher than 10* markers per
milliliter, corresponding to femtomolar (107" M) concentrations (4),
and a high incidence of false negatives (5).

Because of the coronavirus disease 2019 (COVID-19) pandemic,
POC testing has been recognized as a top priority by the World Health
Organization (WHO) (6). The scientific community responded with
an incredible effort that has come up with the study and development
of several innovative POC diagnostic tests. The best-performing ones
are the platforms based on the reverse transcription, loop-mediated
isothermal amplification (RT-LAMP) (7) and on the CRISPR-Cas
Abbot ID NOW (8). These are both molecular assays, namely, they
involve the detection of the viral genome. These approaches have
been proven capable of assaying SARS-CoV-2 viral RNA in nasal,
nasopharyngeal, or throat swabs at an LOD of 10 to 100 copies per
milliliter (5). Similar figures of merit have also been demonstrated
in POC tests such as the CRISPR-Cas-based smartphone-read saliva
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tests (9) or, to a less high-performance level, in the RT-LAMP Harmony
COVID-19 (10). While being quantitative with a wide dynamic range,
molecular-based POC tests still have not fully addressed key aspects
such as portability, simplicity of use, and independence from resource/
infrastructure. These require minimizing assay steps and manual
operation in sample preparation as well as full integration with
automated and ultraportable devices. On the other hand, no such
improvements in the performance level of immunometric later flow
antigenic tests can be reported. Still, the convenient, easy to use
one-step, disposable, and very fast lateral flow immunometric assays
result in LODs reaching 10° entities per milliliter and as yet hold an
unacceptably high incidence of false negatives (11-13). These fea-
tures still make them unreliable for a diagnosis.

Bioelectronic sensors are, in principle, ideal for field-deployable
diagnostic as they can be produced at a low cost and can provide an
electronic response for direct digital data communication (14-20).
State-of-the-art bioelectronic technologies operating at the lowest
possible LOD of 1 entity in 0.1 ml have been based so far on organic
(21-34) or graphene (16) bioelectronic field-effect transistors (FETSs).
These have triggered a great deal of attention as they offer label-free
ultrahigh sensitive detection along with versatility; viruses (26) and
their capsid proteins (25, 31) as well as protein (22-24, 27, 29, 30, 32-34)
and amino acid-based (28) markers can be detected. High selectivity
is assured by the biofunctionalization of the sensing gate with a
densely packed layer of capturing antibodies (22-27, 29-34). These
technologies, however, focus on the ultralow detection limits and
high selectivity, but key aspects such as easy and user-friendly assay
procedures, miniaturization and portable readout equipment, and,
most relevantly, reliability, i.e., a low incidence of false positives and
false negatives, are still overlooked.

Here, the handheld, ultraportable, fully integrated, single-molecule
BioScreen binary platform, comprising a disposable bioelectronic
cartridge driven by a handheld readout circuit connected via Bluetooth
to a smart device, is proposed. Notably, the platform is based on
antigenic immunometric detection; hence, it is highly versatile as, by
just changing the capturing antibody, it can be successfully tuned to
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address many different applications. The modular system is proven
capable of detecting the SARS-CoV-2 virus as well as the SARS-
CoV-2 spike S1 capsid (S1) and immunoglobulin G (IgG) proteins
directly in patients’ saliva as well as in blood serum and swab. Digital
immunometric detections and artificial intelligence (AI)-based
binary classifications of a single entity are accomplished beyond limit
of identification (LOI; granting false-positive and false-negative
random errors below 1%) (3), granting extremely high reliability
(diagnostic sensitivity, diagnostic specificity, and diagnostic accuracy
0f 99.2%). The performance level is validated through 240 label-free
assays carried out directly in biofluids, including those from 18 COVID-19
patients. Selectivity is achieved by very easily integrating into the
cartridge a layer of capturing antibodies stably physisorbed on a
millimeter-wide gate electrode, exhibiting a shelf life of at least 2 weeks.
The assay operation is highly user-friendly, and it encompasses a few
easy steps taking, overall, 21 min.

RESULTS AND DISCUSSION

The handheld BioScreen system is displayed in Fig. 1A, along with
an illustration of a typical POC ambient (Fig. 1B). An assay of a
saliva sample self-collected by a patient is shown in an explanatory
video (section S1) that evidences how fast and easy it is to perform
a whole BioScreen assay. The procedure is rapid and user-friendly,
resulting in a straightforward delivery of the assay outcome directly
to an end-user that can read it on a smartphone or on a tablet.

The core of the BioScreen platform is the disposable bioelectronic
cartridge comprising a fluidic device filled with the gating electro-
lyte or with the sample to be assayed (Fig. 1C). Embedded in the
fluidic device is the sensing array, encompassing four gold electrodes
and the sensing gate (Fig. 1D). This is stably inserted into the fluidics
after its biofunctionalization with a layer of capturing antibodies
[e.g., anti-SARS-CoV-2 spike S1 (anti-S1)] for the selective immuno-
metric recognition of the analyte (e.g., the SARS-CoV-2 virion via
the binding of its capsid protein S1). The biofunctionalization pro-
tocol involves the physisorption of the capturing antibodies directly
on the gold sensing gate (see Materials and Methods). Surface plas-
mon resonance (SPR) characterization (see Materials and Methods)
assesses that a very stable adherent layer encompassing (1.13 + 0.04) x
10" capturing proteins per square centimeter is attached to the elec-
trode. After 45 hours of storage in phosphate-buffered saline (PBS)
solution and after several washing steps, the gate is still uniformly
covered by the physisorbed biolayer (section S2). Moreover, a phy-
sisorbed anti-S1 layer can capture the S1 proteins even after overnight
storage in deionized (DI) water or after storage for 2 weeks in PBS
(section S3). These data prove that (i) a physisorbed layer of captur-
ing antibodies is stable and suitable to carry out our immunometric
electronic sensing; (ii) the operation or even overnight storage of
the biolayer in water does not harm the capturing antibodies’ bio-
logical functionality; and (iii) the biofunctionalized sensing gate holds
a shelf life of at least 3 weeks; therefore, it can be likely fabricated
along with the cartridge. This very important occurrence implies that
no biofunctionalization or coating process is needed to be performed
right before the assay. Therefore, in contrast to the state-of-the-art
single-molecule sensors (table S1), the biofunctionalization process
time (taking at least 2 hours) does not add to the time to results.

The other four electrodes (Fig. 1E) are gold strips coated with an
antifouling conducting layer, proven to prevent nonspecific adsorp-
tion from the analyte solution (section S4). Two of the four electrodes
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serve as reference gates, enabling us to assess whether any kind of
spurious surface potential shift (instabilities) occurs at any stage of
the bioelectronic sensing measurements. The other two electrodes
enable the polarization of the electrolyte solution that fills the fluidic
cell. Low ionic strength DI water serves as the electrolyte that max-
imizes the Debye length, leaving the electrostatic changes associated
with the biochemical specific binding unscreened (35). Pictures of
the disposable cartridge and the reusable driving/readout electronic
Bluetooth connected to a smart device are shown in Fig. 1F. In Fig. 1G
(left), a schematic representation of the cartridge and the device
operation principle is provided. The sensing and reference gates work
as extended electrodes connected to the gate terminals of two FETs.
Together, they form the extended gate transistor (EGT)-based Bio-
Screen architecture (36) comprising the sensing EGT and the reference
EGT. Each gate is capacitively coupled to the polarizing electrode,
acting as the counter electrode that is connected to the signal genera-
tor. Upon biasing, the ions from the solution form charge double layers
that couple each gate (sensing and reference) to the corresponding
EGT. Self-dissociation of water produces a low concentration (ca. 5 uM)
of positive and negative ions in the electrolyte that can gate a tran-
sistor (37). The selective binding at the biofunctionalized sensing gate
shifts its surface potential, and an adjustment of the charge double
layer takes place, producing a threshold voltage (V) shift in the sensing
EGT that is read as an output drain current (Ip) change (38). By con-
trast, no selective binding occurs at the reference gates and, hence,
no current variation is read on the reference EGT. A schematic lay-
out of the electrodes’ connections to the circuit is provided in the
right part of Fig. 1G along with all the components for data digital-
ization and communication. A Bluetooth connection with a smart
device endowed with an app along with an ad hoc developed Bio-
Screen Al-based binary classifier completes the system. The data
analysis is done offline, but it can be prospectively performed via a
connection to a cloud so that the classifier output is displayed, through
the app, directly back on the smart device.

The BioScreen platform operation is user-friendly and fast, as
illustrated in Fig. 2. Here, the main steps of the assay shown in the
video are schematically provided (section S1). The set of operations
to be performed is extremely simple and can be executed by an un-
trained operator. It could even be performed directly by the patient
at home following simple instructions provided by the app. The over-
all time to result is 21.2 min. The assay foresees, after installing and
opening the app, a first step when the disposable fluidic device is filled
with 100 pl of the reference fluid, in which the sensing gate electrode
(not shown) is incubated for 5 min. The fluidic element is washed
and filled with DI water, and the baseline current is measured. This
step involves the automatic reiterated acquisition of 30 electrical
transfer characteristics, addressed as cycling (vide infra), that lasts
for 5 min. The DI water is discarded, the cartridge is filled with 100 pl
of the sample to be analyzed, for instance, the patient’s self-sampled
saliva, and a second incubation follows. A further washing step and
cycling of the sensing gate is performed before the BioScreen Al-
based binary classifier output is released.

Raw data taken with the BioScreen platform directly in the self-
sampled saliva of positive and negative patients are given in Fig. 3.
The sensing gate is functionalized with the anti-S1 antibody and
incubated for 5 min in the saliva to be assayed. The gate is measured
in DI water by acquiring 30 subsequent transfer characteristics, Ip
(drain current) versus Vg (gate voltage) at Vp (drain voltage) = 0.1V,
with the source terminal connected to the ground. This measurement
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Fig. 1. The BioScreen POC platform. (A) Pictures of the ultraportable BioScreen platform, showing the disposable fluidic cartridge and the ultraportable reader that
sends the data to a smart device via Bluetooth; the output data are analyzed with an ad hoc designed Al software. (B) Picture of a typical operational environment where
the saliva is self-collected and put in the disposable fluidic cartridge. (C) Rendering of the disposable bioelectronic cartridge enclosing a fluidic device embedding four
gate electrodes (not visible in this panel) and the sensing gate. The latter comprises a gold sensing area and a contact pad. The circular area is biofunctionalized with a
stably physisorbed layer of capturing antibodies. The sensing gate is easily and stably inserted into the fluidic system. (D) Details of the bottom of the fluidic device com-
prising four electrodes. (E) Zoomed view into the four gold electrodes that are coated with the antifouling proprietary layer (violet). Two of them serve as reference gates,
while the other two serve as counter electrodes. (F) Actual three-dimensional-printed cartridge and the reusable electronic driving/readout circuit connected via Bluetooth
to a smart device. The acquired data are handled via a dedicated app, while the Al-based binary analysis output sorts out the samples. (G) On the left, a schematicillustra-
tion of the electrodes in the disposable cartridge is displayed. A representation of the device operation principle is also provided showing the details of the capacity-coupled
charge double layers forming at the interfaces between the electrodes’surfaces and the electrolyte. The electrodes in the cartridge are connected to the electronic system
as extended gates of the FETs (shown on the right). The main building blocks of the reader are displayed including the digital-to-analog converters, the microcontroller
unit, the Bluetooth communication, and the energy management unit for low-power battery operation.
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Fig. 2. Fast BioScreen assay—The sensing steps. The disposable cartridge is the fluidic device, and the biofunctionalized sensing gate is specific for a given application.
For the sake of clearness, the sensing gate is not shown. The cartridge is connected to the electronic reader, and the app is installed on a tablet. In step 1, the cartridge is
loaded with 100 pl of the specific sample diluting solution used as reference fluid where the biofunctionalized sensing gate is incubated for 5 min. The reference fluid is
discarded, and the fluidic device is washed and (step 2) filled with 100 ul of DI water (0.5 min). The measurement of the baseline current is run (step 3) by the system for
5 min by reiteratively measuring the EGT output current curves. This is addressed as the cycling and is detailed in Materials and Methods. The sample to be analyzed (e.g.,
100 ul of a patient’s saliva) is loaded in the fluidic device and incubated for 5 min (step 4). The fluidic device is washed and filled with DI water (0.5 min), and a final set of
EGT curves is run (step 5). This is the measurement of the sensing signal taking 5 min. Then, 0.2 min is approximately needed for the data to be encrypted, transferred to
the app, and analyzed by the BioScreen Al-based binary classifier to provide the positive/negative response (step 6). Overall, the assay takes 21.2 min.

run is addressed as the cycling. The 30th transfer characteristics
measured with the sensing EGT and the reference EGT are shown
in Fig. 3, A and B, respectively. The gate voltage range is chosen
between 0.2 and —0.5 V to ensure that Faradaic leakage currents,
connected with redox reactions detrimental to the electrode stability,
are negligible (section S5). The viral concentrations assayed are as
follows: 0 virus/ul (blue line; this is the baseline measured in the saliva
diluent serving as reference fluid, namely, Pipes), 1.66 virus/ul (red
line), 17.07 virus/ul (yellow line), 34.39 virus/ml (purple line), and
169.39 virus/ul (green line). The original positive sample contained
a viral concentration of 169.39 virus/pl. This sample was progressively
diluted with the saliva diluent. The clinical samples were assessed as
positive by real-time reverse transcription polymerase chain reaction
(rRT-PCR) and quantified by fully automated chemiluminescent en-
zyme immunoassay. Detailed virus quantification procedures and
dilution protocols are given in section S6. A change in current is mea-
sured when passing from 0 viral concentration (baseline) to concen-
trations up to 169.39 virus/ul (Fig. 3A). Conversely, the Ip measured
on the reference gate is stable, and no appreciable change is seen at any
of the concentrations assayed (Fig. 3B). This proves the excellent sta-
bility of the system in the absence of a specific immunometric binding
reaction. The measurements displayed in Fig. 3C are the transient
Ip values at Vg = -0.5V and Vp = —0.1 V measured from the 1st to
the 30th cycle. The red trace is measured on the sensing gate, while
the dashed black one is taken on the reference gate while both are
immersed in the fluidic cell loaded with DI water. The red trace data
evidence the Ip dynamics occurring when the sensing gate is cycled,
which is typically seen in biofunctionalized electrolyte-gated tran-
sistors (27). Ip, measured on the sensing gate incubated in the sample
to be assayed, reaches a final value, L, after full cycling in DI water
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at each assayed concentration. For the reference fluid (zero analyte
concentration), Ip reaches a final value, IfD)O, while the current overall
change during the cycling is addressed as Alp . Figure 3D shows the
percentage of the relative variation of the current measured at the
end of the cycling, IfD, relative to the corresponding baseline level, 1{10.
This is taken as the sensing response given in Eq. 1

In- I

_ UIp ; Do) 1)
DO

At the lowest concentration, equal to 1.66 virus/ul, an R (%) value
as high as 16.5% is measured with the sensing EGT. The signal
saturates at R = 27.2% when a 34.39 virus/ul concentration is assayed.
As a comparison, the response obtained with the reference EGT is
lower than 0.6%, proving the extremely high electronic stability of
the EGT-based BioScreen system.

To assess the selectivity of the BioScreen platform, negative control
experiments were performed assaying, with an anti-S1 functionalized
sensing EGT, several saliva samples self-collected by healthy (negative)
patients. The status for each patient was assessed by at least three
subsequent negative rRT-PCR tests in 6 weeks. The blue trace in
Fig. 3E shows the Ip (Vg = -0.5V, Vp = —0.1 V) transient signal
measured with an anti-S1 sensing EGT after incubation in the saliva
samples of the A, B, C, D, and E healthy patients. The negative sta-
tus of these patients was assessed by rRT-PCR and three subsequent
follow-up tests. The measurements show extremely reproducible values
and current dynamics, both on the sensing EGT (blue trace) and on
the reference EGT (black trace). The R (%) values from Eq. 1 for each
patient measured with the sensing EGT and reference EGT are dis-
played in Fig. 3F. The maximum response of the reference EGT on
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Fig. 3. Detection of SARS-CoV-2 virus in untreated saliva clinical samples. (A) Last (30th cycle) transfer characteristics, Ip versus Vg at Vp=—0.1V, are shown as a func-
tion of the SARS-CoV-2 virion concentration in saliva, assessed with an anti-S1 biofunctionalized sensing EGT. Five different concentrations are assayed, and the corre-
sponding current changes are shown. (B) Last transfer curves (30th cycle) as a function of the SARS-CoV-2 concentration measured with the reference EGT. No shift in the
current is measured after assaying all five saliva samples. (C) Transient Ip values [extracted from the transfer curvesin (A)] at Vg =—-0.5 Vand Vp=-0.1V, at each cycle from
the 1st to the 30th, upon assaying saliva samples at increasing virion concentration, are provided. The red line is relevant to the Ip current values measured with the
sensing gate, and the hollow dots mark the 30th cycle for each sample. The current measured on the reference gate is also shown as a dashed black line. The hollow
squares mark the end of the measuring cycle. (D) The red line is the R (%) value measured on a positive patient’s sample with the sensing gate, while the dashed black
trace is taken, contemporarily, on the reference gate. (E) Five saliva samples collected from negative patients (A, B, C, D, and E) measured following the protocol described
in (C). The blue line shows the data from the sensing gate, while the dashed black trace is measured with the reference gate. The hollow symbols mark the end of the
cycling. (F) R (%) estimated from the data of (E); the blue line shows the data from the sensing gate, while the black trace is measured with the reference gate. The hollow
symbols mark the end of the measuring cycle. The limit-of-identification (LOI) level is given by the dashed black line.

these negative patients is less than 1.43%, and the sensing EGT responses
are almost perfectly overlapped. This proves the extremely high re-
producibility of the BioScreen system when operated directly in the
saliva of a patient, along with the high selectivity. The LOI level,
estimated as the average of the signal measured on the assays of the
negative patients, plus six times its SD (section S7), is as low as 8.5%.
This means that even the lowest concentration assayed, namely,
1.66 virus/ul (166 + 13 viruses in 100 pl), holds a high level of
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confidence that can grant false-positive and false-negative random
errors lower than 1% (section S7). While this is compelling proof of
BioScreen ability to sense a few viruses directly in saliva, reliable
single-entity detection is not yet proven.

The BioScreen system performance levels are validated by ana-
lyzing 240 samples, including 18 COVID-19 patients. The generality
of the approach is exemplified in Fig. 4, where the sensing and refer-
ence transient traces for each of the different classes of samples assayed
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Fig. 4. General applicability of the binary BioScreen platform. In the first column, the different types of assays carried out with the BioScreen platform are schematically
shown. The second column shows the measured transient current traces for the positive (red curves) and negative samples (blue curves). The first 5 min are relevant to
cycles 1 to 30, measured in DI water after incubation in the reference fluid; in the subsequent 5 min (cycles 31 to 60), the same gate is measured in DI water after incuba-
tion in the sample to be assayed. The third column shows the output of the Al binary classifier. The different assays represented are (A) SARS-CoV-2 virus detected in a
patient’s saliva (0.43 virus/ul; 43 + 7 viruses per 100 pl); (B) S1 protein added in human saliva (160 zM; 10 + 3 in 100 ul) detected with anti-S1 capturing antibody (the reference
fluid is 0 zM Pipes); (C) S1 protein added in whole human blood (30 aM; 1.8 x 10% in 100 ul) detected with anti-S1; (D) PBS anti-51 solution (60 fM; 3.6 x 10%in 100 ul), with the
S1 protein serving as capturing antibody [the reference fluid is PBS added with IgG (6 nM; 4 x 10" in 100 uh)]; and (E) PBS solution of IgG (60 fM; 3.6 x 10%in 100 ul), with
anti-IgG as capturing antibody [the reference fluid is PBS, and the negative sample is a PBS solution of IgM (6 nM; 4 x 10" in 100 pl)].

are provided, namely, the detection of the SARS-CoV-2 virus in
real patients’ saliva (Fig. 4A), its capsid protein S1 in saliva (Fig. 4B)
and in human whole blood (Fig. 4C), its capturing antibody
anti-S1 in PBS (Fig. 4D), and its IgG in PBS (Fig. 4E). Only the
capturing protein, specific for the target species to be detected,
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changes from one assay to the other. For each assay, a negative con-
trol experiment is also provided.

The different classes of assays are exemplified by a cartoon in the
first column of Fig. 4. The transient Ip measurements (current value
at Vg =-0.5V, Vp = -0.1 V) for each assay are given in the central
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column as red traces for the positive samples/patients and blue traces
for the negative samples/patients. After incubating the sensing electrode
in the reference fluid, the electrode is washed in DI water and a cy-
cling run, namely, 30 transfer characteristics (Ip — V) are recorded
(1st to 30th), in DI water is carried out. Then, the same gate is incu-
bated into the sample to be assayed, and after washing, another set
of 30 Ip — Vg characteristics is also acquired (31st to 60th) in DI
water. The third column shows the output of the Al-based binary
BioScreen classifier (section S8); error bars are the incidences of false
positive and false negative on the output responses.

In more detail, the different assays represented are as follows:
SARS-CoV-2 virus detected in a patient’s saliva (0.43 virus/ul; 43 + 7
viruses per 100 pl) [the assay involves the anti-S1 biofunctionalized
sensing gate immersed in the saliva diluent (0.5 M Pipes, pH 6.8)
and afterward in the saliva samples of a healthy (blue trace) or diseased
(red curve) patients] (Fig. 4A); SARS-CoV-2 capsid spike S1 (S1)
protein added in human saliva (160 zM; 10 + 3 in 100 pl), with anti-S1
serving as capturing antibody (the reference fluid is 0 zM Pipes)
(Fig. 4B); S1 protein added in whole human blood (30 aM; 1.8 x 10°
in 100 pl), with anti-S1 serving as capturing antibody [the reference
fluid is whole blood, and the negative control is performed with whole
blood added with the nonbinding Middle East respiratory syndrome
coronavirus (MERS-CoV) spike S1 (3nM, 2 x 10in 100 ul)] (Fig. 4C);
PBS anti-S1 solution (60 fM; 3.6 x 10®in 100 ul), with the S1 protein
serving as capturing antibody [the reference fluid is PBS added with
IgG (6 nM; 4 x 10" in 100 ul)] (Fig. 4D); and PBS solution of IgG
(60 fM; 3.6 x 10° in 100 pl), with anti-IgG serving as capturing anti-
body [the reference fluid is PBS, and the negative sample is a PBS
solution of IgM (6 nM; 4 x 10™ in 100 ul)] (Fig. 4E).

Very relevantly, a clear response is seen in Fig. 4A, where the
detection of the whole SARS-CoV-2 virion directly in saliva is shown
as already pointed out in Fig. 3. Interesting is the assay in Fig. 4B
where a concentration of the SARS-CoV-2 capsid protein S1 of 160 x
107! M (zM) in 100 ul is assayed directly in untreated human saliva;
this sample encompasses as low as 10 + 3 spike S1 proteins. The
specificity of the assay is also extremely high as, for instance, in the
S1/anti-S1 assay, is carried out in whole human blood (Fig. 4C). Here,
the analyte is detected at a low concentration of 30 x 10~'® M, while
the response to MERS-CoV-2 spike S1 at a much higher concentra-
tion of 3 x 107 M (control experiment) results in a clearly negative
output. Relevantly, despite the eight orders of magnitude higher
concentration of the MERS-CoV-2 spike S1 solution as compared
to the SARS-CoV-2 spike S1 one, MERS-CoV-2 spike S1 does not
nonspecifically bind with the anti-SARS-CoV-2 spike S1 (anti-S1)
layer. This explains why a stable sensing signal is measured when
directly assaying with the BioScreen platform untreated patients’ saliva
or human whole blood. On the other hand, the very high specificity
of the assay is fully confirmed by the trace curves in Fig. 4 (D and E),
where the assay of anti-S1 captured by a layer of S1 and the IgG
captured by anti-IgG are shown, respectively.

More generally, the data of the middle panels of Fig. 4 show how
the blue traces can be different from the red traces when the sensing
signal is analyzed, namely, when the traces measured between the
31st cycle and the 60th cycle are compared. Despite the sample-
to-sample differences, no such differences can be qualitatively
appreciated when comparing the red and blue traces acquired after
incubation of the gate in the reference fluid (first 30 cycles). A more
quantitative comparison between those features that are connected
with the current dynamic rate of the biofunctionalized gates will be
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on the basis of the Al analysis of the whole set of data provided in
the following.

While at this point we have shown that the BioScreen already
reaches an LOI of 10 * 3 viruses in 0.1 ml along with outstanding
selectivity, diagnostic reliability still needs to be assessed. An ele-
mentary approach to sort the whole set of 240 assays into binary zero
(negative)/one (positive) responses would be to use the R sensing
response (Eq. 1) as an Al feature (39). This too simplistic approach
leads, however, to a very erroneous and unreliable output affected
by 2% of false-positive and 11% of false-negative random errors. This
leads to a diagnostic sensitivity, defined as true positives/(true positives +
false negatives), of 89.9%, which is comparable to those shown by the
already available POC immunometric systems (see table S3 in sec-
tion S$9). Hence, choosing feature R as the only sorting parameter
leads to a misclassification of the data. An example of this misclas-
sification is given in fig. S8 of section S8, for the negative sample
R = 0.042, while the positive one is lower being R = 0.022. The dis-
persion of the whole 240 dataset is given in fig. S9 of section S8, which
evidences the highly populated confusion region where positive and
negative outputs overlap.

To improve the binary sorting reliability, the use of an Al-based
classifier can be the right choice (40, 41). To this end, a BioScreen bi-
nary classifier was designed, which is able to directly read raw data like
those in Figs. 3 and 4 and produces an output attributing 0 to the nega-
tive samples (N) and 1 to the positive ones (P). Before entering into the
details of the ad hoc designed classifier, by virtue of an example, the Al
outputs relevant to the data of Fig. 4 are shown in the figure panels on
the right. As it is apparent, a clear and very pronounced differentiation
of the negative samples from the positive ones is always achieved.

The first step to develop the BioScreen Al-based binary classifier
was to consider a further feature that, along with R, allows for better
profiling of the measured signals. The more uncorrelated the two
features, the better the classifier. Besides the R response, another
very characteristic aspect in bioelectronics is the current dynamic
upon cycling, which deeply characterizes the sensing output as can
be seen in fig. S8, Fig. 3 (A to C), and Fig. 4 (middle panels). The
dynamic processes, being correlated to the formation of the charge
double layer at the electrode/electrolyte interface when the gate po-
tential is applied, are highly specific to a given gate. In general, it can
depend on elements such as (i) the chemical and mechanical nature
of the layer of the capturing antibody, (ii) the biochemical process
involved in the assay, and (iii) the fluid in which the assay is carried
out. The sensing gate, after being incubated in a high ionic strength
solution (the sample to be assayed or in the reference fluid), is then
washed and cycled in a low ionic strength DI water electrolyte. The
current dynamics is hence typical of the characteristic features
of each biofunctionalized electrode and can be affected by the pro-
cesses by which the gate adjusts to the new environment character-
ized by a much lower ionic strength. Hence, the cycling of the gate
in the reference fluid, leading to stabilization within 30 cycles or
not, allows unveiling the rate of the stabilization process, which is a
key characteristic feature of a given gate. For instance, the current
dynamics in the reference fluid (cycles 1 to 30) in fig. S8A is quite
slow being far from the steady state even at the last 30th cycle. Con-
versely, fig. S8B shows a case where the dynamic is much faster, as
the curve measured in the reference fluid is closer to its asymptote at
the end of the cycling. Featuring this characteristic aspect of a given
gate is hence very much useful. A simple feature, named Rp, repre-
senting the dynamic behavior of a given gate, can be given as Eq. 2
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_ (IfD B IIfD,o)

RD - TD,O (2)

where the current change, Alp, is computed between one of the
first cycles (e.g., the 5th cycle to minimize the impact of the adjust-
ment to the low ionic strength environment) and the last one (30th)
measured in the reference fluid (see Fig. 3C). As anticipated, the first
Ip points are affected by the change of the ionic strength of the liquid,
while after few initial cycles the sensor characteristic dynamic shows a
more consistent trend. For a given (I]g - I]f),o), a slower (faster) dy-
namic results in a smaller (larger) Rp. Sorting all the 240 data against
the Rp feature leads to an error of 2% false positives and 4% false nega-
tives. While improved, these are still high. However, they are already
good enough to correctly classify the data in fig. S8, as with Rp a com-
parably larger output for the positive (0.875) sample is measured
compared to the negative one (0.343). Moreover, Rp increases con-
sistently compared to R.

A second step of designing an Al-based reliable binary classifier
is to combine the information encoded in the R and Rp, features by
plotting the distribution of the positive and negative samples in the
2D feature space (fig. S10A, negative cases in blue and positive cases
in red). A certain degree of correlation between the two features exists
because R and Rp both rely on the current change compared to the
baseline. However, the normalization factor is completely different,
and this leads to a better discrimination of the positive and negative
samples in the central region of the feature space where the confu-
sion region can fall. As it will be better clarified later in the text, the
very good quality of the dataset measured by the BioScreen sensing
technology is evidenced by the fact that positive and negative clus-
ters form concave enclosures with a very low overlap as shown in
fig. S10B. This occurrence enabled us to choose a classifier architec-
ture involving just one output node comprising perceptrons that do
not need to be separately trained for the recognition of positive and
negative samples, without compromising its generality and the quality
of its recognition ability.

The third step in the design of the BioScreen binary classifier can
be accomplished with a multilayer perceptron network (MLPn) (42)
architecture based on perceptron (neuron) nodes belonging to layers
connected to previous/following ones through a defined pattern. Each
perceptron linearly combines the input values and gives its output
after filtering through a sigmoid function (e.g., the logistic function
for binary classification), which compresses the output values into
the 0 to 1 range. The MLPn used in this study, involving three per-
ceptrons in the first layer, is shown in fig. S11.

The network is fed by the R and Rp features’ values extracted
from each of the 240 raw data. Each perceptron node in the first
layer (1, 2, 3) produces a linear combination of the chosen features,
whose general equation is v = Rw + Rpwp + b, where w and wp are
the weights of the features R and Rp, respectively, and b is the bias.
The geometric meaning of the first layer is in the definition of the
three dotted black lines given in fig. S10B, each of which divides the
2D feature space into two half-planes. The resulting v values are then
passed to a sigmoidal function. Here, they are bounded between 0
and 1 values depending on which half-plane a given sample belongs
to. These are the binary values assigned as output to each perceptron.
The segments of the dotted black lines overlapping with the nega-
tive or positive clusters (solid black segments) separate the assigned
positive from the negative ones. The output of nodes 1, 2, and 3 feed
nodes A and B, forming the subsequent layer (hidden layer) (39)
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that combines the half-planes into convex regions (A and B of
tig. S10C), namely, regions where every two points can be connected
with a segment that is totally within the region itself. Lines 1 and
2 concur to form the convex region A (at the right of line 1 and above
line 2) including part of the positive samples. Lines 2 and 3 form
another convex region B (above line 2 and at the right of line 3),
which partially overlaps region A but includes the remaining posi-
tive samples. The third layer combines these regions by merging or
intersecting them and creates more sophisticated structures. The actual
merging of regions A and B creates a concave area including all posi-
tive (P) samples, except for 1 positive sample (false negative) and
1 negative sample (false positive). All negative samples (N) outside the
merged A and B regions are correctly classified as negatives. The
information of how the half-planes combine to define convex clusters
is included in the weights of nodes A and B. Last, the output node in
the classification layer (CL) gives the final answer by combining the
convex clusters into the concave P and N regions.

The quality, wide applicability, and robustness of the classifier here
presented rely on the topology achieved by careful data analysis along
with the use of a validated dataset of 240 samples including many
different biochemical assays carried out in various biofluids, namely,
SARS-CoV-2 virus as well as the SARS-CoV-2 spike S1 (S1) and IgG
proteins, directly in patients’ saliva as well as in blood serum and swab.
The validated dataset is built by discarding those bioelectronic car-
tridges (fluidics) that showed instabilities in the trace of the reference
electrode and/or a noisy dynamic in the assay of the reference bio-
fluid with the sensing gate. Relevantly, the decision of discarding a
gate can be taken already after just 10.5 min from the beginning of
the assay (Fig. 2). The AI output can also give information on the
level of reliability of a given output. If a nonreliable output (incon-
clusive) is obtained for an assay, that sample can be assayed again.
To this end, a figure of merit that automatically assesses the quality
of each output can be provided as described later in the text. This
largely contributes to gather a very high quality dataset with the
BioScreen platform.

It is worth noting that the high quality and the nonoverfitting
nature of the binary classifier here designed rely on the following
facts: (i) The number of parameters used in this study is 18, which is
very low, resulting from three independent parameters (w, wp, and
b) for each of the three nodes in the first layer (1, 2, and 3) and the
three parameters for nodes A, B, and CL, respectively, and (ii) a set
of 75% samples randomly chosen out of the 240 available is used for
training the network, while the remaining 25% is used for the testing.
This makes the numerosity of the training set (180 samples) 10 times
larger than the number of parameters that by itself rule out the risk
of overfitting. Moreover, repeating the random sample selection
many times leads to final parameters that are very similar because
the positive and negative clusters almost do not overlap. This is due to
the very high quality sensing technology on which BioScreen relies.

As the assessment of the inconclusive outputs is concerned, a figure
of merit that automatically assesses the quality of each output is also
provided. The output of the BioScreen classifier is 0 for clearly nega-
tive events, 1 for positive events, and something in between around
the clusters separating border where decision making is inconclu-
sive. This transition from 0 to 1 can be defined by means of an output
quality (OQ) function defined as OQy = (0.5 — N)/0.5 for negatives
identified by N < 0.5, and OQp = (P - 0.5)/0.5 for positives identi-
fied by P> 0.5. OQ is 1 when N is close to 0 or when P is close to 1.
When OQ is close to 0, the system output is around 0.5, meaning
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that a univocal class identification is not possible. In these inconclusive
cases, the OQ value gives a warning so that the assay can be repeated.

The classifier was tested at first on the saliva samples from healthy
donors to which the SARS-CoV-2 capsid S1 protein was added, spanning
the 16 zM to 160 aM concentration range corresponding to 1 + 1 to
10* + 10% proteins in 100 pl. Figure 5A shows the Al-based BioScreen
classifier output plotted versus the S1 protein concentration. An LOI
level of 0.22 is estimated from the negative data (section S7); hence,
it is well below the Al signal output at 16 zM, namely, 1 + 1 protein
in 100 pl. This shows that a single protein can be detected at the LOI,
meaning that this output holds a statistical confidence level such that
false positives and false negatives are lower than 1% (3). Figure 5B
plots the sample class distributions against the AI classifier output
for the complete samples’ dataset of 240 data. The blue bars refer to
the negative cases, and the red bars indicate the positive ones. Con-
tinuous lines show the Gaussian distribution of the negative and
positive samples. The two distributions have mean values of 0 for
negatives and 1 for positives, respectively. As it is clear, the two sets
of output data are very well separated and the magnification of the
central region where confusions can occur shows that we have six
samples whose assigned value is very close to 0.5. Among those, one
red point falls in the blue field and one blue point falls in the red
field. Those are a single false negative over 121 negative outputs popu-
lating the blue field, and a false positive over 119 positive outputs
populating the red field. The final error rate of the BioScreen classifier
is, hence, 0.83%, corresponding to one negative misclassification and
one positive misclassification. This is perfectly in line with the level
of confidence expected based on the LOI level chosen. If the OQ

function is applied to the six points in 0.5 AI output region (Fig. 5B,
bottom panel), an OQ factor very close to 0 comes out (fig. S12),
giving a clear indication that replicates of these analyses would have
been beneficial for achieving an even better sorting.

The output of the classifier for all the 240 samples is 238 samples
that are correctly classified, 1 false negative, and 1 false positive. This
leads to a false-positive and false-negative error of 0.42% and an over-
all error of 0.83%. Therefore, diagnostic sensitivity, given by true
positives/(true positives + false negatives), diagnostic specificity, given
by true negatives/(true negatives + false positives), and diagnostic
accuracy, given by (true positives + true negatives)/(true negatives +
false positives + false negatives + true positives), equal to 99.2% are
obtained. These are excellent figures of merit that confirm the high
quality and robustness of the classifier proposed. As already men-
tioned, the small number of parameters as compared to the training
dataset (18 versus 180) also leads to good generalization ability (no
overfitting) of the network.

Figure 5C shows the receiver operating characteristic (ROC) curve.
The ROC curve is a standard quality-related curve of binary classi-
fiers. It shows the relationship between true positives and false positives.
When the classifier just “flips a coin” giving an output of random
result, the dashed line is seen. In this case, accepting false-positive
results of 0.1 results in a true-positive answer of 0.1. When a classi-
fier is working perfectly, on the other hand, 0 false positives along
with 1 (or 100%) true positives are observed (42). Our classifier is
almost perfect on the studied dataset, so the ROC curve has the ex-
pected ideal shape. ROC comprises an ideal vertical segment at 0 false
positive, varying the true-positive values from 0 to 1, and a horizontal

A B
1| 1xl g 0gw0 o 10'x10 c 1. _ A\
[ 10#3 10°£30 A=l
+~ ! =
§_0.75 /, -S 0.8
3 05 / S
2 /! 2 06
025 / LOI level -S,
/ S5 04
0 @0 ©
v 0.2
0 10" 10° 10° 10° 10° 3 % Negative Positive
Nominal S1 concentration (zM) = 0
| 0 0.1 0.9 1
C 1 - |
, 08 ,// ‘ 0.1
2 P i
g 06 o
% 0.4 ,// 3 0.05
> | Negative Positive
F 02 AUC=1.0 3 H
| ER _mm
oLt 3 0.2 0.35 0.5 0.65 0.8
0 02 04 06 08 1 ! Al output

False positive

Fig. 5. The Al binary classifier. (A) The BioScreen Al classifier zero/one output for the assay of the SARS-CoV-2 virus capsid S1 protein added to the saliva of healthy
volunteers is shown as a function of the S1 concentration ranging from 16 zM to 160 aM; this corresponds to 100 ul in a number of capsid proteins ranging from 1+ 1 to
10*+ 102 The reference fluid is the saliva diluent (0.5 M Pipes, pH 6.8). Overall, 96 samples were assayed. The error bars are evaluated as asymmetric one SD over the
36 negative and 60 positive assayed samples. The LOI level, estimated as the average value of the negative control experiments plus six times the SD (section S7), is 0.22.
This is marked as a horizontal dotted black line in the graph. (B) Histograms of the true sample status (positive or negative) versus the BioScreen Al-based binary classifier
output for all of the 240 samples assayed. Blue bars stand for negative outputs, while red ones address positive answers. Continuous lines are Gaussian distributions, with
a mean of 0 for negative data and 1 for the positive data. (C) Receiver operating characteristic (ROC) curve, featuring the true positives (239) versus the false positives (1),
of the BioScreen Al binary classifier for all of the 240 samples. The area under the curve (AUC) is nearly one given the almost ideal ROC curve.
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segment at 1 true positive, varying the false-positive values from
0 to 1. The system answer on the entire dataset has only two errors,
so there is only a slight deviation from the ideal behavior in the top-left
region of the ROC curve. This extremely high reliability over 240 assays
is mirrored in the area under the curve (AUC) being almost one.
On the basis of the data shown, we can state that the ultraport-
able, low-cost BioScreen POC platform with a disposable cartridge
can reliably assess in 21 min, if a 100-ul sample of a self-collected
biofluid such as saliva contains or not at least one virus or protein
marker. This enables the screening of a population against a given
disease, quickly identifying the subset of the diseased individuals with
an error (false positives or false negatives) below 1%. Such a platform
outperforms all the available POC systems (2, 4, 7-13, 16, 26, 27, 43)
(section S9) and fully complies with the latest WHO recommenda-
tions for POC devices (6). REASSURED is the acronym adopted
by WHO to characterize a POC device ideally encompassing real-
time connection, ease specimen collection, be affordable, sensitive,
specific, user-friendly, rapid, robust, equipment-free, and allow for
a straightforward delivery to end-users. It is a fact that, to date, no
single-molecule sensing platform combines all the features encoded
in the REASSURED acronym. BioScreen platform outperforms state-
of-the-art technologies, and it uniquely fully complies with all the
REASSURED requirements for a POC system. In the following, a
better-detailed explanation of this occurrence is given: Real-time con-
nection: The BioScreen platform holds a reliable real-time connection
via an ad hoc designed app that connects directly with the smart device.
Data could also be transferred to the cloud for further processing on
a standard network connection taking a few seconds (Fig. 1F). Ease
specimen collection: Assays can be performed on self-sampled bio-
fluids such as saliva. We have proven that the BioScreen platform
can very well detect one virion of SARS-CoV-2 in saliva (Fig. 5A).
Sensitive: The SARS-CoV-2 virus capsid protein is detected at an
LOI of 1 + 1 entity in 0.1 ml (10 to 20 zM). Hence, the BioScreen
immunoassay is performed at the lowest possible limit. If the fluid
contains at least one target molecule, the binary response is positive;
if there are none, the response is negative. As an example, for the whole
virus in patients’ saliva samples, the Al-based binary BioScreen classi-
fier output is comparable to that of the rRT-PCR qualitative test
(Fig. 5A). Selective, versatile, and reliable: The assay can highly se-
lectively detect the SARS-CoV-2 virus and its capsid protein, anti-
gen, and IgG in the nasal swab, in human whole blood, and in saliva.
The analytical selectivity is proven against negative control assays.
The number of different types of assays also proves the versatility
of the BioScreen platform (Table 1). The extremely high reliability is
proven by an incidence of false-positive and false-negative random
errors below 1% along with diagnostic sensitivity, diagnostic speci-
ficity, and diagnostic accuracy of 99.2%. Rapid: The overall time to
response to carry out the procedure described above is ca. 21 min.
This is the effective time from the cartridge connection to the elec-
tronics to the delivery of the results. The electrodes in the dispos-
able cartridge are stable over at least 2 weeks and are foreseen to be
fabricated with the cartridge, meaning that no biofunctionalization
or coating process is needed to be performed right before the assay.
Therefore, in contrast to the state-of-the-art single-molecule sensors
(table S1), the biofunctionalization process time (taking at least 2 hours)
does not add to the time to results. User-friendly: The system opera-
tion is straightforward. The disposable cartridge is connected to the
electronic reader, the app is opened (after having been installed) on
a smart device (phone or tablet), and the user can start the analysis.
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At first, a set of reference measurements is automatically run by the
system with the reference fluid comprising no analyte. From this
dataset, the baseline current level is extracted. Then, the disposable
cartridge is filled with 0.1 ml of saliva from a patient (or with the
sample to be analyzed), and after 5 min of incubation and washing,
a new set of measurements is run. These data provide the sensing
signal level for a given sample. Then, the data are encrypted, trans-
ferred to the app, and analyzed by the AI algorithm, providing the
response (Fig. 2 and explanatory video in section S1). Affordable
and deliverable to end-users: The BioScreen platform developed up
to this stage at the technology readiness level 5 (component and/or
breadboard validated in simulated or real-place environment) is based
on standard silicon-based driving/readout/communication electronics
comprising a disposable three-dimensional (3D)-printed cartridge.
Both components are built with assessed technologies that can be
produced in large scale and at low cost. The prototype system is 9 cm
large, 11 cm wide, and 2.5 cm thick, so it is handheld (Fig. 1) and
ultraportable. The operation steps can all be prospectively performed
by an untrained operator, and the proposed platform is ideal to be
used right away by the end-user directly at home sampling his/her
own saliva.

In conclusion, the BioScreen handheld, easy-to-operate digital
platform, returning a binary response with a threshold at a single
molecule in 21 min, is shown to outperform available technologies
fully complying with all the WHO’s requirements for POC testing.
BioScreen, operating directly in a relevant environment, can assess
whether a 0.1-ml self-collected sample of saliva contains or not at
least a single virus or protein marker, enabling the quick identifica-
tion of the subset of diseased asymptomatic patients, with false-positive
and false-negative errors below 1%. This was possible by combining
an extremely sensitive and selective bioelectronic device with an AI-
based binary classifier that encodes features characteristic of a bio-
electronic sensing output. The BioScreen general applicability, low cost,
and convenient digital data handing provide breakthroughs in early
and widespread diagnostic with foreseen applications in public health
managing, precision medicine, and advanced biomedical research.

MATERIALS AND METHODS

Materials

SARS-CoV-2 (2019-nCov) spike S1 recombinant monoclonal anti-
body (anti-S1) expressed from human embryonic kidney (HEK)
293 cells, SARS-CoV-2 (2019-nCov) spike S1 His Recombinant
Protein, My 76.5 kDa, and MERS-CoV spike S1 protein S1 Subunit
(AFS88936.1) (Met1-Glu725) fused with a polyhistidine tag at the C
terminus, My 79.9 kDa, were purchased from Sino Biological and
used with no further purification. The anti-human IgG (anti-IgG) is
an Fc-specific antibody affinity produced in a goat (molecular weight,
~144 kDa), while the human IgG (~150 kDa) affinity ligand and the
human IgM (~950 kDa) ligand were extracted from human serum.
All the Igs used are polyclonal antibodies and were purchased from
Sigma-Aldrich and readily used. PBS (Sigma-Aldrich) solution presents
osmolality and ion concentrations matching those of the human body
(isotonic). One tablet of PBS was dissolved in 0.2 ml of water [high-
performance liquid chromatography (HPLC) grade], resulting in
0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M
sodium chloride (pH 7.4) at 25°C. Water (HPLC-grade) was purchased
from Sigma- Aldrich and used with no further purification. Piperazine-
N,N'-bis(2-ethanesulfonic acid), piperazine-1,4-bis(2-ethanesulfonic acid),

10of 14

2202 ‘20 AInc uo Lieg 1p 1pniS 16ep 1SIBAIUN e B10°80US 105 MMM//:SANY L) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Detailed list of all the samples assayed in the present work. UTM, universal transport media for viruses.

Analyte: Physisorbed Biofluid/reference Ty Number of assayed Patients
Protein/virus capturing antibody fluid (diluent) yp P samples

S1 added Anti-S1

Anti-S1

Virusrealsample ~ AntiST

Virusrealsample ~ AntiS1  Saliva/Pipes diluent
e sa—— e
i e—— e —
S A
Tt e

S1
l1gG added Anti-lgG
1gG added

PBS diluent
Anti-lgG

Saliva/Pipes diluent

S1 Whole blood

PBS diluent

Positive

Negative
Posmve
Neganve oo
. posmve e et
Neganve S 3 [ 1 [
posmve S 3 RO
Neganve S 10 [ 1 [
. posmve S 8 RO
Neganve S 14 e
. posmve S 9 OO

Negative 10 1

Negative 8

Positive 4
Negative 4
Total: 240 Total: 18

(9 positive + 9 negative)

*Pipes: 0.5 M, pH 6.8. 1tPBS: 162 mM, pH 7.4.

and 1,4-piperazinediethanesulfonic acid (Pipes) (0.5 M) buffer solution
(pH 6.8) was purchased from Thermo Fisher Scientific. Human blood
produced from a healthy donor aged between 18 and 60, screened
and tested negative for HIV and hepatitis B and C, was purchased
from Research Donors Ltd. (London, UK).

Disposable cartridge fabrication

The bioelectronic cartridges comprising a fluidic device (Fig. 1B)
filled with the gating electrolyte (DI water) and with the sample to
be assayed or with the reference fluid were fabricated by stereolitho-
graphic 3D printing (FormLab 2, clear resin). The gate array, encom-
passing four gold electrodes (area = 0.1 cm? each), is embedded in
the fluidic device. These are fabricated by sputtering and patterned
through a shadow mask. The sensing gate is fabricated on a PEN
(polyethylene naphthalate) foil by shadow mask lithography and e-beam
evaporation of Ti/Au (5 nm/50 nm) films, with the circular area being
about 0.2 cm”. The sensing gate is biofunctionalized with a layer of
capturing antibodies, while the other four electrodes (Fig. 1C) are
coated with an antifouling layer. This is proven to prevent spurious
adsorption of the solutions to be assayed, even when a whole real
biofluid such as saliva, is involved (section S4). The reference gates
enable to assess whether spurious surface potential shifts occur during
the sensing measurements. The other two electrodes enable the polariza-
tion of the electrolyte solution, in which all electrodes are immersed. The
polarizing and the reference electrodes comprise two short-circuited
elements (Fig. 1E) to assure a uniform biasing of the electrolyte solu-
tion. During the reading, DI water serves as the electrolyte to maximize
the Debye length on the sensing gate and hence to leave the electrostatic
effects associated with the biochemical specific binding unscreened (35).
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Biofunctionalization

The biofunctionalization protocol involves the physisorption of the
capturing proteins directly on the gold sensing gate. This was cleaned
and put in contact with 70 pl of the PBS (ionic strength is 163 mM
and pH 7.4) of the capturing proteins (50 pg/ml). SPR characteriza-
tion (section S2) assesses that a layer (ca. 10 nm thick) with trillions
of proteins is attached to the electrode. This is relevant as a highly
densely packed layer of recognition elements has been used in single-
molecule detection at a millimeter-wide electronic interface (26, 27).
Moreover, the SPR analysis proves the extremely high stability of
these gates: After 45 hours of storage in PBS solution (ionic strength,
is=163 mM and pH 7.4) and after several washing steps, the gate is
still uniformly covered by a layer comprising (1.13 + 0 0.04) x 10'*
antibodies/cm”. The physisorbed anti-S1 (anti-SARS-CoV-2 spike
S1) layer can capture the S1 proteins, even after overnight storage in
DI water (ionic strength, i = 5 uM) or after storage for 2 weeks in
PBS (section S3).
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Handheld low-cost reader electronic circuit

The self-collected saliva is placed in the disposable bioelectronic
cartridge that is connected to the ultraportable (9 cm x 11 cm x 2.5 cm)
electronic reader that acquires, digitalizes, and transmits the data to
a smart device. The app installed on the smart device enables the data
handling, while the analysis is performed with the Al-based BioScreen
binary classifier. The electronic circuit board (Fig. 1, F and G) is based
on a mixed-signal approach integrating analog and digital functions
as well as the power management unit for battery operation and
voltage regulation. The biosensor array is fully managed by the mi-
crocontroller, which generates the voltage waveforms applied to the
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gate electrode and reads the output currents of the transistors con-
nected to the sensing and reference gates. A front-end analog inter-
face has been designed for proper signal conditioning, an integrated
circuit with 24-bit sigma-delta analog-to-digital converters is used
for data acquisition, and a 16-bit digital-to-analog converter is
embedded into the microcontroller. This reduces the power con-
sumption and cost, providing a portable, battery-powered, and small-
footprint system. A Bluetooth module is used for transferring the
measurements to a smart device, such as a phone or tablet, which
displays the curves. All the FETs used are p-type accumulation-
mode transistors; hence, the gate voltage is swept toward more neg-
ative potentials.

Sensing protocol

The fluidic device is filled with the reference or diluent fluid, namely,
Pipes for saliva, Universal transport medium (UTM) for swab, or
PBS (pH 7.4 and is = 162 mM); here, the sensing gate, covered with
a physisorbed layer of capturing antibodies, is incubated for 5 min.
The reference fluid is discarded, and the fluidic device is washed and
filled in with DI water (is = 5 uM). In DI water, a set of 30 transfer
characteristics (1st to 30th), Ip (drain current) versus V¢ (gate voltage)
at Vp (drain voltage) = —0.1 V, is measured contemporarily with the
sensing EGT and the reference EGT. This step, addressed as cycling,
takes 5 min. The transient I current traces comprise the current
values of the transfer characteristics at Vg = —0.5 V. The reference
fluid is discarded and the fluidic device is filled with the sample to
be assayed, the electrode is incubated for 5 min, the sample is dis-
carded, and the fluidic device is washed and filled with DI water. A
second cycling step comprising the measurement of other 30 transfer
characteristics (31st to 60th) is performed. The gate voltage range
spans between 0.2 and —0.5 V, as this ensures that Faradaic leakage
currents, connected with redox reactions detrimental for the elec-
trode stability, are negligible (section S5). This is mirrored also by
the occurrence that the transfer characteristics, always measured in
the forward and backward mode, show a negligible hysteresis as
proven by the curves in Fig. 3A and fig. S7. As it can be seen, while
the curves are all measured in the forward and reverse mode, no
hysteresis is observed on the I, curves and a very negligible hyster-
esis is seen in the low Ig leakage current. This rules out that any
detrimental faradaic current is flowing through the gate and the po-
larizing counter electrode (Fig. 1G), as expected in a stably operated
bioelectronic transistor (44). A very characteristic aspect in bioelec-
tronics is the current dynamics that deeply affect the sensing output
as can be seen in fig. S8 and Figs. 3 and 4.

The viral concentration in real samples has been estimated from
the S1 antigen level quantitatively assessed with the LUMIPULSE
SARS-CoV-2 antigen test (Fujirebio Inc., Tokyo, Japan). A viral con-
centration of 1 virus/ul (100 + 10 viruses per 100 pl) has been esti-
mated with an S1 antigen concentration of 0.15 pg/ml (2 x 107> M,
2 fM, 1.2 x 10° antigens in 100 ul). Saliva samples were diluted 1:2 in
piperazine-N,N’-bis(2-ethanesulfonic acid), piperazine-1,4-bis
(2-ethanesulfonic acid), and Pipes diluent, vortexed, transferred into
a sterile tube, and centrifuged at 1000g for 15 min. Aliquots (100 ul)
of the supernatant were used for testing on the LUMIPULSE G1200
system and with the BioScreen platform. In particular, the saliva samples
at different virion concentrations ranging from 1.66 to 169.39 virus/ul
have been prepared for the BioScreen assay by standard serial dilu-
tions in Pipes saliva diluent from a positive saliva sample with an
antigen level of 25 pg/ml (327 fM; 2 x 107 in 100 pl; section S6). The
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sensing measurements on the real samples were carried out, bringing
the BioScreen platform to the hygiene and preventive medicine
department—COVID-19 epidemiological surveillance laboratory of
the University of Bari in compliance with all the needed safety rules.

Assays performed

The BioScreen platform was used to assay 240 samples, 119 posi-
tives and 121 negatives. The large samples’ ensemble includes a pi-
lot clinical study on nine patients positive to COVID-19 and nine
negatives showing the feasibility of performing the BioScreen assays
directly in saliva in a clinical environment, namely, the hygiene and
preventive medicine department—COVID-19 epidemiological sur-
veillance laboratory at the University of Bari. The other samples tested
were real human fluids (whole blood and saliva) from healthy volunteers
or PBS solutions spiked with the targeted markers. The measurement
(cycling) of the sensing gate in the reference fluid with the associated
Ip current dynamic curve was important to assess the reliability of
the sensing gate. The high-quality dataset of 240 samples analyzed
was validated by the careful screening of the reference electrode trace
stability and the Ip current dynamics evaluated in the reference fluid
and eventually also in the sample. When either one of these traces
showed an overall unstable behavior, the electrode and the related
dataset were discarded. A total of five sensing gates were discarded,
and the corresponding current values were not included in the data-
set. For some of the real sample assayed, a dilution up to 1:8 with the
reference fluid was needed. In Table 1, a detailed list with all the
samples assayed is given.

The Al-based BioScreen binary classifier

Rand Rp, features given as Eqs. 1 and 2, respectively, are taken as the
Al features. An MLPn architecture based on six perceptron nodes
(42) is designed for the binary zero/one classification. Each percep-
tron node associates a linear equation v = Rw + Rp wp + b, where w
and wp are weights of features R and Rp, respectively, and b is the
bias. Eighteen independent parameters need to be computed with a
set of 180 samples randomly chosen out of the 240 available to train
the network, while the remaining 60 are used for testing. This makes the
numerosity of the training set 10 times the number of parameters
adding generality to the approach. The quality of the BioScreen classi-
fier output is assessed by the OQ function. OQ is 1 when N is close
to 0 or when Pis close to 1. OQ is close to 0 when the system output
is around 0.5, meaning that a clear class identification is not possible.
So, in this case, the OQ value gives a warning (after just 10.5 min)
that the assay has to be repeated.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0881
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