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Point-Of-Care Ultra-Portable Single-Molecule Bioassays for
One-Health

Eleonora Macchia, Fabrizio Torricelli, Mariapia Caputo, Lucia Sarcina, Cecilia Scandurra,
Paolo Bollella, Michele Catacchio, Matteo Piscitelli, Cinzia Di Franco, Gaetano Scamarcio,
and Luisa Torsi*

Screening asymptomatic organisms (humans, animals, plants) with a
high-diagnostic accuracy using point-of-care-testing (POCT) technologies,
though still visionary holds great potential. Convenient surveillance requires
easy-to-use, cost-effective, ultra-portable but highly reliable,
in-vitro-diagnostic devices that are ready for use wherever they are needed.
Currently, there are not yet such devices available on the market, but there are
a couple more promising technologies developed at readiness-level 5: the
Clustered-Regularly-Interspaced-Short-Palindromic-Repeats (CRISPR)
lateral-flow-strip tests and the Single-Molecule-with-a-large-Transistor (SiMoT)
bioelectronic palmar devices. They both hold key features delineated by the
World-Health-Organization for POCT systems and an occurrence of
false-positive and false-negative errors <1–5% resulting in
diagnostic-selectivity and sensitivity >95–99%, while limit-of-detections are of
few markers. CRISPR-strip is a molecular assay that, can detect down to few
copies of DNA/RNA markers in blood while SiMoT immunometric and
molecular test can detect down to a single oligonucleotide, protein marker, or
pathogens in 0.1mL of blood, saliva, and olive-sap. These technologies can
prospectively enable the systematic and reliable surveillance of asymptomatic
ones prior to worsening/proliferation of illnesses allowing for timely diagnosis
and swift prognosis. This could establish a proactive healthcare ecosystem
that results in effective treatments for all living organisms generating diffuse
and well-being at efficient costs.
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1. Introduction

“Taking care of the healthy ones” is one
of the dreams aimed at creating an effi-
cient system fostering an improved lifestyle
for all living species – people, animals, and
plants – on our planet. It involves possibly
implementing an innovative approach to
systematically identify asymptomatic ones
as soon as the onset of the illness occurs.
Such an approach holds the potential to
empower clinicians, phytopathologists, and
veterinarians with an advantageous posi-
tion in the fight against diseases, offering,
in principle, significantly better chances for
the cure while requiring a much lower bud-
get. Presently, the approach to the cure
primarily involves acting when symptoms
manifest, resulting in a more reactive sick-
care system rather than a proactive health-
care one.

In this scenario, the identification of spe-
cific biomolecules, for example, proteins
and nucleic acids, but also bacteria, and
viruses, holds great significance across di-
verse sectors ranging from public health to
environmental concerns, addressing mat-
ters related to medicine, food, agriculture,

L. Sarcina, C. Scandurra, P. Bollella, M. Catacchio, L. Torsi
Dipartimento di Chimica and Centre for Colloid and Surface Science
Università degli Studi di Bari Aldo Moro
Bari 20125, Italy
E-mail: luisa.torsi@uniba.it
M. Piscitelli, G. Scamarcio
Dipartimento Interateneo di Fisica
Università degli Studi di Bari Aldo Moro
Bari 70125, Italy
M. Piscitelli, C. Di Franco, G. Scamarcio
CNR IFN
Bari 70126, Italy

Adv. Mater. 2024, 36, 2309705 2309705 (1 of 31) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
https://doi.org/10.1002/adma.202309705
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:luisa.torsi@uniba.it
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202309705&domain=pdf&date_stamp=2023-12-27


www.advancedsciencenews.com www.advmat.de

Table 1. Oligonucleotide DNA and RNA and protein biomarkers targeting progressive diseases along with the fluid in which they can be assayed.

Disease DNA, RNA Proteins Fluid(s) Assayed

Brest Cancer PIK3CA, TP53, PTEN, AKT1 CA-125, HGF, Myeloperoxidase, OPN, Prolactin) Blood plasma[7]

Colorectum Cancer KRAS, TP53, APC, PIK3CA, FBXW7, NRAS,
BRAF

CEA, HGF, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Esophagus Cancer TP53, APC CEA, HFG, TIMP-1, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Liver Cancer TP53, CTNNB1, PIK3CA CEA, HGF, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Ovary Cancer TP53 CA-125, CEA, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Pancreas Cancer KRAS, GNAS, TP53 CA-125, CA19-9, CEA, CD55, MUC1, HGF, Prolactin, OPN Blood plasma[7,8]

Stomach Cancer TP53, PIK3CA, CTNNB1, APC, PPP2R1A CA15-3, TIMP-1, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Lung Cancer TP53, CDKN2A, PIK3CA, EGFR CD44, Myeloperoxidase, OPN, Prolactin Blood plasma[7]

Alzheimer’s disease miRNA miR-501-3p, hsCRP, IL-1b, scD40L, sTNFR1, sTNFR2, 𝛼1-acT, IL-6, A𝛽
peptides, Tau proteins: tau, p-tau-181, Neurofilament

light protein

Blood serum, saliva[6,9,10]

Parkinson’s disease microRNAs, miR-7 and miR-153 PTX3, YKL-40, CRP, sVCAM-1, NLRP3, IL-1𝛽, sTREM2 Blood plasma, blood
serum[5,11]

COVID-19 Gene targets, RdRp, N2,E Spike (S1), envelope (E), and nucleocapsid

(N) proteins

Blood serum, Saliva,
swab[12,13]

HIV-1 HIV-1 RNA p24 antigen Blood serum[14,15]

Influenza virus A and B Viral RNA Hemagglutinin (HA), His-Tag Nasal swab[16]

Xylella Fastidiosa 16S rRNA-processing RimM protein gene
coding

IgG of Xylella fastidiosa subsp. pauca strain CoDiRO
(strain CFBP 8402)

Olive sap[17]

and veterinary practices. Given the roles played by these
biomolecules and pathogens and their impact on population
well-being, food security, and ecological soundness, there is an
unprecedented need for advanced detection methods that can
achieve early, highly sensitive detections.

The elicited biomolecules, generally addressed as “Biological
markers or biomarkers”, “are measurable indicators that reveal
the presence, or the severity of a given disease condition. By
definition, they encompass ”cellular, biochemical, or molecular
changes in cells, tissues, or fluids that can be quantified and
assessed to indicate normal biological processes, disease-related
processes, or the response to a therapeutic treatment.[1] The term
“biomarkers” has now expanded to encompass biological fea-
tures that can be assessed and analyzed to serve as indicators
of regular biological functions, disease-related processes, or re-
sponses to medical treatments.[2] The class of biomarkers here
discussed is referred to as “molecular biomarkers”.[3] This cate-
gory of molecules offers prodromal indications that they can be
detected and utilized at the very early stages of a disease, enabling
timely diagnosis through the analysis of peripheral body fluids
such as saliva, mucus, serum, plasma, urine, but also olive sap,
and others.

Among these, oligonucleotide-based strands (DNA, RNA,
mRNA) and proteins/antigens are the most widely used molecu-
lar markers.[2,4–6] Their selective binding (capturing) is achieved
through biological recognition elements attached at a transduc-
ing interface. Oligonucleotides selectively bind to complemen-
tary sequence-specific probes, while proteins or antigens are cap-
tured by specific antibodies.

In the case of pathogens, their genomic RNA content can be
targeted with a probe, or they can be detected with antibodies
that recognize proteins on their membrane or capsid. No sam-

ple pre-treatment is necessary in the latter case, as the proteins
are readily accessible. On the other hand, sample pre-treatment
is required to release the genomic material when targeting the
genomic pathogen content.

Biomarkers serve purposes such as identifying asymptomatic
individuals, characterizing the different stages of progressive dis-
ease (induction, latency, and detection) with high precision, as
well as serving as targets in clinical trials. The addressing of
progressive diseases generally includes not only tumoral condi-
tions but also neurological pathologies as well as viral or bac-
terial infections. As anticipated, either the pathogen itself is as-
sayed directly, or its genomic content. In Table 1 some examples
of molecular biomarkers that can be found in peripheral bioflu-
ids for different diseases are given. Here, communicable and
non-communicable diseases are targeted, as both could poten-
tially highly benefit from fast/early diagnosis. While for commu-
nicable diseases, this is quite straightforward, swift diagnosis of
non-communicable diseases is crucial for improving treatment
outcomes and patient well-being. Early detection, particularly in
conditions like cardiovascular diseases, diabetes, and certain can-
cers, facilitates timely interventions, enhancing the chances of
successful treatment and preventing disease progression. This
proactive approach not only could benefit individual patients but
also holds the potential to align with broader public health goals,
reducing the prevalence and impact of non-communicable dis-
eases in communities.

A highly convenient and remarkably successful approach that
is based on biomarkers detection, to achieve early diagnosis of
progressive diseases is the so-called “liquid biopsy”.[18–22] Initially
developed for the screening of tumors, it is now emerging as
a well-established approach with proven effectiveness in prog-
nosis, diagnosis, and monitoring that can be applied to several

Adv. Mater. 2024, 36, 2309705 2309705 (2 of 31) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309705 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 1. Illustration of the liquid biopsy basic concept. In the central human silhouette, several tumoral lesions are shown in dark red, while a tumoral
mass with its vascularization is shown on the top right. These vessels connect the tumoral mass to the main bloodstream. The liquid biopsy starts from
the extracted peripheral blood as depicted on the left, which, being connected with the tumoral tissues, comprises a variety of tumorous constituents,
such as tumor cells (CTCs), cfDNA, EVs, and miRNA, as schematically shown on the right. Isolation of these components enables the detection of
diverse tumor-associated anomalies associated with both the mutations of oligonucleotides and proteins.

other pathologies.[7] In Figure 1 a schematic representation of
the rationale at the basis of liquid biopsy is provided. The tumor
mass is here shown as connected with a patient blood stream
in which elements such as extracellular vehicles (EVs), micro-
RNA (miRNA), circulating tumor cells (CTCs), circulating cell-
free DNA (cfDNA), can be found. Tumors related proteins are
also featured as they are becoming more and more important
biomarkers.[4,23–25]

Cancer diagnosis is generally accomplished by inspecting the
tissues along with the fluids localized where the tumor has de-
veloped, and many localized cancers can be still very effectively
treated with surgery. Direct tissue biopsy can be, however, in-
vasive and challenging to be repeated as the disease progresses
or to check the effectiveness of therapeutic interventions. More-
over, it is critical to diagnose cancer before metastasis occurs.[26]

A systematic comparison of the advantages and disadvantages
of liquid versus tissue biopsy is a useful exercise to underscore
the advancements that liquid biopsies have achieved in the last
decade, surpassing the benefits of traditional invasive surgical
techniques. One general important aspect concerns the proce-
dures for obtaining a sample, typically involving a minute tis-
sue segment for tissue biopsies and a blood sample for liquid
biopsies. The list of liquid biopsy advantages encompasses: being
minimally invasive, requiring shorter times, being highly sensi-
tive, requiring lower costs for sample isolation, enabling contin-
uous monitoring of a tumor or a pathology evolution as well as of
the response to therapeutic/pharmacological treatment, capable
of revealing the spatial-temporal tumor or disease evolution.[25]

In this scenario, assaying for specific tumor biomarkers di-
rectly in a peripheral and easily accessible body fluid, as is typ-
ical in a liquid biopsy, can be convenient and effective. Besides
the circulating tumor cells and their genomic content released
upon cell death, also proteins produced by the tumor cells can be

found and the interest in detecting them is growing. These pro-
teins can display tissue-specific attributes while retaining their
normal structure, harboring mutated regions, or bearing abnor-
mal secondary modifications. However, the concentration of the
target biomarkers circulating in such peripheral fluids is much
lower than closer to the tumor mass. It can be estimated that a pa-
tient affected by cancer at the early stage can have a mutated DNA
strand in each mL of blood, which turns into a concentration of
10−21 mole L−1 (zeptomolar, zm).[27] The presence of mutated pro-
teins is also extremely diluted being lower than 10−15 m (femto-
molar, fm) concentration.[3,28] Very few immunometric platforms
can actually operate at such extremely low concentrations (vide
infra).

Biological markers are analyzed using various platforms ca-
pable of targeting proteins and oligonucleotides. Among these,
two prominent methods are the enzyme-linked immunosor-
bent assay (ELISA)[29] the gold standard for immunoassays,
and the polymerase chain reaction[30] (PCR)-based platforms,
which are employed for detecting DNA and RNA markers.
Noteworthy advancements in this field include their “digital”
evolutions[31] resulting in techniques such as the single-molecule
assay (SIMOA)[32,33] and next-generation sequencing (NGS).[34]

All these platforms are already commercially available and have
been widely adopted, making significant contributions to the in-
tegration of biomarker-based diagnostic approaches into every-
day clinical practice. While, a comprehensive analysis of these
platforms goes beyond the scope of this review, as they notably
necessitate voluminous apparats and are consequently unsuit-
able for point-of-care testing (POCT) applications, for the sake of
completeness, small footprint benchtop versions of the SIMOA
and the PCR-based technologies are reviewed in Section 5.

The aim of this work is to critically review ultra-portable, hand-
held, and lateral flow technologies for POCT. This is to explore
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devices that can be as practical and useful as a glucometer[35]

and can detect protein and nucleic acid markers at the single-
molecule detection limits assuring at the same time high relia-
bility in terms of diagnostic sensitivity and diagnostic selectiv-
ity that should be ideally better than 95–99%. Hence the focus
is on scrutinizing a couple of promising POCT, single-molecule
technologies such as the clustered regularly interspaced short
palindromic repeat (CRISPR),[36–48] and the single molecule with
a large transistor (SiMoT) both as single-sensor and as a 96
multiplexing array.[8,13,49–51] Among others, these are technolo-
gies that can be addressed – by just changing the recognition
element, for example, the capturing antibody (to target a spe-
cific antigen/protein) or the probe (to bind a specific oligonu-
cleotide) integrated into the disposable accessory cartridge – a
large number of different diseases. While CRISPR-based assays,
combined with enzymatic amplification, target a single oligonu-
cleotide biomarker,[36] SiMoT can assay at a comparable per-
formance level, both proteins and oligonucleotides. It will be
shown how such technologies, resembling a glucometer, can
detect a single or few biomarkers in a reliable fashion using
a fast, handheld portable device complemented by disposable
and feasibly cost-effective cartridges that are customized for each
specific application. The technologies here reviewed, which are
among the most promising and able to detect a few molecules
being also handheld, can be used to possibly diagnose diseases
not only in humans but also in plants and animals. They are
also in principle ideal for facing the well-being of humans in-
tended as closely linked to the health of animals and the envi-
ronment. Indeed, diseases can spread between animals and hu-
mans (zoonotic diseases), and environmental factors can also im-
pact the health of both. By understanding and addressing these
connections, the one-health approach aims to improve disease
prevention, surveillance, and control, as well as promote overall
health and well-being for all living beings and the ecosystems
they inhabit. Finally, both CRISPR-based and SiMoT are prospec-
tively valuable devices to be used in least-developed countries and
in low-resource settings to face health crises ranging from epi-
demics/pandemics to non-communicable diseases.

This Review is organized as follows: in Section 2, we delve into
the visionary aspects of one-health point-of-care screening plat-
forms, exploring the potential impact on healthcare delivery and
outcomes. Section 3 critically examines the challenge posed by
reliably detecting a single or few molecules in 0.1 mL, address-
ing the intricacies and advancements in molecular diagnostics.
Moving forward to Section 4, the focus shifts to the indispens-
able role of statistical analysis in ensuring the reliability of highly
sensitive and selective bioassays, shedding light on the method-
ologies employed in this critical domain. Section 5 provides an
exploration of a couple of the most promising point-of-care as-
says. In Section 6, we push the boundaries toward their limits,
spotlighting a couple, among the few currently available POCT
assays (both up to technology readiness level 5), that reliably oper-
ate at the single/few-molecules detection threshold. This empha-
sizes their potential to revolutionize diagnostic precision, show-
casing advancements poised to reshape the landscape of point-
of-care testing. The vision of a one-health point-of-care screen-
ing platform also faces criticisms. Session 7 duly reports on stud-
ies, often drawing from COVID-19 data, offering critical perspec-
tives on surveillance campaign relevance and the effectiveness of

rapid antigen detection tests. They highlight an unclear efficacy
in screening asymptomatic individuals and a lack of evidence for
surveillance purposes. Improved antigenic tests and robust trials,
suggesting a re-evaluation of current recommendations are also
advocated. Finally, Section 8 concludes the examination, summa-
rizing key findings and opening a window into prospects for ad-
vancements in ultra-sensitive point-of-care diagnostics.

2. The Vision for a One-Health Point-Of-Care
Screening Platform

The vision of a system that caters to maintaining the health of in-
dividuals, but also animals, and plants can be exemplified by the
scenario presented in Figure 2. It is envisioned that the patient
is at home maybe sited in a relatively inaccessible and remote lo-
cation, engaging in self-sampling of saliva, or collecting a small
blood sample through a finger prick.

Alternatively, the scenario might involve farmers collecting
urine samples from animals or sap samples from plants or trees.
The obtained fluid is directly placed onto a cost-effective, dispos-
able cartridge, as illustrated schematically in the figure by show-
ing, by virtue of an example, the bioelectronic SiMoT cartridge.[13]

This accessory cartridge is connected to the SiMoT palmar elec-
tronic reader device resembling a glucometer device. This reader
can be connected to a smart device (a tablet, a smartphone, or
a laptop) via Bluetooth or USB, which collects and transfers the
data to a cloud platform. Here, an artificial intelligence algorithm
automatically analyses the data, and the validated end results are
relayed back to the patient’s smart device. A similar scenario can
be depicted also for a lateral flow[52] device that is based on the
CRISPR principle although connectivity for these systems is gen-
erally still lacking.

A way to turn such an idealistic one-healthcare ecosystem into
a reality is to conduct a thorough screening of the general popula-
tion (in fact of all the living organisms) using POCT technologies.
In fact, early screening is a cornerstone of preventive medicine
that improves the chances of successful treatment and enhances
overall well-being.[53–55] In this respect, it is essential to find posi-
tive cases in primary (before the symptoms appear) or secondary
(early or prodromal evaluation) prevention. More in detail it
could lead to a higher treatment success rate of many diseases,
including cancer, cardiovascular conditions, and diabetes. Treat-
ment options are in fact often more effective and less invasive at
early stages, leading to improved patient outcomes. It could also
lead to reduced disease progression as detecting and intervening
in the early stages of a disease can prevent its progression to more
advanced and severe stages. This can help minimize damage
to tissues, organs, and overall health. Another advantage is the
lower healthcare costs because early screening can lead to more
cost-effective healthcare. Treating diseases at advanced stages
often requires more extensive and expensive interventions, hos-
pitalizations, and therapies. Early detection and treatment can
help reduce these costs. An improved quality of life is another
advantage as timely detection and treatment can help individuals
maintain a better quality of life. Addressing health issues early
can also prevent complications and reduce the impact of symp-
toms on daily activities. Screening is also key in the prevention
of the spreading of infectious diseases. Identifying and isolat-
ing infected individuals early can help contain outbreaks and
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Figure 2. The vision of the screening with a POCT technology in a one-healthcare ecosystem.

protect public health. Finally, it can foster health equity because
early screening can contribute to reducing health disparities by
ensuring that individuals from all backgrounds have access to
timely and effective healthcare. Finally, ethical issues associated
with the use of biomarkers-based tests should be mentioned.
For instance, most healthcare systems require that those who
test positive, even if they do not show symptoms, undergo some
follow-up tests and treatments that should be available for all.

POCT technologies, that provide immediate results enabling
faster decision-making at the individual level, are key to imple-
menting a successful screening of a cohort. This is why the
World Health Organization has recommended several criteria
that should be met by an ideal POCT technology. These crite-
ria, addressed with the “REASSURED”[56,57] acronym, are based
on the earlier 2003 “ASSURED” set.[57] According to ASSURED
an ideal POC test technology, should encompass: Affordability –
POCTs should be cost-effective to make them accessible across
various healthcare settings. Low manufacturing costs and min-
imal additional equipment are important factors. Sensitivity –
the test should have a high level of accuracy and sensitivity, en-
abling reliable detection of a marker also at low concentrations.
Specificity – false positive (vide infra) results should be mini-
mized. The goal is to achieve a level of sensitivity and specificity
in POCT diagnostics that closely resembles that of laboratory-

based assays. This ensures that the POCTs are adept at correctly
identifying true positive cases (vide infra) while simultaneously
minimizing the occurrence of false positives (vide infra). User-
friendliness: The technology should be easy to use and require
minimal training to operate. Simple instructions and intuitive
interfaces are crucial, especially in settings with varying levels of
expertise. Rapid Results with a Robust system – A POCT tech-
nology should provide quick results within a short time frame,
ideally within minutes to a few hours. This is essential for im-
mediate decision-making and patient management. The system
should also be robust enough to withstand variations in environ-
mental conditions, such as temperature and humidity, especially
in settings with limited infrastructure. Equipment-free – Porta-
bility is vital for POCTs to be used in various locations, including
remote or resource-limited areas. They should also be compact,
lightweight, and handheld devices. Deliverable to end-users – or
data connectivity meaning integration with digital platforms and
connectivity to electronic health records to facilitate data man-
agement, analysis, and reporting. The “REASSURED”[56] revised
set of criteria adds: Real-time insights into the strategies to con-
trol a disease augment the Effectiveness of a healthcare system,
and eventually elevate patient outcomes. Other relevant aspects
are also: minimal sample requirements – the test should require
a small volume of sample, such as blood, saliva, or urine, to
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minimize discomfort for patients and simplify sample collection;
versatility – adaptable to detect multiple analytes or pathogens
to enhances its utility in different clinical scenarios; stability –
the reagents and components used in the test should be stable
and have a reasonable shelf life, ensuring reliable results over
time; embedded quality control – incorporation of internal con-
trols and quality assurance measures ensures the reliability and
consistency of test results; regulatory approval – the technology
should meet regulatory standards and obtain necessary approvals
for safety, efficacy, and accuracy; scalability – POCT technologies
should be scalable for mass production and distribution to ac-
commodate large-scale testing needs, such as during outbreaks
or pandemics; diagnostic range – the technology should cover a
wide diagnostic range, from early detection to monitoring disease
progression and treatment response; and last but not least assure
global accessibility – the technology should be accessible to di-
verse populations worldwide, addressing the healthcare needs of
both developed and developing regions.

A further important element is the integration of POCT
screening with the “one-health” method that takes into consider-
ation the health interrelations among humans, animals, and the
environment. For instance, one-health principles may guide the
screening of individuals who have been exposed to animals or en-
vironments where zoonotic diseases are prevalent. It could also
be of relevance in epidemiological surveillance of disease pat-
terns in humans, animals, and the environment. Screening pro-
grams could be established to monitor the emergence of zoonotic
diseases or detect outbreaks that have the potential to spread
across species. Also relevant is the monitoring of wildlife pop-
ulations.

3. The Challenge of Reliably Detecting a Single
Molecule in 0.1 mL

Detecting a single biomarker within a droplet of peripheral
biofluid is crucial to conveniently enable accurate early diagnosis,
as envisioned in a liquid biopsy-type assay. A droplet, equivalent
to ≈0.1 mL, represents the minimal quantifiable volume that can
be dispensed by using a standard pipette certified by the man-
ufacturer with a precision of 1%. Within 0.1 mL, the presence
of a single biomarker yields a target molecule concentration of
10−20 zeptomolar (zm), which is essentially the lowest possible
concentration also addressed as the “physical limit” in biomark-
ers detection. This concentration entails, in fact, both the small-
est number of markers (one) within the minimal volume that can
be reliably processed out of a conventional laboratory framework.
Assuming that the volume of a protein is ≈(10 nm)3 = 10−21 L,
it will occupy one of the 1017 protein-sized volumes available in
0.1 mL.

Working with a precisely measured 0.1 mL volume ensures
minimal error across various procedures, such as the sequential
dilution process, which is essential in an assay. Here, the con-
centration error at each dilution step (from the mother down to
the 10−20 zm solution) remains consistently at 1%, up until the
point where the Poisson sampling error must be considered.[13]

This error is quantified by the square root of the particle count
within the sample, and it surpasses 1% when the particle count
in 0.1 mL falls below 10 000 particles. This translates to a concen-
tration of ≈2 × 10−17 m or 20 attomolar (am).

These considerations lay the groundwork for understanding
why single molecule detections are influenced by two intercon-
nected issues: diffusion barrier and low signal-to-noise ratio. The
diffusion barrier issue[58,59] refers to the challenge for an indi-
vidual molecule to reach the transducing interface by Brownian
random diffusion in a volume (0.1 mL) that is 1017 times larger
than the molecule itself. The time needed to hit a capturing in-
terface generating the signal to be transduced, can be unfeasibly
high, particularly if the area of the detecting interface is nanomet-
ric in size. By virtue of an example, let’s consider a protein to be
captured by one of its cognate antibodies attached to a transduc-
ing interface, for example, the gate of a transistor or a plasmonic
interface. The time needed to hit the interface depends on the
concentration of the proteins and the size of the interface. Let’s
consider a 1 fm concentration protein solution, this means that
in 0.1 mL ≈105 proteins are present. If the detecting interface is
200 nm wide in diameter, the first protein will hit the interface in
a one-day timeframe while it will take a week for 10 proteins to
hit the same detecting interface. If the interface is three orders of
magnitude larger (200 μm) the first protein will hit the detecting
interface in a few seconds while 10 will reach the surface in one
minute.[60]

When single molecule detection is performed by a nanomet-
ric transducing interface such as for instance nanopores,[61] or
nano-plasmonic approaches[62] to overcome the mass transport
diffusion barrier, a concentration quite high of the target protein
is to be present. It has been proven that one diffusing protein
will hit a nanometric interface in a timeframe of minutes, only if
they are confined in a volume as small as 1 μm3 or, equivalently,
1 femtoliter, fL.[32] This means that a protein concentration in the
nm range is needed. Under these conditions the nanometric in-
terface can detect a sequence of single binding events, meaning
that it can detect at the single molecule resolution. However, it
cannot detect a single molecule limit-of-detection in 0.1 mL as
this is a too-low concertation being 1011 times more diluted than
the nm concentration needed.

As already discussed, to reach detection in the 10−15 m con-
centration range, a 200 μm wide surface is needed whose area
(4 10−8 m2) is at least 108 times that of the protein (10−16 m2).
Hence, the diffusion limit is overcome when a detecting inter-
face is at least a hundred million times larger than the footprint
of the target molecule. In the SiMoT technology single molecule
detection is achieved with a surface that is even larger, namely
1012 times larger than a typical protein footprint.[49] This is like
spotting a single droplet of water falling in a lake that is 1 km
wide.

Through a systematic exploration that combines theoretical
analysis and experiments, it has been established that the diffu-
sion barrier limit does not pose an obstacle for SiMoT and large-
area detecting technologies. A millimeter-sized bioelectronic in-
terface, equipped with trillions of bio-recognition elements, can
effectively detect a single molecule within minutes.[58] This asser-
tion is supported by modeling experimental data obtained from
SiMoT devices, utilizing Einstein’s theory of Brownian diffusion
to provide the conditional probability of at least one out of N anti-
gens being in proximity to the gate surface. Assuming random
dispersion of N IgG antigens in the assayed volume V, we calcu-
lated the probability of one being sufficiently close to the gate sur-
face (within a ∆r distance) to potentially collide with it. Notably,
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with an incubation time of 10 min, we estimated a substantial
value of ∆r= 37 μm, consistent with observed sensor responses at
various concentrations and incubation times.[58] Importantly, the
model suggests that the rapid spinning of the diffusing antigen,
covering the entire solid angle in 25 μs, enables the molecule to
swiftly orient itself for binding to a capturing element. This study
demonstrates that the diffusion barrier challenge, which limits
the utility of single-molecule detection at nanometric interfaces
for solutions with concentrations below picomolar levels, is over-
come when employing a SiMoT-like bioelectronic sensor featur-
ing a micrometric or millimeter-wide detecting interface. In such
cases, a single molecule can be detected within a few minutes in
a 0.1 mL solution, even with concentrations as low as a few tens
of zeptomolar.

However, while a larger interface addresses the diffusion bar-
rier issue, it gives rise to a potentially even more severe problem:
the low signal-to-noise ratio. Specifically, the question is whether
an event involving a minuscule portion of the detecting interface
can produce a detectable signal. In simpler terms, can a signal
from a single binding event whose footprint is orders of mag-
nitudes lower than the whole surface stand out from the back-
ground noise? The answer is evidently no, and the resolution to
this challenge lies in the existence and exploitation of amplifica-
tion effects that allow for single molecule detections in a larger
volume or at an extended interface, as elucidated in Sections 6.1.2
and 6.2.2.

4. Statistical Analysis in Reliable Highly Sensitive
and Selective Bioassays

The aim of ultrasensitive biomarker assay technology is to reli-
ably detect a specific marker while maintaining the occurrence
of false negatives and false positive errors below 1–5%.[63] A false
positive refers to an incorrect result obtained from a diagnostic
test, indicating the presence of a condition or disease in an indi-
vidual who is not affected by it. Although all the errors concur to
lower the reliability of an assay, false positives are generally less
impactfully. In fact, they can lead in the worst scenario to unnec-
essary anxiety, additional tests, treatments, or interventions that
are not required, and can result in increased healthcare costs, but
they are not a threat to a patient’s life. They are also less frequent
because medical tests are often designed with stricter criteria for
successfully reading a positive result. This helps ensure that only
cases with a high likelihood of the condition being tested for, are
classified as positive. As a result, the threshold for a positive re-
sult is set high, reducing the likelihood of false positives. This is
particularly true in the case of devices that are not highly precise
(high level of random errors). Conversely, under the same condi-
tions, false negative errors are more common and can also pose
a threat to a patient’s life. In hypothesis testing, a type II error
is a statistical concept denoting the mistake made when an in-
correct null hypothesis is not dismissed. This situation leads to
a false negative outcome, alternatively addressed as an omission
error. In the context of medical diagnosis, a false negative refers
to an incorrect result in which a test fails to identify a condition
or disease that is present in the individual being tested. In other
words, the test indicates a negative result (absence of the con-
dition), but this result is inaccurate because the individual does
indeed have the condition. False negatives are life-threatening as

they can potentially lead to delayed or missed diagnoses, as the in-
dividual may not receive the necessary treatment or further eval-
uation due to the incorrect test outcome. It’s a critical concern
in medical testing, as minimizing false negatives is crucial for
ensuring that individuals who require medical attention receive
timely and appropriate care.

The occurrence of these errors forms the basis for defining
the figures of merit that characterize the reliability of a diagnos-
tic procedure, namely diagnostic sensitivity, and selectivity. Diag-
nostic sensitivity is the percentage of true positives (TP) patients
with respect to the total number of patients that are tested as pos-
itives (P), the latter also including the false negatives (FN), so that
P=TP+FN. Diagnostic specificity is the percentage of true nega-
tive (TN) patients with respect to those that are tested as negatives
(N) that also includes the false positives (FP) so that N= TN+ FP;
the equations are therefore:

diagnosticsensitivity = TP∕P = TP∕ (TP + FN) × 100% (1)

diagnosticspecificity = TN∕N = TN∕ (TN + FP) × 100% (2)

The diagnostic sensitivity, which accounts for false negative er-
rors, quantifies an assay or a protocol ability to correctly identify
during screening, the ill ones. The greater the assay’s sensitivity,
the more comprehensive the identification of affected individu-
als. However, at the onset of a disease when symptoms are not
yet present or are unclear, false positive errors are highly prob-
able. As a patient’s health status is further evaluated through
follow-up assessments, and as a disease progresses, the patient’s
true condition becomes increasingly apparent. This reality often
makes it exceedingly challenging to have available an assay tech-
nology that achieves 100% diagnostic sensitivity during the early
stages of a disease. This difficulty underscores the true challenge
in point-of-care screening for early diagnosis. Conversely, diag-
nostic specificity considers false positive errors, in which an un-
affected individual is incorrectly diagnosed as positive for a par-
ticular condition. This situation is generally less frequent unless
the biomarkers lack the needed specificity.

A holistic parameter, denoted as efficiency, is formulated by
calculating the geometric mean of both the sensitivity and speci-
ficity values:

efficiency =
√

TP × TN
(TP + FN) × (TN + FP)

(3)

The efficiency can vary between 0 and 1, with 0 representing
situations where either sensitivity or specificity is zero, and 1
indicating that both parameters are at 100%. Receiver operating
characteristic (ROC) curves are commonly employed as a visual
aid for assessing the effectiveness of a particular diagnostic test
or biomarker in distinguishing between healthy and diseased
individuals.[64] The ROC curve illustrates the correlation between
true positives and false positives. ROC curves that approach the
diagonal bisector indicate a diagnostic test with weak analytical
performance, essentially randomly assigning individuals to the
healthy and diseased categories. Conversely, ROC curves that
deviate from the diagonal line are associated with an effective
diagnostic test. This effectiveness is frequently measured by
assessing the area under the curve, which ranges from 0 to a
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Figure 3. Graphical representation of the Gaussian distribution of the assay random error at the a) LOI level and b) LOD level. The gray and red shaded
areas are the fields of the negative (NO) and positive (YES) assay outputs.

maximum of 1 and increases as the diagnostic test’s performance
improves.

Another important statistical parameter is the threshold at
which a specific figure of merit or parameter is established to
differentiate between a positive and a negative result. Depend-
ing on the choice a different level of statistical confidence will be
associated with the data set. For this purpose, the limit of identi-
fication (LOI) can be conveniently employed. By definition,[65,66]

the LOI quantifies the amount or the lowest concentration of a
substance that can be reliably detected and distinguished from
the background noise with an incidence of false negatives and
false positives that are both below 1%. The LOI is typically de-
termined by conducting a series of measurements to assess the
statistical distribution of the random error in a blank or negative
control experiment. Those are measurements conducted, ideally,
in the same exact conditions as the analysis, but in the presence
of no target biomarker or analyte. In Figure 3a a graphical rep-
resentation of the LOI is given. Here the Gaussian blue curve is
the distribution of the random error that is measured with the
blank or negative control experiment that needs to be reaped sev-
eral times to hold statistical significance. This sets all the features
characterizing the noise of the assay: its average value level (dot-
ted blue line) and its standard deviation, 𝜎, which quantifies the
precision of the measurements. The Gaussian curve in green sets
the LOI level or else the error distribution at the threshold sep-
arating negative and positive values. Its average peak is set at 6
𝜎 from the average of the noise while the 𝜎 is kept as that of the
blue curve. This is an assumption that is justified only when the
negative control experiments and the assay experimental settings
are very much alike.

The areas underneath the overlapping parts of the two Gaus-
sian curves assure that when the LOI is taken as the threshold to
discriminate a positive output from a negative one, the expected
occurrence of both false positives and false negatives is below 1%.

In the case when the threshold is set at 3 𝜎 from the average
of the noise (Figure 3b), the level is addressed as a limit of detec-
tion (LOD) and the expected occurrence of a false negative is still
lower than 1%, while that of false positives is up to 50%. Such a
choice becomes necessary when the assay has a very high aver-
age level of noise and standard deviation (low precision) as it gen-
erally occurs with most commercially available lateral flow strip
test POCT technologies whose LOD is, generally, in the range of
nm to μm, with best performance level at ≈10−11 m (10 pm).[52]

The very high average level of noise is generally, erroneously ad-
dressed as “low sensitivity” while in fact, it is to be addressed as
high LOD. In analytical chemistry, the sensitivity of an assay is
the slope of the calibration curve. In the case when this thresh-
old is set at 9 or even 10 𝜎 higher than the average of the noise,
the level is addressed as a limit of quantification (LOQ).

In a quantitative assay, a calibration step prior to each mea-
surement is generally required as obtaining an exceedingly ro-
bust and universally applicable mathematical relationship be-
tween the measured response and the actual concentration of the
analyte in the sample is extremely rare. Moreover, the minimum
quantifiable concentration is determined by the LOQ. This en-
sures that the overlap between the Gaussian distributions of LOD
and LOQ is kept to less than 1%. Consequently, this implies that
the occurrence of false positives and false negatives in quantifica-
tion, as compared to mere identification, is guaranteed to be less
than 1%.

Adv. Mater. 2024, 36, 2309705 2309705 (8 of 31) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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A qualitative YES–NO assay is a type of analytical test used to
determine the presence or absence of a particular substance or
analyte in a sample, without providing its quantification. Instead
of quantifying the amount of the substance, a qualitative assay
simply provides a Boolean “YES” (positive or signal-ON) or “NO”
(negative or signal-OFF) answer about its presence.[67–69] Qual-
itative assays are often used in various fields, including chem-
istry, biology, medicine, and environmental science. These assays
can be designed to detect specific molecules, microorganisms,
genetic markers, antibodies, or other relevant components in a
sample. The goal is to establish whether a particular substance
of interest is present or not in the sample assayed, without de-
termining its exact concentration. Some common examples of
qualitative assays include pregnancy tests to assay the human
chorionic gonadotropin hormone in a woman’s urine, indicat-
ing pregnancy; pathogen detection with qualitative assays used to
identify the presence of a given pathogen, like bacteria or viruses,
in blood, saliva, or swabs; drug tests that determine whether spe-
cific drugs or their metabolites are present in a person’s urine or
blood; food allergen testing designed to determine the presence
of allergenic substances in food products, helping to ensure food
safety for individuals with allergies.

In all these assays selectivity is also assured by the presence of
a probe or an antibody that binds only to the target biomarker. In
fact, accurate identification of a given oligonucleotide sequence,
within a vast majority of normal genetic sequences or of a given
antigen, holds growing significance in the realm of clinical dis-
ease diagnosis, notably in cancer and other ailments. Numerous
methodologies have emerged to address this challenge, with a
substantial portion employing targeted binding between the ge-
netic material of interest and ad hoc designed probes. For pro-
teins and pathogens specific monoclonal and polyclonal antibod-
ies serve the scope.

If a qualitative assay engages the LOI as a threshold signal
to sort between positive (YES) and negative (NO) data, the oc-
currence of false positive and false negative errors will both re-
main below 1%. This leads to diagnostic sensitivity and speci-
ficity levels exceeding 99%. Furthermore, in cases where the as-
say’s performance is sufficiently high to permit the setting of the
LOI below the output generated by detecting a single biomarker,
such a qualitative assay could determine, with a confidence level
surpassing 99%, whether a 0.1 mL droplet of fluid contains at
least one copy or molecule of a specified marker or pathogen
(YES) or not (NO). Among commercial bench-top assay technolo-
gies, qualitative real-time PCR methods can assure such a perfor-
mance level in the detection of oligonucleotide biomarkers.[64]

Achieving selectivity or even specificity is essential, and all
the possible effort should be in place to prove that it is accom-
plished. Selective binding, or capturing, is reached by employ-
ing biological recognition elements attached to a transducing in-
terface. Oligonucleotides exhibit specificity as they selectively at-
tach to complementary sequence-specific probes, while proteins
or antigens find capture through specific antibodies; the latter se-
lectively also bind viruses and bacteria. The assurance of selectiv-
ity in all these assays is hence granted by the existence of a probe
or antibody designed to exclusively bind to the target biomarker.
The precise identification of a given oligonucleotide sequence,
amid a plethora of normal genetic sequences, or of a specific anti-
gen, assumes heightened importance in clinical disease diagno-

sis, particularly in conditions like cancer. To prove that the assay
is selective, critically important is to properly design negative con-
trol experiments. As we have seen the LOI is usually established
through a series of measurements aimed at evaluating the statis-
tical distribution of random errors in a blank or negative control
experiment. These measurements are ideally carried out under
precisely the same conditions as the analysis but in the absence
of any target biomarker or analyte. Hence, while assessing the
level of the LOI it is also assessed a given assay level of selectivity.

5. Examples Taken Among the best Performing
Point-Of-Care Testing Assays

Before delving into the specifics of the selected technologies that
share the unique capability of detecting at a LOD or even at a LOI
a single marker while being also either handheld or a lateral flow
strip test – all while maintaining full accountability as POCT tech-
nologies – let’s provide an overview of the landscape of the most
effective and performing POCT assays, though they are not capa-
ble of reaching single molecule detections. In Figure 4 some of
the most relevant commercially available POCT strip tests, hand-
held devices, and portable and small footprint bench-top systems
technologies are featured. In Table 2 these commercially available
technologies are assessed against the REASURRED main figures
of merit. The SiMoT and CRISPR/Cas, which are not commer-
cially available yet, will be duly illustrated in the next section.

As it is apparent a great deal of POCT technologies is now com-
mercially available and here only a few are reviewed. They can
measure several critical parameters. After the Covid pandemics,
many surveillance test technologies to detect extremely low con-
centrations of DNA and RNA biomarkers can be found that are
highly performing and reliable. They can show very low LODs
with the Abbot ID Now[77] and the SIMOA[80] ones being among
the best performing. All the technologies proposed show excel-
lent diagnostic sensitivity and selectivity. Moreover, they are very
fast and generally easy to use. Worth to note is that the only avail-
able technology for immunoassay is the SR-X SIMOA by Quan-
terix which can perform multiplexing assays of many proteins
and antigens at extremely low concentrations in a highly reli-
able fashion. For instance, ELISA assay limitation is overcome
by the SIMOA[83,84] technology which is based on paramagnetic
beads functionalized with capturing antibodies that can assay
antigens/proteins, by confining an individual enzyme and its flu-
orogenic molecular-substrate into an fL-large volume. With this
very effective strategy LODs below fm (reaching down to 220 zm,
for example, 10–105 molecules in 0.1 mL) have been proven.[84]

A faster and more practical SIMOA platform called planar tech-
nology (SP-X Imaging and Analysis System),[32,85] it’s very conve-
nient but it can operate only at higher LODs.[86] Last but not least
very relevant are also some of the top-performing POCT hand-
held assays such as Cue Health (USA)[73] and PEBBLE by Biopix
Dna Technology P.C. (Gr) for molecular tests,[74] along with Lu-
miraDx (UK) for immunoassay.[75]

6. POCT Assays Performing at the Single-Molecule
Limit

This section highlights a couple of POCT technologies known
for their commendable reliability, ultra-portability, and capability
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Figure 4. a) OraQuick Rapid HIV Test[70] is a handheld test that detects HIV antibodies in oral fluid, providing results within 20 min. Used with permission
from Oraquick. b) Chembio DPP HIV 1/2 Assay[71] assays HIV-1 and HIV-2. Used with permission from Chembio Diagnostics c) Clarity Strep A Test[72]

is a rapid test detecting streptococcal infections (strep throat). Used with permission from Clarity Diagnostics. d) Cue Health’s molecular test[73] is
a rapid POC nucleic acid amplification-based test authorized by the US Food and Drug Administration for point-of-care use to detect SARS-CoV-2.
Used with permission from Cue Health Inc. e) PEBBLE[74] by Biopix Dna Technology P.C. is a compact device for performing real-time colorimetric
LAMP (qcLAMP) that offers molecular rapid detection of infectious diseases (such as COVID-19 and Influenza A) in saliva, nasal or pharyngeal swab
specimens. f) LumiraDx[75] is a portable diagnostic device that provides rapid results for a range of critical tests using blood, urine, nasal and vaginal
specimens. Used with permission from LumiraDx g) BinaxNOW Influenza Test[76] is a rapid influenza diagnostic test that provides results within 15 min.
h) Abbott ID NOW[77] is a rapid molecular diagnostic platform designed to provide quick and accurate results for various infectious diseases. i) Quantum
MD Q-POC[78] is also a platform for a swift multiplex PCR testing system that provides, precise, and actionable outcomes in ≈30 min. Used with
permission from QuantuMDx Group Ltd l) Pluslife – Molecular POCT System[79] is a portable molecular diagnostic system used for detecting various
infectious diseases, including tuberculosis and COVID-19; it comes either as a single sensor handheld device or as an eight-channel dock system where
parallel analysis can be performed. m) SR-X SIMOA – Quanterix[80] is a benchtop system for multiplex immunometric detections for many antigens.
n) Cepheid GeneXpert[81] combines PCR-based detection with the single integrated cartridge to diagnose a range of infections, including respiratory
infections, sexually transmitted diseases, tuberculosis, and more. Used with permission from Cepheid o) Thermo ABI QuantStudio DX Real-Time PCR
4 470 660[82] system can identify alterations in gene expressions as subtle as a 1.5-fold change for the assessment of gene expression, microRNAs,
noncoding RNAs, variations in gene copy numbers, drug metabolism enzymes, and levels of protein expression.

for single-molecule detection at the LOD or LOI level. Notably,
these technologies have progressed to technology readiness
levels 5–6, indicating validation in a relevant environment with
pre-clinical studies underway,[87] although commercialization is
still pending. Two illustrative examples chosen for discussion
are CRISPR-Cas (Cas being a specific protein involved in the
CRISPR process), where single-molecule detection is achieved
in conjunction with enzymatic amplification, and SiMoT. In
Figure 5 the two technologies are featured, while in Table 3 the
performance level of some of the best-performing systems is
schematically summarized.

In the following, some of these single-molecule POCT tech-
nologies are reviewed in depth and their performance levels will
be illustrated with several examples.

6.1. CRISPR/Cas Bioassay in a Nutshell

CRISPR/Cas biosensing is a technique that utilizes the preci-
sion of the CRISPR/Cas gene editing system to detect specific
oligonucleotide sequences in a sample. The method leverages
the natural ability of CRISPR to identify and target specific ge-
netic sequences of the genome of an organism or a biomarker,

and it has been adapted for various diagnostic and detection pur-
poses. A CRISPR/Cas-based bioassay starts with the target DNA
sequence recognition that involves a Cas protein and a guide RNA
encompassing two strands. One of the two RNA strands is engi-
neered to be complementary to the target DNA. The engineered
Cas protein and guide RNA are introduced into the sample con-
taining the genetic biomarker or the pathogen to be detected. The
RNA guides the Cas protein to bind to the complementary se-
quence and upon binding the gene-editing cleavage activity elic-
its a conformational change in the Cas protein. This triggers a
signal, such as a fluorescent or color change, which indicates the
presence of the target sequence. In this regard, many examples
of CRISPR/Cas biosensing platforms without pre-amplification
steps have been explored reporting the limit of detection in the
range of fM–nM.[96–98]

To reach single molecule detections, the CRISPR/Cas biosens-
ing system is complemented by a molecular amplification step as
a reliable optical/colorimetric detection of a single DNA copy in
0.1 mL is not possible. As a matter of fact, if in 0.1 mL there is a
sufficiently high number of CRIPSR-Cas systems, and a “label”
is present (for instance a florescent element) the single sparkling
generated upon binding will occur in a 10−17 fraction of the sam-
pled droplet and this is a too weak signal to be discriminated
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Table 2. Some of the best performing commercially available POCT technology schematically evaluated against the most relevant REASSURED figures
of merit.

POCT Technology LOD / LOI / LOQ Diagnostic Sensitivity/Specificity Time to Results
[min.]

User Friendly? Equipment
Free?

Connectivity

Strip Tests a OraQuick Rapid HIV
Test[70]

N.A. 99.8% / 100% 20–40 YES YES NO

b Chembio DPP HIV 1/2
Assay[71]

N.A. 98.9–99.9% / 99.9–100% 15–45 YES YES NO

c Clarity Strep A Test[72] 103 copies mL−1a) 95% / 98.4% <5 YES YES NO

Handheld d Cue Health[73] N.A. 99.4% / 96.4%−99.4% 20 YES NO YES

e PEBBLE[74] LOD = 103 copies mL−1 94.28%–99.32% / 97.50%–100% 15–30 not too much NO YES

f LumiraDx[75] LOD = 2 copies mL−1 95.5% / 98.3% <20 not too much NO YES

Portable g BinaxNOW Influenza
Test[76]

103–104 copies swab−1a) 93.5–99.7% / 94.2–99.8% 15 YES YES NO

h Abbot ID Now[77] 125 copies mL−1a) 92.8–100% / 97.1–98.5% 13 not too much NO YES

i Q-POC[78] LOD = 10
copies reaction−1

99% / 100% 35 not too much NO YES

l Pluslife
portable[79]

LOD = 400 copies mL−1 96–98% / 96–100% 7–35 YES YES YES

Pluslife
Bench-top[79]

NO

Small
Footprint
Bench-Top

m SR-X SIMOA –
Quanterix[80]

LOD = 1–10 × 10−18 m /
100 molecules mL−1

N.A. 180–240 NO NO YES

n Cepheid GeneXpert[81] 38 IU mL−1

–131 CFU mL−1 –
250 copies mL−1a)

84.3% / 100% 20–60 not too much NO YES

o Thermo ABI
QuantStudio DX
Real-Time PCR

4 470 660 – AV[82]

<100 molecule mL−1a) N.A. 30 NO NO YES

a)
not specified if it is an LOD/LOI or LOQ.

from the background noise. Studies have proven that two species,
for instance, an enzyme and its fluorescent substrate, will collide
into each other in a timeframe of minutes generating a visible
signal, when they are confined in a volume as small as 1 μm3 or,
equivalently, 1 femtoliter, fL.[32] But, top-notch optical systems are

needed to actually measure the signal by the confined focal point
of a visible laser beam to the diffraction limit, in a volume of ≈1 fL
too. Consequently, a fluorogenic single molecule or one appro-
priately labeled one that enters this confined space can be identi-
fied utilizing fluorescence techniques with minimal background

Figure 5. a) A general illustration on how the CRISPR/Cas9 technology is used for lateral flow strip tests POCT. Reproduced with permission from
Ref. [95] Copyright 2020, Elsevier Ltd. b) A SiMoT handheld single sensor system targeting one marker at a time that is composed of a reader and a
disposable accessory cartridge. Adapted and reproduced with permission from Ref. [13] Copyright 2022, AAAS under a Creative Commons Attribution-
NonCommercial License 4.0 (CC BY-NC). c) SiMoT handheld multiplexing 96 sensors array. Adapted and reproduced with permission from Ref. [8]
Copyright 2023, Wiley-VCH under Creative Commons Attribution 4.0 License (CC BY 4.0).
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Figure 6. Scheme of the CRISPR/Cas9 principle, see text for details. Adapted and reproduced with permission of from Ref. [95] Copyright 2020, of Elsevier
Ltd.

noise. However, as 0.1 mL 1011 fL can be found, one DNA for each
fL is needed. But this occurrence is satisfied only when the target
DNA concentration is at least in the nm range. To enhance the
number of DNA copies from 1 to 1011, techniques like PCR or
loop-mediated isothermal Amplification (LAMP)[99] isothermal
amplification are needed. LAMP, unlike traditional PCR, which
requires cycling through different temperature stages, operates
under constant temperature conditions making it well-suited for
field applications, point-of-care diagnostics, and resource-limited
settings. To visualize the detection, a label molecule is often used.
The Cas conformational change upon binding, which triggers the
activation of the label molecule that generates a detectable signal,
such as fluorescence, color change, or luminescence, serves this
scope. The activated label signal is then detected using appro-
priate equipment or devices. This can include fluorescence read-
ers, colorimetric readers, or even smartphone-based cameras for
point-of-care applications.[100]

CRISPR/Cas biosensing can be customized for various appli-
cations, such as diagnosing infectious diseases, detecting genetic
mutations, identifying specific DNA sequences in environmen-
tal samples, and more. The technique’s specificity and sensitivity
make it a promising tool for rapid and accurate molecular diag-
nostics.

6.1.1. Principles

The CRISPR system serves as the foundation for adaptive immu-
nity in bacteria and archaea. Its functioning principle is schemat-

ically shown in Figure 6. At its core, it employs Cas nucleases, en-
zymes, for example, a Cas9, with the ability to both bind to and
generate double-stranded breaks within DNA molecules. When
a bacterium gets infected by a virus, it employs a Cas nuclease to
excise a segment of viral DNA called a protospacer. Specifically, a
bacteriophage can integrate its genetic material into the bacterial
cell, initiating a process of viral replication that eventually leads
to the demise of the bacterial host. The protospacer segment is
stored within the bacterial genome, alongside fragments from
other viruses that have previously infiltrated the cell – generating
a form of immune memory. These viral spacer fragments are in-
terposed between repetitive palindromic sequences, thus giving
rise to the name CRISPR.

Upon encountering the same virus during a subsequent
infection, the bacterium can recognize and eliminate it us-
ing Cas9. Cas9 activity hinges on the presence of two RNA
molecules: CRISPR RNA (crRNA) and trans-activating CRISPR
RNA (tracrRNA). The crRNA corresponds to the viral spacer that
was preserved following the initial infection, while the tracrRNA
acts as a structural scaffold. The crRNA is complementary to the
targeted DNA protospacer. These two RNAs collaborate to form
a composite entity termed a guide RNA (gRNA). Cas9 can be
visualized as a pair of scissors, with the gRNA functioning as the
hand that guides the precise cutting. Prior to cutting the DNA,
Cas9 functions as a searching tool, scrutinizing the viral DNA
for a particular nucleotide pattern known as the protospacer
adjacent motif (PAM), which is situated immediately following
the target region. Once PAM, characterized by the NGG nu-
cleotide sequence with “N” standing for any nucleotide base, is

Adv. Mater. 2024, 36, 2309705 2309705 (13 of 31) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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recognized, Cas9 assesses the upstream area. If it identifies the
target sequence indicated by the gRNA and the PAM, it induces
a double-stranded break that disables the virus since viruses lack
their own DNA repair mechanisms.

Jennifer Doudna and Emmanuel Charpentier co-discovered
CRISPR. Their groundbreaking revelation came through the
shed in 2012[36] when they showcased the CRISPR/Cas9 bacte-
rial immune system’s potential as a versatile gene editing tool.
In 2020, Doudna and Charpentier were honored with the Nobel
Prize in Chemistry for their pioneering contributions. Notably,
this marked the first instance of the prize being awarded to a col-
laboration jointly led by two women. The CRISPR/Cas9 system
discovery naturally led to the question: could Cas9, when directed
by a different gRNA sequence, be employed to generate cuts at
any desired genomic location? Their hypothesis was accurate,
yielding revolutionary outcomes. The natural gRNA complex was
transformed into a hybrid single guide RNA (sgRNA), presenting
a straightforward and economical technique for genetic manip-
ulation. Researchers simply needed to supply an alternate gRNA
– which could be crafted relatively easily – and Cas9 could be
utilized to generate incisions at various target sites within the
DNA of any organism, provided the appropriate PAM sequence
is present. CRISPR-diagnostic assays comprise two processes: a
cis-cleavage reaction triggered by the target nucleic acid, activat-
ing the enzyme, and a trans-cleavage reaction in which activated
enzymes non-selectively cleave single-stranded nucleic acids. In
instances of extremely low target concentrations, the recognition
and activation of the CRISPR enzyme (cis-cleavage) appear to
be constrained by the diffusion of target molecules to the en-
zyme’s active site.[101] To overcome the diffusion limitations, ther-
mophoretic methods could offer a viable method to manipulate
the analytical targets in homogeneous solutions.[102,103] Due to
the temperature gradient, the target molecules are displaced to-
ward the cooler region.

6.1.2. Amplification Effects

Among all amplification procedures, isothermal amplification
methods require simple equipment and are unaffected by poly-
merase inhibitors, thus enhancing the robustness of the ampli-
fication process. Typically, they necessitate a processing duration
of 15–60 mins. Among the most promising isothermal amplifi-
cation methods well-suited for implementation within biosens-
ing devices are LAMP, Nucleic acid Sequence-based Amplifica-
tion (NASBA), Recombinase Polymerase Amplification (RPA),
and Helicase-dependent Amplification (HDA).[104]

LAMP reaction exhibits the ability to identify very few[105] tar-
get nucleic acid sequences like RPA, as highlighted in Table 3,
operating under isothermal conditions (typically ≈60–65 °C)
facilitated by specifically crafted primer sets. LAMP reaction
can be elucidated through three phases: an initial phase, a cy-
cling amplification phase, and an elongation phase. To detect
RNA viruses, an additional enzyme known as reverse transcrip-
tase is required. This method is termed Reverse Transcriptase
LAMP.[106] LAMP reaction involves the binding of specialized
primers to target DNA or RNA. The primers include loop, in-
ner, and outer primers, with a DNA polymerase that synthesizes
new DNA strands while displacing the original ones. The am-

plification begins with the attachment of an outer primer to the
target DNA, leading to the formation of a looped structure. In-
ner primers recognize these loops, initiating DNA synthesis and
strand displacement. This creates a continuous loop of single-
stranded DNA, serving as a template for exponential amplifica-
tion. In each cycle, DNA synthesis and loop formation continue,
resulting in a rapid increase in double-stranded DNA amplicons.
LAMP is capable of swift amplification, generating a substantial
quantity of DNA copies within approximately an hour, often sur-
passing conventional PCR by a factor of 100, all conducted within
the temperature range of 60–65 °C.

NASBA is a highly resilient molecular technique engineered
for the precise amplification of RNA sequences, demonstrat-
ing exceptional sensitivity and accuracy.[107] While traditional
PCR primarily targets DNA amplification, NASBA is tailored
for RNA-based targets, particularly advantageous for identifying
RNA viruses and other RNA-related applications. The NASBA
procedure starts with the binding of two primers to the target
RNA sequence. These primers are specifically designed to match
specific segments of the target RNA. The target RNA is trans-
formed into complementary DNA through the catalytic activity
of reverse transcriptase. This complementary DNA serves as the
foundation for subsequent amplification steps. NASBA operates
at a constant temperature, typically ≈41–50 °C, in contrast to the
temperature cycling of PCR. RNA polymerase is utilized to pro-
duce multiple RNA strands from the complementary DNA tem-
plate. These newly formed RNA strands replicate the original tar-
get RNA sequence. As RNA polymerase continues its synthesis
of new RNA strands from the complementary DNA template, an
amplification cascade unfolds, leading to an exponential increase
in the quantity of the target RNA sequence. NASBA can achieve
up to ≈109-fold target amplification in 90 min.

RPA, as an isothermal amplification method, works effectively
at relatively low temperatures.[108] This process accomplishes
the amplification of the target sequence by employing recom-
binase enzymes, single-strand binding proteins, and a strand-
displacement polymerase. Notably, RPA boasts the advantage of
swift reaction kinetics without strict temperature control. RPA
can detect even fewer than 10 copies, within a time frame of
≈20 min. RPA begins by having primers attach to their corre-
sponding sequences on the target DNA or RNA. These primers
are meticulously designed to match specific regions of the target
sequence. Through the action of a recombinase enzyme, single-
stranded DNA or RNA regions are displaced. This facilitates the
formation of a primer-template complex, a critical step for am-
plification. A DNA polymerase enzyme extends the primers, syn-
thesizing new DNA strands complementary to the target DNA or
RNA template. This step leads to the creation of double-stranded
DNA molecules. The DNA strands with primers now serve as
templates for further replication.

HDA operates within a temperature range of 45–65 °C.[109]

HDA employs a DNA helicase to initiate the separation of
double-stranded DNA into single-stranded DNA. However, it is
worth noting that the speed of amplifying lengthy target se-
quences is a constraint associated with this technique. HDA be-
gins with the addition of a DNA template containing the tar-
get sequence. Specific primers are also introduced, which bind
to complementary regions flanking the target sequence. In the
HDA process, DNA helicase enzymes are introduced into the
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Table 4. Advantages and disadvantages of isothermal amplification methods referred to CRISPR/Cas system-based biosensors.

Method Advantages Disadvantages

LAMP -Single/few molecules sensitivity and high selectivity
-Simplicity in primer design with multiple primers
-Fast reaction at a constant temperature

The looped structure may increase the risk of nonspecific amplification

RPA -Rapid amplification at low temperatures
-Single/few molecules sensitivity and high selectivity

Susceptible to contamination due to its isothermal nature

NASBA -Specifically designed for RNA amplification
-Isothermal amplification of RNA at moderate temperatures
-Single/few molecules sensitivity for RNA targets

Requires careful optimization for DNA targets

HDA -Amplification at a constant low temperature.
-Suitable for isothermal applications.
-Not susceptible to matrix reactions in real samples

Limited commercial availability of HDA enzymes

reaction mixture. These enzymes play a crucial role in unwind-
ing the double-stranded DNA template, leading to the forma-
tion of single-stranded segments. As the DNA transitions into
a single-stranded state, the primers attach to their correspond-
ing sequences on the DNA template. The DNA polymerase en-
zyme then extends these primers, creating fresh DNA strands
that match the single-stranded template. These newly synthe-
sized DNA strands act as templates for subsequent replication,
leading to target DNA sequence exponential amplification. It’s
worth noting that in some cases, HDA may exhibit a slower am-
plification rate for longer target sequences when compared to cer-
tain other amplification methods.

When selecting an isothermal amplification method for
CRISPR/Cas biosensors, factors such as sensitivity, specificity, re-
action speed, temperature requirements, and ease of implemen-
tation should be considered. To this end, the main advantages
and disadvantages of all isothermal amplification methods are
summarized in Table 4.

6.1.3. CRISPR/Cas: Examples and Performance Level

CRISPR systems present a highly promising path for the
accurate and sensitive detection of nucleic acids specific to
pathogens. This capability has the potential to revolutionize
a diverse array of on-site diagnostic and genotyping appli-
cations. One notable example is the application of CRISPR-
based paper biosensing platforms, introducing an innovative ap-
proach that could significantly advance the field of pathogen
detection and diagnosis.[37–47] In particular, the CRISPR/Cas9
system was employed to detect Mycoplasma pneumoniae (M.
pneumoniae).[48] The newly developed biosensor leverages the po-
tential of CRISPR/Cas9 for secondary recognition, a process that
follows the preamplification of the target gene utilizing a dedi-
cated set of primers. This strategic approach serves to mitigate
the risk of false positives attributed to non-target factors. Lever-
aging the remarkable amplification efficiency and the capability
of RPA to function at the relatively low temperature of 39 °C, ex-
tends the biosensor’s LOD down to an amazingly low value of
3 DNA copies. Figure 7a,b report schematically the lateral flow
biosensor developed by using the CRISPR/Cas9 system to de-
tect M. pneumoniae, a bacterium that can cause respiratory tract
infections in humans. The highly effective approach proposed

allows for sensitive and specific detection of M. pneumoniae in-
fections through a combination of RPA, CRISPR/Cas9 recog-
nition, and visual analysis on a biosensor platform. The target
gene selected for the detection is the P1 gene of M. pneumo-
niae, and a primer set (Biotin-FIP and BIP) is used during the
RPA. This process generates multiple double-stranded DNA am-
plicons, termed BiotindsDNA. These carry a biotin tag, a PAM, and
a region for sgRNA binding. Following preamplification, the pro-
duced amplicons encounter the CRISPR/Cas9 system, featuring
the Cas9 protein and a specific single-strand gRNA, which trig-
gers the release of a short homologous sequence. This sequence
binds to a gold nanoparticle (GNP)-probe, resulting in the for-
mation of a complex named BiotindsDNA-Cas9/sgRNA-GNP. The
BiotindsDNA-Cas9/sgRNA-GNP complex is introduced onto a lat-
eral flow biosensor. Driven by capillary action, the mixture tra-
verses the biosensor, passing through designated test (T) and con-
trol (C) lines. In the presence of M. pneumoniae infection, the bi-
otin tag on the BiotindsDNA-Cas9/sgRNA-GNP complex binds to
pre-immobilized streptavidin on the T line. This leads to the ac-
cumulation of GNPs and visible red coloring. Conversely, when
no M. pneumoniae is present, the BiotindsDNA-Cas9/sgRNA-GNP
complex does not form, and the T line remains non-colored.
Regardless of the presence of M. pneumoniae, control probes
on the C line captures any unbound GNP-probe. Hence, both
C and T lines appear when the output is positive, whereas the
presence of the sole C mark indicates a negative result. These
optimal settings were employed to detect different concentra-
tions of the M. pneumoniae DNA templates. The outcomes are
illustrated in Figure 7c, where it’s worth noting that the sig-
nal strength of the T line indicates a clear and direct correla-
tion with the concentration of templates, falling within a range
spanning from 3 × 100 to 3 × 106 copies. A plateau was ob-
served in the T-line signal beyond 3 × 106 copies. This can be
attributed to the depletion of primers in the preamplification
system, rendering further amplification ineffective. Figure 7d
reports the statistical analysis of the CRISPR/Cas9 lateral flow
biosensor. Figure 7e reports the calibration of the CRISPR/Cas9
biosensor for M. pneumoniae detection. The coefficient of de-
termination stands at 0.9837, and the LOD is established as 3
copies. Indeed, achieving such a remarkably low LOD is a signif-
icant accomplishment for a completely disposable and handheld
system that can be operated by individuals without specialized
training.
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Figure 7. a) Scheme of the CRISPR/Cas9 biosensor to detect M. pneumoniae: sample collection, one-step DNA extraction, amplification by RPA, and
target DNA recognized by CRISPR/Cas9; b) the CRISPR/Cas9 LFB to detect M. pneumoniae; c) the CRISPR/Cas9 lateral flow biosensor images at different
of M. pneumoniae target copies; d) signal intensity analysis of CRISPR/Cas9 lateral flow biosensor T lines; e) calibration curve for CRISPR/Cas9 lateral
flow biosensor. Adapted and reproduced with permission from Ref. [48] Copyright 2023, Elsevier Ltd.

Additionally, there have been reports of a CRISPR/Cas12 lat-
eral flow biosensor assay designed for the detection of SARS-
CoV-2 from respiratory swab RNA extracts, known as SARS-
CoV-2 DNA Endonuclease-Targeted CRISPR Trans Reporter
(DETECTR).[88] This platform combines the processes of reverse
transcription and RT-LAMP technology. Figure 8a reports the
schematic workflow of the DETECTR assay. The assay initiates
with the extraction of RNA from nasopharyngeal or oropharyn-
geal swabs that have been preserved in the universal transport
medium (UTM). Specifically designed primers are used to tar-
get the E (envelope) and N (nucleoprotein) genes of SARS-CoV-2,

amplifying the regions employed by the World Health Organiza-
tion assay (E gene region) and the US Centers for Disease Control
and Prevention (US CDC) assay (N2 region within the N gene).
However, these primers are adapted for the LAMP reaction. It’s
important to note that the assay deliberately excludes the target-
ing of N1 and N3 regions, as performed in the US CDC assay, due
to the absence of suitable PAM sites within these regions. This
lack of PAM sites makes them unsuitable for binding with the
Cas12 sgRNA system. Particularly, the Cas12 single-strand guide
RNA system is designed to detect several SARS-like coronavirus
target sequences like in the assays involving multiple amplicons
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Figure 8. a) Schematic representation SARS-CoV-2 DETECTR assay: nasopharyngeal swab, extraction of viral RNA, CRISPR/Cas12 recognition of am-
plified SARS-CoV-2 gRNA, and lateral flow visual readout; b) SARS-CoV-2 DETECTR assay run as a test and control toward N gene RNA and reading
chart/diagnosis of SARS-CoV-2 DETECTR results. Adapted and reproduced with permission from Ref.[88], Copyright 2020, Springer Nature.

along with probes to either exclusively target SARS-CoV-2 or with
the ability to recognize closely related SARS-like coronaviruses.
Finally, the detection of the virus is confirmed through the cleav-
age of a reporter molecule.

The DETECTR lateral flow assay can be performed within a
timeframe of 30–40 min (Figure 8b). A positive outcome is indi-
cated by detecting both the E and N genes while detecting either
the E or N gene gives a false positive result (Figure 8b). It’s im-
portant to note that the visualization of the Cas12 scrutinizing
reaction is achieved using a FAM-biotin reporter molecule. Ad-
ditionally, specially designed lateral flow strips are employed to
capture labeled nucleic acids.

In this process, reporter molecules that remain uncut are cap-
tured at the initial detection line, referred to as the C line. Con-
versely, if there is non-specific Cas12 cleavage activity, a signal is
generated at the subsequent detection line, known as the T line
(as depicted in Figure 8b). The DETECTR assay reported a LOD
of 10 copies μL−1 reaction, which is higher compared to the CDC
assay reporting 1 copy μL−1 reaction. However, the remarkable
speed at which the development and validation of the SARS-CoV-
2 DETECTR assay took place (less than two weeks for SARS-CoV-
2) underscores the technology’s potential to be rapidly deployed
for diagnosing infections caused by emerging zoonotic viruses.

However, those molecular-based assays typically require sam-
ple pretreatment methods to extract the DNA/RNA to be ana-
lyzed. These methods generally encompass multistep processing
of the patient’s specimen involving sample heating in a range of

70–80 °C and lysis buffer. One of the primary hurdles in tran-
sitioning laboratory molecular assays into POC tests is the time
and complexity involved in preparing samples from human and
plant specimens. This process demands well-equipped laborato-
ries and skilled personnel. To enable swift molecular diagnosis
in settings with limited resources, there is a need for straightfor-
ward nucleic acid extraction techniques that do not rely on sophis-
ticated instruments, thus enhancing field detection speed with
minimal human involvement. Some novel POC sample prepara-
tion methods that exhibit significant promise for possible incor-
poration into compact nucleic acid amplification and detection
platforms are now being proposed.[110]

Similarly, Koo and co-workers reported an enhanced molec-
ular diagnostics tool incorporating a CRISPR/dCas9-mediated
biosensor, which combines an inactivated Cas9 (dCas9) and a
single microring resonator biosensor.[111] This innovative sys-
tem enables the label-free and real-time detection of pathogenic
DNA and RNA. The clinical applicability of this CRISPR/dCas9-
mediated biosensor in tick-borne illnesses, such as scrub typhus
and severe fever with thrombocytopenia syndrome, character-
ized by similar clinical presentations that pose challenges in dif-
ferentiation has been investigated. Using the CRISPR/dCas9-
mediated biosensor, the authors achieved single-molecule sensi-
tivity for detecting ST (0.54 am) and SFTS (0.63 am). Notably, this
detection sensitivity is 100 times greater than that of the RT-PCR
assay. Moreover, the CRISPR/dCas9-mediated biosensor demon-
strated the ability to clearly distinguish between scrub typhus and
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severe fever with thrombocytopenia syndrome in serum samples
within a rapid 20-minute timeframe. Based on the current liter-
ature, CRISPR/Cas systems-based biosensors will be widely em-
ployed as swift and accurate molecular diagnostic tools.[112]

6.2. SiMoT-Based Technology

6.2.1. The SiMoT Devices Architectures

The SiMoT “umbrella technology” comprises two platforms, both
of which have reached TRL5-6. This means they have been val-
idated in a relevant environment, and pre-clinical studies have
been undertaken.[87] One platform comprises a single biofunc-
tionalized electrode (single-sensor)[13] the other is a 96-wells
ELISA-like array of biofunctionalized sensing electrodes.[8] The
single sensor is designed for assaying a single marker/pathogen
(e.g., the SARS-Cov2 virus), while the array can simultaneously
assay multiple markers (multiplexing) and was used to assay the
blood of pancreatic cancer patients. The latter is of critical im-
portance as it equips clinicians with an advantage in the early
diagnosis of progressive conditions like cancer.

The single-sensor assay platform is user-friendly and cost-
effective, making it suitable for operation by untrained individ-
uals, even at home or in resource-limited settings typical of un-
derdeveloped countries. Conversely, the array technology is bet-
ter suited for use by trained personnel, both in clinical settings
and in decentralized facilities such as doctor’s offices or small,
partially equipped, clinical laboratories. In Figure 9 a schematic
representation of both devices is provided.

In Figure 9a,d pictures of the ultra-portable devices, both com-
prising reusable readers and a disposable accessory cartridge, of
the single-sensor (Figure 9b) and of the array (Figure 9e,f), are
shown. The two platforms are characterized by the following fea-
tures:

- they operate via a capacitive coupling between a functional-
ized gate and a polarizing conducting system. In the single-
sensor system, the coupling involves the extended gate of a FET
(Figure 9c).[13] The Elisa-like array is based on a coupling be-
tween protruding functionalized 3D-sensing gates (Figure 9e)
and the channel of an electrolyte-gated organic FET (EGOFET)
printed on foil and glued at a bottomless standard 96-well
ELISA plate (Figure 9f). A detailed structure of the SiMoT sin-
gle EGOFET device fabricated in the well of an ELISA plate can
be found in Ref. [113] In both cases, a shift in the electrochem-
ical or surface potential of the sensing biofunctionalized gate
due to the binding of a marker to the biological recognition el-
ements, results in a threshold voltage (VT) shift and a shift in
the measured source-drain transistor current (ID).

- The gates biofunctionalized with specific capturing anti-
bodies or probes, are integrated into the disposable ac-
cessory cartridge, customized for the detection of a pro-
tein/antigen/pathogen analyte or of an oligonucleotide strand
(DNA or RNA) that is specific for a given application. For the
SiMoT platforms progressed to TRL5 the single-sensor car-
tridge was developed for the assay of the SARS-Cov2 virus di-
rectly in self-sampled saliva,[13] encompassing 240 samples.
The 96-sensor array was employed to demonstrate the SiMoT

platform capability for diagnosis of pancreatic cancer pre-
cursors when no symptom is yet apparent, proving the pos-
sibility of performing an assay directly in blood plasma in
the framework of a pre-clinical trial involving 47 patients.[8]

Moreover, many other assays have been performed so far in-
volving a whole Xylella-fastidiosa bacterium directly in olive-
sap[50] C-Reactive Protein (CRP),[90] Interleukin 6 (IL-6),[91] Im-
munoglobulin M (IgM),[92] IgG,[51] p24 protein of the HIV-1
virus capsid (p24-HIV-1),[93] and microRNA)[94] with a SiMoT
device developed at TRL3-4 (prof-of-concept / technology vali-
dated in the lab) as listed in Table 3.

- In the disposable accessory cartridges, besides the biofunction-
alized gate, a non-biofunctionalized gold gate, addressed as the
reference gate, is also present to check at each stage of the sens-
ing experiment, the stability of the signal in the cartridge and
to make sure that any possible spurious fluctuation of the cur-
rents flowing in the transducing transistor channel is not as-
cribed to the sensing gate. In case the stability of the current
flowing in the transducing transistors is not below 1–5% the
cartridge is discarded.

- The electronic readout circuit readers are connected (Bluetooth
or USB) to a smart device to enable direct data transfer to a
smart device. For the array, a multiplexing flexible electronics
and printed circuit board with a custom Si-IC chip (Figure 9g–i)
are present to make the prototype form factor alike to that of a
standard ELISA plate. The data acquired is managed through a
dedicated app, and the AI-based analysis output categorizes the
samples. All this makes SiMoT in principle particularly suited
to implement the vision of a proactive and preventive health-
care system in the future, as portrayed in Figure 2.

- A sustainable version of the SiMoT invention is already under
consideration. It’s based on biodegradable and compostable
materials from biomass and food waste along with additive
printing techniques to minimize toxic processes. The printed
bioelectronics is combined with a biodegradable 3D-printed
fluidic cartridge and interfaced with a many-time-reusable,
fully recyclable, battery-less Si-integrated circuit reader.

One other important aspect is SiMoT device scalability. The
general applicability of the SiMoT platform combined with the
testing for accuracy, reliability, and reproducibility demonstrated
so far, are rather ideal conditions for scaling up the SiMoT
platform from laboratory prototypes to mass production. Es-
tablishing efficient manufacturing processes is critical for cost-
effective production. Bringing the SiMoT technology to the mar-
ket is a multifaceted process. Key advantages of SiMoT include
technology scalability with large-scale and low-cost manufactur-
ing techniques, system integration, electronic processing, intel-
ligent analysis, communication functionalities, and operating
procedures compatible with the current standards in POC and
ELISA diagnostic. Moreover, the SiMoT platform is a cutting-
edge technology that has few competitors in the current in
vitro diagnostic (IVD) market, offering a safe timeframe for
entering the market and opening new market opportunities.
On one side, this possibility is extremely relevant considering
that the IVD market is rapidly evolving and highly competi-
tive, with numerous established companies and products. On the
other side, the scale-up of cutting-edge technology requires high-
level technical experts. Indeed, industrializing SiMoT requires
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Figure 9. Upper panel – a) Picture of the handheld SiMoT single sensor bioelectronic device developed in the framework of the BioScreen project. b)
Multi-time utilizable electronic driving and readout circuit to which a disposable cartridge is connected. c) Illustration of the functional principle of the
cartridge (left) and description of all the components in the reader. Adapted and reproduced with permission from Ref. [13] Copyright 2022, AAAS under
a Creative Commons Attribution-NonCommercial License 4.0 (CC BY-NC). Lower panel – d) Picture of the ultra-portable SiMoT ELISA-like 96-sensors
bioelectronic array developer in the framework of the SiMBiT project; the device components are broken up in the center of the panel. e) The array of
sensing 3D gates that are biofunctionalized with a given recognition element (capturing antibodies or oligonucleotides probes); the gates are pillars
designed to protrude into the ELISA wells. f) The array of the EGOFETs is printed on foil and attached at the bottom of an ELISA plate that is purchased
with no plastic bottom. g) Multiplexing electronics and printed circuit board encompassing a h) a custom Si-IC chip. Reproduced with permission from
Ref. [8] Copyright 2023, Wiley-VCH under Creative Commons Attribution 4.0 License (CC BY 4.0).
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expertise in various domains, including molecular biology, ana-
lytical chemistry, electronic engineering, material science, artifi-
cial intelligence, and biotechnologies. Finally, to bring the SiMoT
technology to the market other relevant factors not strictly re-
lated to the technology should be considered, such as for exam-
ple, the market demand and access, the regulatory requirements,
the market adoption, and distribution.

The estimate of the costs for the SiMoT technologies is car-
ried out by making, at this early stage, reasonable assumptions
regarding several factors including the annual number of pieces
produced and sold, product management expenses (such as after-
sales service and product life cycle management), the cost of ma-
terials, assembly, and testing. Other product costs, such as IVD
fees, representatives’ fees, market expenses, etc., cannot be real-
istically calculated at this stage, and therefore, they are not ac-
counted for in the provided estimation here provided. For the
single-sensor technology assuming a highly conservative pro-
duction and sales figure of 1000 units per year, the total cost
is ≈160 euros reader−1 (with 50–60 euros allocated to materi-
als/standard components). Conversely, for its disposable acces-
sory cartridge, assuming a production of 100 000 units annually,
the estimated total cost is ≈4 euros cartridge−1 (with 3 euros at-
tributed to materials).

The bio-organic electronic reader of the multiplexing 96-array
technology, produced at a very conservative rate of 100 units per
year, results in a cost of ≈3000 euros reader−1 (with 300 euros
associated with materials/components), while the accessory dis-
posable cartridge for this technology, if produced at a rate of
10 000 units per year, incurs a total cost of ≈50 euros cartridge−1

(with 15–20 euros designated for the materials). This platform is
to be used in a clinical setting and the reader is expected to be
cheaper than bench-top instrumentation generally used in the
clinics.

The scalability of the SiMoT technology will enable a further
reduction in costs when scaling up production. For example, the
single-marker technology reader, 10 000 pieces year−1, develops
a cost estimate of 65 euros reader−1 while for 1 000 000 car-
tridges year−1, the estimated cost is 2.8 euros piece−1. For the ar-
ray platform, 1000 readers year−1 will cost 600 euros per reader
while the 100 000 cartridges year−1, will cost 18 euro per piece.
Therefore, the costs of the SiMBiT analysis are expected to be
competitive or even lower than those incurred for instance in
the assessment of malignant pancreatic mucinous cysts diagno-
sis with standard cytopathological and NGS-based diagnosis.[8]

6.2.2. SiMoT Performance Level and Sensing Mechanism

SiMoT technologies are distinguished by a distinct set of at-
tributes, detailed in the following:

- SiMoT can achieve a single-molecule limit of identifications in
a 0.1 mL sample while ensuring a high level of reliability sup-
ported by diagnostic sensitivity and diagnostic selectivity ex-
ceeding 95–99%. To put this into perspective, it’s worth not-
ing that state-of-the-art technologies for the diagnosing of, for
example, pancreatic cancer precursors typically achieve diag-
nostic sensitivities in the range of 60–70%.[8] The SiMoT tech-
nologies hold, hence, the potential to significantly reduce the

occurrence of false negatives. Such an ability is of great impor-
tance for saving lives in less developed countries.

- the SiMoT devices, composed of a reusable reader and an ac-
cessory disposable cartridge specific for the early diagnosis of
a disease, are ultra-portable and handheld. Moreover, they only
require a smart device such as a tablet or a phone with a WI-FI
connection to operate, which means that the devices function
in a fully equipment-free environment.

- The SiMoT technology assays directly peripheral fluids such as
blood or even saliva, making access to the sample simple and
easy, including even the possibility of operating through self-
sampling.

- Both proteins/antigens and nucleic acid strand markers can be
assayed simultaneously from the same biofluid and with the
same level of performance; this will open a completely new era
in cancer and disease early diagnosis.

- Nucleic acid strand markers can be assayed with no need to
be coupled with any amplification reaction; this simplifies the
sample preparation to a minimum.

- The assays are rapid, with results obtainable in ≈20 min for the
single marker and about an hour for the array, and the single
sensor one is also user-friendly. Videos of the assay procedures
can be found in the supporting information of Refs. [8,13]

- SiMoT technologies can address – by just changing the recog-
nition element, for example, the capturing antibody (to tar-
get a specific antigen/protein) or the probe (to bind a specific
oligonucleotide) integrated with the disposable accessory car-
tridge – many different diseases.

- The electronic reader and data collection enables straightfor-
ward and convenient remote control of the entire assay pro-
cess. In fact, the final deliverable to end-users is straightfor-
ward and direct. Full data connectivity facilitates integration
with digital platforms and seamless connectivity to electronic
health records, streamlining data management, analysis, and
reporting.

Collectively, these qualities render the SiMoT technologies
uniquely well-suited for POCT screenings among asymptomatic
individuals allowing for the highly reliable, rapid, and cost-
effective identification of those who are ill. As can be appreciated
by looking at Table 2 and Table 3, the relevance of SiMoT. The ad-
vantage over the CRISPR-based technology, combined with en-
zymatic amplification, is that SiMoT enables POCT detections,
with the same level of performance of both proteins and oligonu-
cleotides.

The reason why SiMoT can achieve such a high level of per-
formance can be attributed to the combination of three highly
important specific features:

- the amplification effect propagates the electrostatic shift upon
binding, which is associated with the conformational change
in the single antigen/probe binding event. This effect extends
to a much larger number of recognition elements, ultimately
altering the surface electrostatic potential over a significantly
larger area of the biofunctionalized electrode surface.

- The operation of the SiMoT device as a qualitative YES–NO
Boolean assay.

- The use of Artificial Intelligence algorithms to automatically
sort out the YES–NO samples.
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In the following these three key aspects are reviewed in detail.
Amplification Effect in SiMoT: The remarkable LODs and

LOIs achieved by SiMoT arise from surface potential (SP) elec-
trostatic variations due to the occurrence of antigen–antibody
binding events on a millimeter-wide gate surface that have been
densely functionalized with capturing antibodies. These occur-
rences result in a change in the threshold voltage (ΔVT), which,
in turn, modifies the conductance of the transistor channel, gen-
erating a noticeable response associated with the SP shift, sur-
passing the background noise level. The SiMoT platform’s excep-
tional ability to detect single proteins, even when the detecting
surface is covered by a sparsely attached antibody film, suggests
the presence of amplification effects that transmit changes in sur-
face dipole distribution.

To elaborate further, the study demonstrates that a few antigen-
antibody interactions lead to a significant surface potential shift
across a large-area bio-functionalized gold surface. This has been
verified by means of an atomic force microscopy and Kelvin probe
force microscopy (KPFM) study.[114] Figure 10 exhibits KPFM im-
ages in the central panels while, in the right panels histograms
representing surface potential differences (SPD) of a gold elec-
trode are suitably patterned with an anti-IgM layer. The analy-
ses are systematically performed before and after a few individ-
ual binding events have occurred. Notably, we establish that al-
though SP values in specific areas may vary due to external fac-
tors, the average relative contact potential difference between the
bio-functionalized and Au areas, denoted as SPD ≡ SPbiolayer −
SPAu remains virtually unaffected by artifacts and exhibits an
exceptional sensitivity to surface alterations brought about by
affinity-binding events.

The left panels (Figure 10a,d,g,l) offer a schematic represen-
tation of each experiment performed in the measurement pro-
tocol. The top row displays the outcomes associated with the
as-prepared gold sample covered with the anti-IgM layer. The
subsequent rows depict the gold/anti-IgM sample exposed to
Immunoglobulins G (IgGs) that does not bind to anti-IgM and
bind IgMs, respectively. The saline solutions of antigens in phos-
phate buffer (PBS) are used to simulate physiological conditions.
Specifically, Figure 10b,c shows KPFM images and the average
SPD value (176± 20 mV) for the pristine gold/anti-IgM interface,
serving as a baseline. Figure 10e,f exhibits KPFM images and an
SPD value of 167 ± 20 mV, obtained after incubating the sample
in a 3 fm IgG solution for 10 min, which functions as a negative
control. Following that, the gold electrode covered with anti-IgM
is exposed to the IgM binding solutions. Remarkably, after incu-
bation in PBS solutions containing 100 zm and 10 am IgM, the
KPFM images change significantly, as shown by Figure 10h,m.
Also, Figure 13i,n, shows a decrease by ∆SPD = −48 ± 20 mV
and ∆SPD = 60 ± 20 mV, in comparison with the initial baseline.
Importantly, The KPFM images validate that this significant shift
occurs uniformly across the entire 90 μm × 90 μm region encom-
passing ≈6 million anti-IgM capturing proteins. This is notable
considering the relatively low number of antigens (≈1000 IgM)
found within the 0.1 mL incubation volume. They are molecules
capable of diffusing and meeting the extensive surface area oc-
cupied by the anti-IgMs. These results offer concrete experimen-
tal proof that even a limited number of antigen–antibody bind-
ing events can trigger substantial alterations in surface poten-
tial across extensive biofunctionalized Au surfaces. This sug-

gests that electrostatic interactions between closely arranged cap-
turing antibodies on the gate surface can propagate an electro-
static change originating from a single capturing antibody, in a
domino-like mode. This phenomenon is highly significant and
offers insights into the electrostatic behavior of antibody films
attached to electrode surfaces.

Qualitative YES–NO Boolean Assay: A SiMoT device operat-
ing as a YES–NO qualitative assay is meant to be able to cor-
rectly classify a positive (YES) or a negative (NO) sample when
in a 0.1 mL sample there is, or there is not at least one marker.
The threshold that is used is the LOD or LOI level which assures
higher reliability. Figure 11 illustrates how this is performed for
the case of a negative/NO patient (Figure 11a) and the case of
a positive/YES (Figure 11b). After bio-functionalizing the sens-
ing gate electrode may be just by the physisorption of a layer of
capturing antibodies,[49] this sensing electrode is incubated into
a reference fluid for ten minutes. The reference fluid is specific
for a given biofluid and its choice is a critical part of the opti-
mization of a given assay. As an instance, for assays in saliva, the
1,4-piperazinediethanesulfonic acid (PIPES) buffer solution (pH
6.8, 0.5 m) was used, while for the swab the UTM from Copan
served for this scope.[13] For blood plasma[8] and olive sup[50] the
PBS solution (pH 7.4, 163 mm) worked very well.

A given sensing-gate gate is washed, after incubation the ref-
erence fluid, in deionized water and measured in deionized wa-
ter where the capacitive coupling occurs.[115] Here a set of 10–15
source-drain currents (ID) versus gate bias (VG) at fixed drain bias
VD (transfer characteristics), are measured and this is addressed
at the “gate cycling”.[13] The point values at a given VG (usually at
the maximum of the transconductance) versus cycling time are
plotted as shown on the left part in Figure 11a,b. Here the sta-
bilization dynamic curve of the gate can be used as the baseline
trace. Afterward, the very same gate is incubated for 10 min in the
sample to be assayed, it is then washed and measured following
the same protocol used for the measurement of the baseline. The
data in Figure 11a show that for the NO sample the stabilization
dynamic curve measured in a healthy patient is very much alike
to that measured in the reference solution.

The protocol foresees that many replicates (≈7–10) of nega-
tive samples (or of negative control experiments) are measured
with the same gate (or with different nominally identical gates),
to measure the average transient curve and the standard devia-
tion for a given assay. For the sake of clearness, the dispersion
of the noise is not given in Figure 11. With these data, the Gaus-
sian distribution of the noise for this assay can be plotted and
the curve can be seen in the rightmost part of Figure 11. Once
the Gaussian distribution function of the assay noise is plotted,
the same Gaussian distribution for the level of the LOI can be
depicted as well as explained in Section 4. The same protocol is
used to measure a positive-YES sample and the stabilization dy-
namic curve is shown on the right of Figure 11b. As it is apparent
the curve this time is completely different from the baseline and
very relevantly, goes well below the LOI level.

To automatically discriminate the YES and NO samples, these
data can be characterized by a set of numerical parameters that
are relevant to features that are analyzed by an AI approach.

The Role of Artificial Intelligence in SiMoT Assays: POCT as-
says typically provide qualitative diagnostic answers, sorting be-
tween positive (YES) and negative (NO) samples. Those tests
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Figure 10. Surface potential alterations resulting from binding events driven by molecular affinity. a) schematic cross-sectional view. b) KPFM image
covering a 90 μm × 90 μm region, situated proximate to the junction between the untreated gold (on the left) and the gold surfaces functionalized with
anti-IgM antibodies (on the right). The physically adsorbed anti-IgMs act as the initial layer for capturing. In panel c, a histogram is provided illustrating
surface potential values. These values are plotted based on the SPD between the local and the highest observed SPD values on the untreated gold
surface. Additional sets of panels {d, e, f}, {g, h, i}, and {l, m, n} follow the same format as {a, b, c}. These panels present cross-sectional perspec-
tives, KPFM images, and SPD histograms for a sample that underwent consecutive exposures to a phosphate buffer saline solution (pH = 7.4, ionic
strength = 163 mm). Specifically, panel d shows the results when the sample was exposed to IgG (not binding to anti-IgM) at a concentration of 3 fm
(serving as a negative control), panel g depicts the outcome of exposure to IgM at 100 zm, and panel l illustrate the results of exposure to IgM at 10 am.
Adapted and reproduced with permission from Ref. [114] Copyright 2022, Wiley-VCH under Creative Commons Attribution 4.0 License (CC BY 4.0).

are used to determine the presence or absence of a particu-
lar biomarker in the assayed peripheral body fluid. In light of
the complex nature of matrix solutions such as serum, blood,
urine, and saliva, coupled with the common practice of ana-
lytical assays yielding multiple measurements for each sample
being examined, the utilization of multivariate data processing
techniques proves to be exceptionally advantageous.[116] Indeed,
the validation of POCT technologies still relies on the analysis

of a single variable/feature that varies based on the concentra-
tion of the target biomarker, that is, involving univariate analysis.
Nonetheless, the task of singling out a primary variable/feature
to describe a phenomenon can be intricate and subjective, po-
tentially resulting in data reduction when handling extensive
datasets. Therefore, efforts have been directed toward developing
machine-learning approaches for characterizing patients’ sam-
ples to identify a specific biomarker.[117,118]
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Figure 11. Schematic representation of the YES–NO Boolean SiMoT assay. The stabilization dynamic curves (see text for details) for the case of negative
healthy patients are shown in panel (a) while the same curves for the case of a positive ill patient output are given in panel (b).

In this scenario, principal component analysis (PCA) stands
out as a widely favored multivariate method. It enables the gen-
eration of a suitable number of principal components while min-
imizing information loss.[119] PCA is an unsupervised statistical
technique primarily employed for exploratory multivariate data
analysis, detecting outliers, and visually revealing clustering pat-
terns. PCA, by using a statistical process that utilizes orthogo-
nal transformations, transforms a dataset containing potentially
correlated variables into a fresh set of linearly uncorrelated vari-
ables, commonly referred to as principal components. Those new
variables are a standardized linear combination of the original
variables, featuring both positive and negative contributions, fa-
cilitating a comprehensive understanding of complex multivari-
ate phenomena. Additionally, PCA provides the capability to de-
crease system dimensionality through the identification of more
representative linear combinations of the initial variables. Re-
cently, PCA has been undertaken to analyze the whole SiMoT
96-sensors array’ data set, to investigate the presence of graphi-
cal clustering among the blood plasma and pancreatic cyst fluids
belonging to high-grade, low-grade mucinous cyst, and control
groups.[8] The PCA analysis revealed distinct graphical clustering
among the high-grade samples, whereas the low-grade and con-
trol group samples exhibited significant overlap. Furthermore,
this approach enabled the investigation of correlations among
various biomarkers in relation to the progression of mucinous
lesions. The analysis highlighted a higher content of the MUC1
oncoprotein in low-grade mucinous samples, while high-grade
mucinous samples were characterized by the onset of the CD55
oncoprotein.

While PCA serves as a simple yet potent method for extract-
ing insights from complex systems, it is not well-suited for pre-
dictive modeling. To address this limitation, specialized multi-
variate supervised methods have been devised for sensors and
biosensors.[120] In the pursuit of this goal, classification algo-
rithms are widely recognized as supervised techniques designed
to predict categorical outputs, involving a finite set of class la-
bels. These algorithms can handle classification tasks ranging
from binary to more complex multi-class scenarios. These tech-
niques establish mathematical principles or models capable of
describing a sample based on a qualitative attribute, like its af-
filiation with a particular category. To fulfill these criteria, two

classes of multivariate pattern recognition methods are utilized:
discriminant classification and class modeling.[121] The method
addressed as discriminant, classifies specimens into one of sev-
eral pre-established categories, typically comprising a minimum
of two categories. Conversely, class modeling, also known as one-
class classification,[122] assesses if the assayed biofluid aligns with
the characteristics of a specific target class or not. This funda-
mental distinction holds considerable practical importance. For
example, when adopting the discriminant approach, it is cru-
cial to have fully representative sampling for all the categories,
a demand that can be quite challenging in numerous clini-
cal scenarios. In contrast, class modeling approaches necessi-
tate just a sole sample representative of the targeted category
to construct verification models that are unbiased. Methods ad-
dressed as one-class classification, therefore, prove highly advan-
tageous in various clinical applications.[123,124] However, their uti-
lization of POCT technologies remains somewhat limited. On the
other hand, discriminant methods are the most used in biosens-
ing applications. Among others the k-nearest neighbors,[8] par-
tial least squares discriminant analysis,[125] linear discrimi-
nant analysis,[126] and quadratic discriminant analysis can be
mentioned.[127]

Recently, a discriminant analysis to sort COVID-19 negative
and positive samples of patients’ saliva was developed based on
a multilayer perceptron network (MLPn).[13] This algorithm op-
erates on the basis of perceptron (neuron) nodes organized in
layers, linked to preceding and subsequent layers following a
predefined pattern. Every perceptron forms a linear combina-
tion of input values and produces an output by traversing a
sigmoid function, like the logistic function in binary classifica-
tion, which scales the result to fall within the 0 to 1 range. The
multi-layer perceptron approach receives input from the R sens-
ing response, representing the relative current change upon ex-
posure to the saliva sample, and RD, addressing dynamic pro-
cesses occurring at the gate electrode associated with the setting
of the capacitive coupling between the electrode and electrolyte.
These feature values were derived from each of the 240 raw data
points.

In Figure 12a, the distribution of the samples sorted as
negative and positive ones, is visualized in a 2D feature space
(negative ones are in blue while positives are in red). Figure 12b
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Figure 12. Schematic representation of the 2D Feature Space for the R and RD values. a) All the SiMoT 240 samples assayed in the 2D Feature Space.
The negative samples are given in blue while the positive ones are given in red. b) Zoom into the central region of the plot; black lines 1, 2, and 3 are the
boundaries defined by the first layer perceptrons of the binary classifier. c) The convex regions A and B are defined by the perceptrons. d) Histograms
displaying the actual sample status (negative or positive) in comparison to the SiMoT discriminant classifier output for all 240 assayed samples from
Ref. [13] Copyright 2022, AAAS under a Creative Commons Attribution-NonCommercial License 4.0 (CC BY-NC).

demonstrates that the MLPn establishes a boundary function di-
viding the 2D feature space into two parts. Specifically, the merg-
ing of regions A and B in Figure 12c forms a concave area encom-
passing all positive specimens (P), with just one false negative
and one false positive errors out of 240 assays. Notably, outside
the combined A and B regions all the negative specimens (N) are
correctly classified. In Figure 12d, the plot illustrates the distribu-
tion of sample classes relative to the output of the discriminant
classifier for the complete SiMoT dataset. Blue bars represent
negative cases, while red bars represent positive cases. Solid lines
are utilized to illustrate Gaussian distributions for both negative

and positive samples, where the mean values are set to 0 for
negatives and 1 for positives. The graph visually presents clearly
distinguishable output data for these two sets. Upon closer
scrutiny of the central region, where potential errors may arise,
one can observe a solitary red point within the blue region and
a lone blue point within the red region. These isolated instances
correspond to one false negative among 121 negative results in
the blue region of the plot and a single false positive amidst 119
positive outputs in the red region. Consequently, the overall error
rate stands at 0.83%, corresponding to one misclassification of a
negative sample and one misclassification of a positive sample.
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6.2.3. SiMoT: Examples and Performance Level

In Figure 13 the actual data for the SARS-CoV-2 virus detec-
tion with the SiMoT single-sensor directly in saliva as well as
of the Spike1 (S1) protein both in saliva and blood detection are
shown in the upper panel (Figure 13a–c). In the lower panel, the
data measured with the SiMoT array to detect the MUC1 protein
marker for the early diagnosis of mucinous cysts precursors of
pancreatic cancer, are shown (Figure 13d–l).

More in detail in Figure 13a the detection of the SARS-CoV-2
in patients’ saliva (43 ± 7 viruses in 0.1 mL) by means of a gate-
sensing electrode bio-functionalized with the anti-Spike1 captur-
ing antibodies, is proposed. The central panel features the stabi-
lization dynamic curves, according to what is already described in
Figure 11, composed of a part measured in the PIPES reference
fluid and another in saliva. The blue curve is relevant to a nega-
tive patient, while the red one is relevant to a positive one. The
rightmost panel is the output of the binary classifier described in
the previous section. In Figure 13b,c the same data are presented
for the detection of the S1 protein, at an anti-S1 functionalized
electrode, in saliva (160 zm or equivalently 10 ± 3 S1 in 0.1 mL)
and blood (30 am – 1.8 × 103 S1 in 0.1 mL) respectively. In the lat-
ter case, the reference fluid is PBS. The whole study involved the
assay of 240 samples with just one false negative and one false
positive, resulting in diagnostic sensitivity and specificity as high
as 99.2%.[13]

In the lower panel of Figure 13, the SiMoT assay of the Mu-
cinous1 (MUC1) proteins performed with the SiMoT array, is
shown. This is, along with CD55 (protein) and KRAS (mutate
oligonucleotide strand), one of the three markers that were used
in the early detection and sorting of pancreatic cysts that can be
precursors of pancreatic cancer. The detections involved a cohort
of 47 patients and the markers were assayed both in the very ac-
cessible patients’ blood plasma and in the cyst fluids that were
collected with endosonography.

More in detail in Figure 13d,e the data relevant to the negative
control experiment are shown. In this case, the sensing gate was
biofunctionalized with bovine serum albumin (BSA) that does
not bind specifically to other biological species but only to anti-
BSA. The BSA sensing-gate is incubated et first in PBS (refer-
ence fluid) and afterward in PBS added with KRAS, MUC1, and
CD55 at 10 nm. In Figure 13d the transfer characteristics (ID ver-
sus VG) measured sequentially during the cycling of the electrode
in PBS (blue curves) and in PBS added with KRAS, MUC1, and
CD55 (red curves), are shown. As it is evident (also from the in-
set showing a magnified portion of the curves) they all overlap,
meaning that no appreciable change of the gate surface poten-
tial is detected. This implies that no binding occurred, proving
that indeed this setting of curves serves as an excellent negative
control experiment. In Figure 13e the same data are plotted (as
a red curve) at a fixed VG and the current data points from al-
together, the dynamic curves plot measured during the cycling
time. More precisely, the red curve is the average trace over 7
replicates, measured simultaneously, on different BSA function-
alized sensing-gates in the SiMoT array; the area shaded in light
gray is the standard deviation. The gray curve in the bottom-right
of Figure 13e is the resulting random error Gaussian distribu-
tion. The LOI level is eventually set by shifting the Gaussian er-
ror distribution by 6 standard deviations. The black dotted curve

is the shift of the current measured with the bare gold reference
electrode showing the very high stability of the system during the
sensing.

These data set the stage for the actual assay performed with a
sensing-gate biofunctionalized with the anti-MUC1 specific cap-
turing antibody, whose results are given in Figure 13f,g. In the
former figure the transfer characteristics measured during the
cycling in PBS (blue curves) and in PBS added with the sole
MUC1 at a concentration of 10 zm, which means 1 ± 1 MUC1
protein in 0.1 mL of PBS (red curves), are shown. Despite the
single-molecule presence of MUC1, a shift of the red transfer
curves compared to the bleu ones is clear. This is also evident
in Figure 13g, where the LOI level is set based on the negative
control experiment and the red line is the sensing on the anti-
MUC1 electrode; indeed, the red trace in the presence of only
one binding protein goes well beyond the LOI level proving that
the sample does contain at least one molecule of MUC1. In this
figure, the black dotted curve is the shift of the current measured
with the bare gold reference electrode.

In Figure 13h,i,l, the same protocol is engaged to measure
blood (Figure 13h,i) and cyst fluid (Figure 13l) samples from pa-
tients who were independently diagnosed to have a high-grade
mucinous cyst (high-probability to develop a pancreatic cancer),
a potentially low-grade mucinous cyst (low-probability to develop
a pancreatic cancer), or a non-mucinous cyst (benign cyst). The
data clearly show that in the high-grade case, a very large signal is
measured that goes well beyond the LOI (Figure 13h), while a sig-
nal below the LOI is measured for the potentially non-mucinous
(Figure 13l), and a signal just slightly higher than the LOI is mea-
sured in the low-grade lesion (Figure 13i). Similar data were gath-
ered for CD55 and KRAS.[8]

During the study, a combination of proteins (MUC1, CD55)
and a mutated oligonucleotide strand (KRAS) were identified in
blood plasma and cyst-fluid of 47 patients. This discovery aimed
to distinguish mucinous cysts and categorize those with high-
grade characteristics, which are considered precursors to cancer
in the pancreas organ. Following the simultaneous assay of these
specific biomarkers, a machine-learning-based classifier success-
fully identified a subgroup of ten samples assayed in a double-
blinded way. Notably, when considering all three markers com-
prehensively, the results show a diagnostic sensitivity of 96%
and a diagnostic specificity of 100% in detecting mucinous neo-
plasms and identifying those with high-grade features, both in
cyst fluids and blood plasma. Additionally, the SiMoT technol-
ogy proved to be quicker and cheaper than current diagnostic
procedures. It is solely the assay capable of simultaneously test-
ing genomic and protein markers both at the single-molecule
level.

7. Critical Evaluation of Approaches Encompassing
the Screening of Asymptomatic Individuals

The vision of reaching the early diagnosis of diseases through
the screening of a population is seen as a perspective that has
the potential to generate benefits for citizens. Effectiveness in di-
agnosing infectious diseases relies on adherence to crucial stan-
dards such as affordability, accessibility, and accuracy in diagnos-
tic tests. The World Health Organization, as already discussed,
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Figure 13. SiMoT single-sensor platform data and AI binary classifier output for the SARS-CoV-2 virus detected directly in the saliva of patients (a) and
the Spike1 (S1) protein added both to saliva (b) and to blood (c) – see text for more details. Adapted and reproduced with permission from Ref. [13]
Copyright 2022, AAAS under a Creative Commons Attribution-NonCommercial License 4.0 (CC BY-NC). SiMoT array data on the detection of the MUC1
protein marker. In panels (d,e) the negative control experiments transfer curves and current dynamics are shown while the same curves for the single
molecule detection of MUC1 in PBS are shown in panels (f,g), respectively. In panels (h,i) and l) MUC1 detection from the plasma and the cyst fluids of
patients in the presence of a high-grade mucinous cyst, potentially low-grade mucinous cyst, and potentially non-mucinous cyst, respectively – see text
for more details Adapted and reproduced with permission from Ref. [8] Copyright 2023, Wiley-VCH under Creative Commons Attribution 4.0 License
(CC BY 4.0).
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elaborates on these standards through a set of criteria conve-
niently summarized with the acronym REASSURED.[56,128–130]

Such an approach is under consideration also for better manag-
ing and cure of on non-infectious diseases.[129,130]

Nevertheless, the practical implementation of an approach fo-
cused on screening asymptomatic individuals is not yet consid-
ered mature, and it is facing criticism. This section reports on
studies often utilizing data from the COVID-19 pandemic, pro-
viding evidence-based critical perspectives on the relevance and
effectiveness of surveillance campaigns.[131–135] It is stated that
the history of screening reflects situations where, in the best
cases, there was potential for significant benefit, but at worst, it
led to avoidable harm.[131] Moreover, one of the aspects that is
most criticized is the suitability of the rapid antigen detection
tests. Given the existing evidence, there is a lack of clarity con-
cerning the efficacy of these devices in screening asymptomatic
individuals to mitigate the transmission of a viral infection. Fur-
thermore, there is an absence of evidence regarding their suit-
ability for surveillance purposes. These studies call for better-
performing POCT tests, particularly antigenic ones, and further
appropriately powered trials to potentially revisit current recom-
mendations.

In general, a correct methodological approach requires that the
foundation of any screening initiative must originate from a tar-
geted approach, addressing the unique aspects of each disease or
condition and pivotal requisites are crucial for effective screen-
ing. Several aspects must be addressed the first one being the “va-
lidity of the test” which refers to the already introduced accuracy
and precision of a diagnostic or screening test that must be able to
measure what it is designed for. The “validity of the test” is an as-
sessment of how well the test correctly identifies individuals with
a particular condition (sensitivity) and excludes those without the
condition (specificity). Validity is a crucial aspect of evaluating the
overall reliability and effectiveness of a test in each context. High
sensitivity indicates a low rate of false negatives, while high speci-
ficity indicates a low rate of false positives (Section 4) contributing
to the overall validity of the test. A screening test’s validity and re-
liability are paramount, demanding both high sensitivity in accu-
rately detecting the disease and high specificity to minimize false
positives. Another important aspect is to balance the benefits and
the risks. Screening benefits, such as early detection and treat-
ment, must demonstrably outweigh associated risks, encompass-
ing psychological harm, overdiagnosis, and overtreatment. Fi-
nally, cost-effectiveness is to be addressed as screening programs
must not only be effective but also economically sustainable, de-
livering substantial value for the invested resources. A compre-
hensive evaluation of the screening approach’s efficacy and feasi-
bility is indeed critically important to ensure its success and posi-
tive impact on public health. While certain aspects have been con-
sidered in the proposed technologies (diagnostic sensitivities and
selectivities in preliminary pre-clinical studies as well as foreseen
costs provided for SiMoT) it’s important to emphasize that we
are still in the early stages of developing POCT single-molecule
technologies for early diagnosis. Consequently, most of the fac-
tors here recalled, intended to steer strategic directions through-
out device development, are presently premature for systematic
consideration.

8. Conclusion and Future Prospective

The surveillance of public health through the systematic screen-
ing of asymptomatic individuals across all living species is a vi-
sionary picture that, in principle, could be critically important
for saving lives and optimizing the cost-effectiveness of health-
care systems. However, it is still not clearly demonstrated that
such an approach can address several diseases including pan-
demic/epidemic outbreaks or progressive diseases, such as can-
cers, enabling early diagnosis. It is received that a surveillance
campaign cannot be carried out without sufficiently highly per-
forming and low-cost POCT technologies. Among these POCT
options, strep tests or handheld reusable readers accompanied by
appropriate disposable accessory cartridges are considered poten-
tially extremely useful. However, the level of performance, par-
ticularly in terms of the high incidence of false-positive errors, is
often insufficient to make them reliable for their intended scope.

Future availability of highly reliable and performing, small,
disposable, easy-to-operate, fast, and affordable POCT holds the
potential to change this scenario, opening a new era in which
rapid and decentralized diagnostic capabilities transform health-
care delivery, facilitating timely interventions and improving
patient outcomes. In this context, a couple of recently devel-
oped handheld POCT single-molecule technologies, the CRISPR
lateral flow strip tests, combined with enzymatic amplifica-
tion, and the SiMoT bioelectronic palmar devices, are reviewed.
These technologies, which have reached technology readiness
levels 5–6, are capable of single-molecule detections (at concen-
trations of 10−20 m in 0.1 mL) and exhibit quite high reliability
(diagnostic sensitivity > 95–99%) which can further improve in
the future. Moreover, they are multipurpose and hold high poten-
tial to be effectively utilized in resource-constrained settings.

In light of the great potential and the critical aspects here high-
lighted, a profound exploration of the present challenges and
future perspectives is imperative for elevating POCT techniques
capable of single-molecule reliable detections to a heightened
level of technological readiness, particularly in the realm of early
diagnosis. One of the primary challenges lies in ensuring the
seamless integration and scalability of cutting-edge technologies
into portable, user-friendly devices that can be readily deployed in
diverse healthcare settings. The need for standardized protocols
and robust quality control mechanisms is paramount to guaran-
tee the accuracy and reliability of single-molecule POCT results.
Additionally, issues related to affordability, accessibility, and eq-
uitable distribution of these advanced diagnostic tools demand
careful consideration. Advancing these techniques requires
collaborative efforts among interdisciplinary teams, bridging the
gap between technology developers, clinicians, and regulatory
bodies. Furthermore, addressing the dynamic landscape of
infectious agents and emerging diseases necessitates constant
innovation and adaptability in POCT methodologies. Enhancing
the sensitivity and specificity of diagnostic assays, coupled with
the ability to detect multiple analytes simultaneously, represents
a pivotal direction for future advancements. Integration with
digital health platforms and data analytics can further optimize
the utility of POCT results for personalized patient care and
population health management. Ethical considerations, such as
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patient privacy and informed consent, must also be at the fore-
front of technological development. As we navigate the evolving
landscape of early diagnosis through single-molecule POCT, a
holistic approach that addresses technological, regulatory, ethi-
cal, and accessibility dimensions will be instrumental in realizing
the full potential of these transformative diagnostic tools.
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