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The timely diagnosis of cystic pancreatic cancer precursors is of utmost
importance to improve patients’ low survival rate. Fine-needle aspiration
cytology is endowed with low diagnostic sensitivity, while more effective
is the assay of markers, such as a mutated KRAS, in the cyst fluids.
Next-generation sequencing, detecting down to a single copy of a
genomic marker, enables early diagnosis but the diagnostic sensitivity
of high-grade cysts, likely to become malignant, is low. Assaying both
mutated KRAS and MUC] protein markers can improve diagnostic accu-
racy. Their detection in blood would also be minimally invasive. Here,
the mucinous lesions markers, KRAS and MUCI, are both successfully
assayed in blood serum at the physical limit with the label-free “Single-
Molecule assay with a large Transistor—SiMoT.” This is a compelling
proof of principle that the SiMoT platform holds high potential to enable
a timely, minimally invasive, and accurate diagnosis of pancreatic cancer

1. Introduction

The global incidence of pancreatic cancer
increased in the years 1990-2017 from 5.0
to 5.7 per 100000 person-years, while the
number of deaths went up from 196 000
to 441000. This makes pancreatic cancer
the solid tumor with the highest mortality-
to-incidence ratio being the 4" cause of
cancer-related death in Europel?l and the
9 cause of death globally>* with less
than 10% of patients surviving for five
years.’l Due to its relatively low overall
prevalence, screening of a large popula-
tion against pancreatic cancer is not rec-
ommended. Much more effective is to
tackle high-risk groups such as individuals
with a genetic predisposition, patients

precursor CyStS.

with new-onset diabetes and those with
mucinous pancreatic cystic lesions.

Dr. E. Macchia, Dr. Z. Gounani, Dr. A. Tewari, Prof. R. Osterbacka,
Prof. L. Torsi

Faculty of Science and Engineering

Abo Akademi University

Turku 20500, Finland

E-mail: luisa.torsi@uniba.it

L. Sarcina, Prof. G. Palazzo, A. Tricase, Prof. L. Torsi
Dipartimento di Chimica

Universita degli Studi di Bari “Aldo Moro”

Bari 70125, Italy

C. Driescher, Prof. I. Esposito

Institute of Pathology

Heinrich-Heine University and University Hospital of Diisseldorf
Duesseldorf 40225, Germany

E-mail: irene.esposito@med.uni-duesseldorf.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202100304.

© 2021 The Authors. Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms
of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.1002/aelm.202100304

Adv. Electron. Mater. 2021, 2100304 2100304 (10of11)

Prof. G. Palazzo, Prof. L. Torsi

Centre for Colloid and Surface Science-Universita degli Studi di Bari
“Aldo Moro”

Bari 70125, Italy

Prof. Z. M. Kovacs Vajna, Prof. F. Torricelli
Dipartimento Ingegneria dell’Informazione
Universita degli Studi di Brescia

Brescia 25123, Italy

Dr. F. Viola, F. Modena, Dr. M. Caironi

Center for Nano Science and Technology@ PoliMi
Istituto Italiano di Tecnologia

Milan 20133, Italy

F. Modena

Dipartimento di Elettronica

Infomazione e Bioingegneria

Politecnico di Milano

Milano 20133, Italy

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202100304&domain=pdf&date_stamp=2021-06-19

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

(A) pancreatic cystic
lesions on imaging

______
————— .
e S

MATERIALS

www.advelectronicmat.de

(B) fine needle aspiration biopsy

. '

,F pancreas

~ guided trangastric
fine-needle aspiration

endosonography ”

-
| F by oot i it lomim ’ ,
|] { (E) assay of KRAS and MUC1 11 V) muciaons hod
i! (C) clear feature I ivelloas 11 showing no clear
:: of malignity {'J,' < % feature of malignity
[+ v i
| e
1 < °

i | ) - #\‘t‘
I e Lt
1 : Bt ®» e
[ . e S o
i - p;‘:zzg;&?g; haemorrhagic cyst fluid
: - = single-molecule with a containing no cells
i - i large transistor - SiMoT
hy " 14 N,
h 1 14 XY
=I kY 7 ,f N,
1 : \l 4 \:
% \u\_ __»_ chirurgical o lflucinous mucinous - ;

<===3 e ——— = hlgh-grade low-grade = follow-up

lesion lesion

Figure 1. Main steps in current approach to the diagnosis of a neoplastic pancreatic cyst. The steps that can be undertaken to manage a timely diag-
nosis of a high-grade mucinous lesion likely to evolve into a pancreatic cancer are schematically illustrated. (A) was reproduced from the Medical Clinic

for Gastroenterology, Infectiology and Rheumatology.

Studies based on imaging techniques indicate a prevalence
of 49% of pancreatic cysts with a diameter larger than 2 mm
in asymptomatic individuals.[®! So, a tens of millions of people
worldwide have a pancreatic cyst and do not know it. Neoplastic
pancreatic cysts make up to 10-15% of all the cysts and about
60% of them are mucinous cysts, namely intraductal papil-
lary mucinous neoplasms and mucinous cystic neoplasms,
both precursors of pancreatic ductal adenocarcinoma. Hence,
the correct and timely diagnosis of mucinous pancreatic cysts,
especially those with high risk of progression, is of utmost
importance.

In Figure 1 the main steps in the foreseen approach to the
diagnosis of a neoplastic pancreatic cyst are illustrated. The
process starts with the clinical evaluation and the acquisition
of cross-sectional images, such as for instance by computer
tomography. If clear imaging signs of malignancy are detected
(Figure 1A), the indication for surgery is set. When a cystic
lesion is identified, the further diagnostic steps are decided
according to the recently published European guidelines on
pancreatic cystic neoplasms.”l Generally, endosonography with
transgastric or transduodenal fine-needle aspiration is car-
ried out to inspect the cyst and collect its fluids (Figure 1B). If
malignant cells are detected at cytology, such as in the case of
pancreatic ductal adenocarcinoma (Figure 1C), again the indica-
tion for surgical resection is set. However, the sensitivity of the
fine-needle aspiration cytology for the diagnosis of mucinous
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pancreatic cystic lesions is quite low being about 50-60%. This
is mostly due to the fact that in about 40% of the cases, the
sampled material contains no cells to inspect or only degener-
ated cells (Figure 1D) that are inadequate for diagnosis.®®! The
diagnostic sensitivity, that is, the fraction of true-positives over
all the positive-to-the-test,l®] can discriminate low-grade from
high-grade mucinous cystic lesions, the latter being more likely
to undergo malignant transformation. With a diagnostic sensi-
tivity to discriminate mucinous cysts of only up to 75%, cytopa-
thology is clearly inadequate to sort them out. When the carci-
noembryonic antigen assay is carried out conjunctly, diagnostic
sensitivity can reach up to a maximum of 83%, which is still
not adequate.®!

Accurate discrimination between low-grade and high-grade
mucinous cystic lesions makes the diagnosis faster with an
impact on costs and on prognosis. The elicited guidelines!’]
provide figures supporting the improvement in the diagnosis
accuracy of mucinous cysts when suitable markers are ana-
lyzed, possibly at the single-molecule level. To this end, an
ultimately performing assay platforms such as next-generation
sequencing (NGS),”) can be essential. NGS is indeed capable
to sequence genomic markers at the single-copy level, enabling
a mucinous cyst diagnostic sensitivity of 91% and a diagnostic
specificity (fraction of true-negatives over all the negatives-to-
the-test) of 100%.1%M Eventually, NGS analysis of genes fre-
quently mutated in mucinous cysts, such as KRAS, GNAS, and
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TP53 in a cyst fluid, is recommended for cases in which a clear
diagnosis would affect management. However, the diagnostic
sensitivity in detecting high-grade cysts that should immedi-
ately undergo resection, remains relatively low (77%).1

A valid approach to improve the diagnostic sensitivity of
high-grade mucinous lesions, enabling a quick diagnostic
statement, is to tackle several biomarkers simultaneously. Rel-
evantly they should all be detected with the lowest possible
limit-of-detection!¥! as they are not present in a normal cell
population. Hence, the presence of even one single molecule
can already evidence the onset of a pathologic state. Cancers
arise from genetic mutations and/or epigenetic changes origi-
nating, in turn, specific alterations of the proteins expressed
in the affected cells. Hence, besides the elicited genomic
markers, already detected at the physical limit by NGS, also
proteins should be engaged." In pancreatic cysts, the onco-
protein Mucinl (MUC]) is expressed in cells of high-grade
precursors of cancer and often also in pancreatic cancer itself.
Indeed, the expression of MUCI is indicative of an aggres-
sive phenotype related to a high frequency of metastases and
a poor prognosis. It can also be detected in the serum, as
it can be cleaved from the epithelial cells and released into
circulation.[!

Ultra-sensitive protein detections with a system suitable to
work in a clinical environment was extremely challenging until
the Single-Molecule-Array (Simoa)!'®# platform was com-
mercialized. Simoa can detect proteins at LODs in the 107 m
rangel”! or slightly lower.”) Since thousands of proteins can
be found in a volume of 100 uL of a 10 x 107'® M solution, the
Simoa technology is less sensitive than NGS, which can detect
a single-molecule (copy of the genomic marker) in a compa-
rable volume. Moreover, Simoa and NGS are bench-top sys-
tems not entirely fit for fast, point-of-care applications. Better
suited to this aim are the label-free biosensing technologies for
point-of-care.??] KRAS and MUC1 markers have been assayed
so far with different biosensing technologies,?22232425 exhib-
iting LODs in the low femtomolar range for Mucin proteins
and at the attomolar for genomic markers. It is a fact that a
single platform able to address the assay of both proteins and
genomic markers, according to the same standards and level
of performance, is lacking.?%#-2%! In this respect a significant
advancement is offered by the “Single-Molecule assay with a
large Transistor—SiMoT”?! platform (Figure 1E) which sets
an unmet world record in label-free single-molecule detec-
tion of both proteins and genomic markers. Indeed, label-free
single-molecule detection of proteins,3*313233 peptidesl®¥ and
DNA markers!** have been demonstrated even in serum. Other
groups have independently proven the effect, t00.2%¥] More-
over, because the platform is label-free, it is also rapid with a
time-to-response of some minutes.

In the present work, KRAS and MUCI mucinous lesions
markers’ have been successfully assayed in phosphate buffer
solution (PBS) and whole human blood serum at the physical
limit with the same platform, namely the elicited SiMoT one.
This represents a compelling proof of principle that can enable
a better diagnostic-sensitivity of high-grade mucinous lesions.
Moreover, the extremely low detection limits also in whole
human blood serum, open to the possibility of performing a
diagnosis based solely on the assay of the markers in a peripheral
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fluid, which would be of great relevance to complement the
much more invasive biopsy procedures currently performed.

2. Results

2.1. The “Single-Molecule Assay with a Large
Transistor—SiMoT” Device Structure

The sensing measurements were carried out with the SiMoT
device whose main features are schematized in Figure 2. It
comprises a millimeter-sized transistor that integrates a layer
with 10"-10'? Dbiological recognition elements. The device
structure (Figure 2A) is based on an electrolyte gated organic
field-effect transistor (EGOFET) fabricated on a plastic foil 3®
comprising an ink-jet printed poly(3-hexylthiophene)—P3HT
organic semiconductor as channel material, contacted via
interdigitated source (S) and drain (D) electrodes (Figure 2B).
Importantly, the organic bioelectronic device herein proposed is
fabricated with large-area compatible cost-effective procedures.
The main peculiarity of an EGOFET consists in engaging an
electronic insulating and ionic conducting electrolyte (even
deionized water),?! serving as the dielectric that couples the
transistor channel with the gate electrode. A comprehensive
description of the EGOFET operational mechanisms is pro-
vided elsewhere,/?38 and it is hence beyond the scope of the
present manuscript. Here we just recall that a source-drain
current modulation is triggered by gating the semiconducting
channel via the high capacitances ion-modulated electrical-
double-layers (EDLs) installed at the gate/electrolyte and elec-
trolyte/P3HT interfaces.

The SiMoT device is further endowed with two gates both
immersed, along with the EGOFET channel, in the water
(HPLC-grade) electrolyte. A coplanar lateral gate (Figure 2A,B)
conveniently serves as reference electrode enabling a constant
check of the device current level and hence of the device sta-
bility. The details and the mechanism of the printed P3HT
stabilization have been extensively studied and reported else-
where 4l In Figure 2B a micrograph of the source and drain
interdigitated electrodes and of the circular lateral gate are
shown. As anticipated, the electrodes are patterned by photoli-
thography on a plastic foil and the channel area of the interdig-
itated electrodes is covered with an inkjet-printed P3HT film,
in a combination of highly parallelazible and cost-effective
processes. The second gate, addressed as the semsing gate,
is millimeter sized and is made of a gold thin-film (50 nm)
deposited by thermal evaporation through a shadow mask on
a poly(ethylene 2,6-naphthalate) substrate (Figure 2C). This
surface is biofunctionalized with the markers’ recognition ele-
ments. The sensing gate hangs over the channel at a fixed dis-
tance from the EGOFET channel, so that it can be removed
from the measuring electrolyte for incubation in the solutions
to be assayed.

2.2. The Gate Functionalization Protocol
The core of the SiMoT device is the biofunctionalized self-

assembled monolayer (SAM) attached to the gold surface of
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Figure 2. The SiMoT device structure and the single-molecule sensing measurements. A) A schematic of the “Single Molecule assay with a large Tran-
sistor—SiMoT” device structure; B) a micrograph of the transistor channel with its interdigitated source and drain electrodes covered by inkjet-printed
P3HT along with the coplanar gold lateral gate; C) picture of the sensing gate; D) a pictorial view of the anti-MUCT and b-KRAS bio-SAM layers grafted
on the chem-SAM; E) the SiMoT sensing transfer characteristics (Ip vs Vg at Vp =—-0.3 V). The black-curve correspond to the b-KRAS functionalized gate
incubated in the sole PBS solution. The same gate is further exposed, in sequence, to PBS standard-solutions of KRAS at concentrations of: 10 x 107 m
(red-curve), 100 x 102" m (blue-curve), 1x 1078 M (magenta-curve), 100 x 107 m (dark-yellow-curve), and 10 x 107> m (dark-green-curve). The hollow
squares are the experimental data, while the solid lines are the result of the modeling (see text for details).

the sensing gate. The main features of the biofunctionaliza-
tion protocols,?>3 are the given in the following. The SAMs
of recognition elements serve to bind the marker of interest,
selectively. For the experiments carried out in this work, two
sensing gates were used: one functionalized with the anti-
MUCI, serving as capturing protein for the MUC1 marker, and
the other functionalized with the b-KRAS a biotinylated DNA
single-strand complementary to the gene sequence of KRAS.
The layers of biological recognition elements, addressed as
the bio-SAMs, are covalently attached to a chemical SAM
(chem-SAM) of mixed alkanethiols namely: 3-mercaptopropi-
onic acid—3MPA and 11-mercaptoundecanoic acid—11MUA.
The rationale for the choice of a mixed SAM to maximize
the density of grafted proteins is extensively discussed
elsewhere.2*)l The terminating carboxylic functionalities
are, then, activated with ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysulfosuccinimide sodium
(sulfo-NHS). Afterward, the anti-MUC1 antibodies are
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covalently attached to the chem-SAM enabling the selective
MUCI1 assay. To saturate the unreacted sulfo-NHS activated
groups, the SAM was further treated with ethanolamine. To
minimize non-specific binding, the biofunctionalized gate
was immersed in a bovine serum albumin (BSA) phosphate
buffer saline (PBS) solution.

Conversely, for the KRAS sensing, streptavidin was cova-
lently attached to the chem-SAM with the same strategy
adopted to attach the antibodies. Afterward, a biotinylated
single strand complementary to KRAS (b-KRAS) was attached
to the gate surface, exploiting the strong biotin-streptavidin
binding. This adds generality to the SiMoT biofunctionaliza-
tion process as virtually any biotinylated recognition element
can be bound to the gate surface. Indeed, the same strategy was
adopted to bind biotinylated peptides serving to recognize pep-
tides markers with a complementary aminoacidic sequence.’*¥
The anti-MUC1 and b-KRAS biofunctionalization strategies are
sketched in Figure 2D.
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The Surface Plasmon Resonance (SPR) characterization
of the anti-MUC1 and b-KRAS capturing layers was carried
out and the SPR traces at the different steps of the biofunc-
tionalization process are given in Figure S1 in the Supporting
Information. The surface coverage of the sensing gate,
resulting from the biofunctionalization process, was estimated
to be: 742 x 10" molecules cm™ for anti-MUC1 and 4.01 x 10"
molecules cm~2 for b-KRAS (see Section S1 in the Supporting
Information for details). This considerable high number of rec-
ognition elements endows the SiMoT transistor with selectivity
and enables the occurrence of amplifying cooperative effects
that make the single-molecule detection possible with a large
transducing interface (vide infra).?’!

2.3. The Single-Molecule Sensing Protocol

The sensing measurements were performed with the SiMoT
platform by measuring the transistor current-voltage curves
as the source-drain current (Ip) versus the gate bias (V) at a
fixed source-drain bias (Vp) with a semiconductor parameter
analyzer equipped with a probe station, in air, in darkness and
at RT (20-22 °C). Before proceeding with the sensing meas-
urements, the device was stabilized by simple immersion in
deionized HPLC-grade water for about 24 h. Afterward, I was
further stabilized by cycling the measurement of the transfer
curve via the gating of the EGOFET channel with the lateral ref-
erence gate. The duty cycle involved measuring a transfer curve
every half an hour until the current drift was reduced to less
than 1% h7, as reported elsewhere.*% It was demonstrated that
this procedure can be carried out once for all, after the deposi-
tion of the P3HT film, provided the device is always kept under
water after the stabilization is accomplished. Further on, it was
proven that a suitable packaging of the device, foreseeing, for
instance, a hydrogel mat put in contact with the channel, can
keep the device always in a water environment and hence stable
for several weeks.l Hence the stabilization of the semicon-
ductor does not add to the time-to-results.

The sensing measurements were performed, afterward,
according to the following protocol. Each sensing gate, for
either the protein or the genomic assay, was washed thoroughly
with HPLC water, and mounted inside the EGOFET cell filled
with deionized water serving as the electrolyte. A set of 20
transfer characteristics, each one measured with a delay of 30 s,
was registered by sweeping V¢ from 0.1 to —0.5 V. The sensing
gate was then removed from the measuring cell and transferred
into the sample to be assayed; in the first set of experiments
this was a 100 uL of phosphate buffer saline solution (PBS)
that reproduced physiological pH and ionic strength. The
sensing gate was incubated (at RT and in the dark) in this solu-
tion for 10 min. The biofunctionalized gate was then removed
from the PBS solution, washed thoroughly with HPLC deion-
ized water, placed back into the EGOFET cell, and a new set
of transfer characteristics was registered until the stabilization
was reached. After the measurement of a stable baseline, the
sensing biofunctionalized gate was immersed and incubated
for 10 min in 100 pL of the PBS standard-solutions containing
the MUC1 or the KRAS marker at concentrations ranging from
0.1 x 1072 to 10 x 1075 m. After incubation in each of the PBS
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standard-solutions, the sensing gate was washed thoroughly
with HPLC-water to remove the unreacted ligands and a fur-
ther set of Ip—V transfer curves were measured. During each
incubation step, the lateral coplanar gate current was also moni-
tored continuously registering five transfer characteristics, each
with a delay of 30 s in the same voltage window used to bias
the sensing gate. This ensured that the current level was not
changing by more than a 3-5% percent during the whole set of
sensing measurements. The measured final and stable Ip—V
curves at each concentration for the KRAS sensing in PBS are
given in Figure 2E as square symbols. Due to the needed stabi-
lization, the Ip—V, curves measurement at each concentration
takes about 30 min. With a single device the measurements at
each concentration are performed sequentially. Future develop-
ment of the SiMoT technology into an array will parallelize the
process so that the overall time will be 30 min or less as further
optimizations are foreseen.

Physical-based modeling of the I~V transfer curves for all
the sensing measurements was undertaken to extract threshold
voltage (Vy) shift at each concentration.?®*#] This is a much
more robust and reproducible parameter than the current
value at a given gate bias. To this end, the electrical measure-
ments were fitted with a numerical model that considers both
the charge transport in the P3HT semiconductor and the ion-
modulated EDLs accumulation at the electrolyte-semiconductor
and at the gate-electrolyte interfaces. All the details of the mod-
eling are provided in the Section S2 in the Supporting Infor-
mation. By virtue of an example, the IV, characteristics pre-
dicted by the model for the KRAS sensing in PBS are shown in
Figure 2E as solid lines and the geometrical and physical model
parameters are listed in Table S1 in the Supporting Informa-
tion. As it is apparent, the accordance with the measured data
is exceptionally good. Relevantly, the geometrical parameters
are measured, the P3HT electronic parameters are taken from
the literature or provided by first-principles pseudo-potential
density functional calculations, while the P3HT density of local-
ized states, the EDL capacitance per unit area at the electrolyte/
P3HT interface, and the threshold voltage (Vy) are calculated
from the measured electrical characteristics before performing
the bioelectronic sensing.

Then, we accurately reproduced all the sensing charac-
teristics as a function of the analyte concentration by varying
only Vr while keeping the same set of all the geometrical and
physical model parameters. The accuracy of the physical-based
model demonstrates that the sensing measurements of both the
MUCI1 and KRAS markers, as well as the corresponding control
experiments, rely on a change in the EGOFET work function
that is directly mirrored in a shift of V.l Negative control
experiments were carried out by performing ad hoc designed
experiments. In the protein assay negative control dose-curves
involved detecting MUCI against a sensing gate biofunctional-
ized with a non-binding protein such as BSA. For the genomic
assay, negative control dose curves involved detecting a genetic
sequence identical to that of KRAS except for one single mis-
match in the 14" base. This was assayed against the same
b-KRAS probe giving a non-binding response.

Notably, the detections of MUC1 and KRAS and the elic-
ited negative control experiments were also performed in
whole human blood serum. In this case, the biofunctionalized
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Figure 3. The MUC1 and KRAS single-molecule assays in PBS and whole blood serum. A) MUC1/anti-MUC]1 affinity binding calibration-curve (hallow
black-squares) are shown as the shift of the V; voltage (AV) versus the MUCT concentration. A BSA biofunctionalized gate serves in the control experi-
ment (hallow red squares). B) KRAS/b-KRAS affinity binding calibration-curve (hallow black-squares) are shown as the shift of the V; voltage (AV)
versus the KRAS concentration. A KRAS with one mismatch serves in the control experiment (hallow red squares). C,D) The same experiments of
panels (A) and (B) are performed in whole human serum. All the data points are given as the average of at least three replicates and the solid lines

are the results of a modeling (see text for details).

sensing gates were incubated for 10 min in 100 UL of whole
human serum spiked with standard-aliquots of the markers
in PBS solution. The maximum volume of PBS added to the
whole human serum was 0.2%. The resulting nominal concen-
trations of MUCI and KRAS in the human blood serum also
ranged from 10 x 102! to 1 x 107 m.

2.4. The MUCT and KRAS Single-Molecule Assays in PBS and
Whole Blood Serum

In Figure 3 the threshold voltage shifts evaluated using the
physical-based modeling of the measured I currents for the
genomic and the protein assay, carried out both in BSA and
in whole human serum are given. The full lines, also given
in Figure 3, result from the SiMoT dose-curve modeling (vide
infra),23035 which enabled to estimate the LODs accurately.
The analytical function that models the dose-curves, measured
with the SiMoT, is based on the assumption that the probability
for a certain number of cognate ligands to interact with binding
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sites follows a Poisson distribution (vide infra).}% Therefore,
the LODs were calculated as the concentration responding (AVy
shift upon sensing) equal to the average of the noise level of
the negative control data in the whole concentration range plus
three times the noise’ standard-deviation.'3] The computed LOD
concentrations [LOD] are: for MUC1 in PBS the LOD level is at
34 mV, resulting in a [LOD] of 50 x 102! m; for KRAS in PBS
the LOD level is at 18 mV, resulting in a [LOD] of 48 x 107! m;
for MUC1 in whole human serum the LOD level is at 24 mV,
giving a [LOD] of 117 x 1072 m; for KRAS in whole human
serum the LOD level is at 18 mV, giving a [LOD] of 13 X 1072 m.

By computing the number of molecules as [LOD] - V - Ny,
with V being 100 pL and N, being the Avogadro’s number, the
following holds: for MUC1 in PBS a LOD of 3 + 2 molecules is
evaluated; for KRAS in PBS a LOD of 8 + 3 molecules results;
for MUCI in whole human serum the LOD is of 6 £ 2 mole-
cules; -for KRAS in whole human serum the LOD is of 1 £ 1
molecules. The Poisson sampling errors in the LODs are cus-
tomarily computed as the square root of the number of par-
ticles. As it is apparent all the SiMoT assays performed, even

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

those in whole blood serum, detect at the physical limit both
proteins and genomic markers.

3. Discussion

Label-free single-molecule detection methods generally pro-
posed so far involve nanometric interfaces that bear the cap-
turing elements, e.g. antibodies to bind an antigen marker or
DNA strands to bind a marker with a complementary genomic
sequence.l?®l Due to the limited interfacial area available on a
nanometric transducer, only a few recognition elements can
be hosted. Relevantly, the size compatibility between the single
marker to be detected and the biofunctionalized transducing
interface assures a sufficiently high signal-to-noise-ratio. There
is, however, a drawback: in the design of a label-free assay
involving a nanometric transducer, one must consider that
the few capturing elements on the nanometric transducer and
the single marker to be detected are necessarily dispersed in a
large volume of at least 10-100 pL. Under these circumstances,
the probability that the marker, diffusing following the Stokes-
Einstein law, interacts with the nanometric-detecting interface
and binds to the recognition element is extremely low, making
the experiment unsuitably long. In fact, under the assumption
that a micrometer cube volume of 1 fl is the maximum space
that a marker can span to interact with its recognition element
on the minute time-scale,!® the concentration of the marker to
be assayed is to be in the nanomolar range or higher. At this
concentration, the volume to be assayed has a marker in each
femtoliter. Hence, wherever the nanometric interface ends up
in the sampled volume, there will always be a marker suffi-
ciently close by, to collide with the transducing interface, even-
tually binding to one of the few recognition elements. A signal
is then generated at the nanometric transducer that is suffi-
ciently high to be detected. This proves that the concentration
of a sample that can be assayed with a nanometric interface is
at least in the nanomolar range, hence 10-11 orders of magni-
tude far from the tens of zeptomolar that is the concentration
of the fluid to be assayed if one wants to detect a single mol-
ecule in 100 pL. This is indeed the scope of an assay designed
for the early detection of a clinically relevant marker. Eventually,
it becomes clear that the label-free single-molecule detections
with single nanopores, ) nano-transistorsi! and other similar
approaches, are inherently unable to sense a marker in a large
milieu. Or more specifically, to assay a solution that has a con-
centration in the tenths of zeptomolar, and hence nanometric
transducing interfaces cannot be engaged as ultra-sensitive
assays for clinical applications.[2¢!

To enable the assay of a fluid from a patient containing an
extremely low concentration of a given marker, an effective
approach is to increase the number of recognition-elements by
a large amount. Indeed, if a number, e.g. 10", of transducing
interfaces are available in 100 pL, instead of a single nano-
device, wherever the marker is, there will be an interface close
enough to detect it. This detecting strategy has been achieved
by an operation principle, addressed as wide-field capturing,
which is effective but generally label-based.*®! Conversely, the
electronic detections using field-effect transistor systems with
large detecting interfaces are very interesting.[**°05U They are

Adv. Electron. Mater. 2021, 2100304 2100304 (7 of 11)

MATERIALS

www.advelectronicmat.de

generally characterized by being label-free and small, e.g., hand-
held, hence convenient for use in diagnostics and monitoring in
hospital emergency rooms and limited resource settings. Attrac-
tive characteristics as compared to central laboratory testing
are also: lower volume samples and reagents consumed, small
form factors, rapid turn-around times offering, in some cases,
also self-testing to patients without requiring hospital visits. In
this respect, EGOFETs based on electronic-channel materials
such as graphene,’233 poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT-PSS) and poly(3-hexylthiophene-
2,5-diyl) (P3HT),126:27:293031 have been successfully engaged
as wide-field organic bioelectronic sensors exhibiting limit-of-
detections at zeptomolar—attomolar level also in real biofluids.
Interestingly, electronic driven point-of-care systems also offer
the unique and very relevant advantage to enable the sharing
of the data immediately with healthcare providers through the
read-out system and wireless connectivity. Indeed, self-testing
and immediate electronic data-transmissions can result in
extremely important time and resources savings. Recently, a
graphene based EGOFET has been proposed as bioelectronic-
sensor of odors,>l achieving a LOD as low as 40 x 107 m and
a rapid response-time of less than 1s. Lately, the SiMoT was
proposed as a label-free system endowed with an all-electronic
transducing system and data transmission technology that
can detect with single-molecule sensitivity, both protein, and
genomic markers. So far, a single device system has been fabri-
cated by printing, and hence it can be prospectively produced by
large-area and cost-effective procedures. The data collected are
also in principle available right away for transmission via fast
connections. The experiments shown in Figure 3 clearly prove
that SiMoT can detect KRAS and MUCI markers at the physical
limit both in PBS and human serum. Remarkably, the experi-
ments reported in Figure 3 have been performed measuring 24
different gates that served in sensing and control experiments
and involved the use of 4 different ink-jet printed organic elec-
tronic devices, showing an unprecedented reproducibility error
within 3% at most. It is worth mentioning that each of those 24
gates, after recording a stable baseline, has been subsequently
exposed to 8 different standard-solutions of biomarkers at con-
centrations ranging from 0.1 X 107" to 10 x 10" M. Moreovet,
half of the sampled gates have been assayed in real human
blood serum spiked with standard-aliquots of the analytes. The
control experiments need to be improved in the latter fluid as
some features suggest a non-negligible effect of non-specific
binding. The plan is to design a control experiment performed
with the gate biofunctionalized with the recognition element
that assays a healthy patient. Nonetheless, still also under these
non-ideal circumstances, LODs are the lowest ever reported
with a label-free technology amenable for clinical diagnostics.
Importantly, the physical based modeling of the SiMoT Iy,
versus Vg curves upon exposure to increasing nominal ligand
concentrations foresees that, along with the channel cur-
rent, only the threshold voltage, V7, is affected by the binding
events (see Section S2 in the Supporting Information). This is
expected as the gate is designed to be about two orders of mag-
nitude larger than the EGOFET channel area and the SAM is
a high capacitance, ion-permeable membrane very responsive
to electrostatic changes.?”) Remarkably, the variation of Vi pro-
vides a direct quantitative information about the variation of
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the biofunctionalized electrode work-function upon biorecogni-
tion events. More in detail, the bio recognition event(s) trigger
a local variation of the SAM dipole orientation that propagates
through the hydrogen-bonding network and eventually results
in a variation of the surface energy (viz. work-function) of the
biofunctionalized electrode.?*3% In addition, it is worth men-
tioning that Vg is calculated by accurately modelling the full
Ip—V¢ characteristic measured at various concentrations, thus
ensuring a robust and reliable information, which is inde-
pendent of possible fluctuation of the drain current at one fixed
gate voltage. Relevantly, the physical based model, reported in
Section S2 in the Supporting Information, has been validated
on more than 4000 electrical characteristics, being therefore
extremely accurate and reliable.

The core of the SiMoT technology is the already intro-
duced electrolyte-gated FET endowed with a millimeter-wide
gate that is biofunctionalized with 10'? recognition elements
capable to detect selectively down to one single marker in
100 pL. This means being able to assay a sample at a concen-
tration of a few tens of zeptomolar. The very large transducing
interface, when immersed in 100 pL, makes it highly probable
for few markers to reach by diffusion the gate surface in the
time frame of 10 min.’! So, although counterintuitive, wide-
field sampling can also be achieved by engaging a sufficiently
large capturing interface, populated by trillions of recognition
elements. Once the binding occurs, the single-molecule event
involves one recognition element, and detecting this event is
like spotting the wave generated by a single droplet of water
falling on the surface of a one-kilometer-squared wide pool.
Under these circumstances, the critical issue is to under-
stand how the signal-to-noise ratio can be sufficiently high
to measure a significant signal. In Simoa, the amplification
effect is associated with the catalytic activity of the enzyme. In
NGS, there is a combined effect of the polymerase chain reac-
tion amplification and the pH-sensitive FET transduction. The
SiMoT takes advantage of the EGOFET amplification effects
contributing roughly with a factor of 103,/%”] which is, however,
not enough to make a single binding event signal significantly
high when trillions of other recognition elements populate the
same transducing interface. So, a second amplification phe-
nomenon is to be considered, which has not been fully deci-
phered yet. However, a model involving molecular dynamic
simulations has been developed?*3%. It foresees that ampli-
fication occurs, associated with a hydrogen-bonding network
that connects the chains of the chem-SAM and likely involves
the bio-SAM, too. This system enables a collective effect that
amplifies the single binding event. When the binding occurs,
while it involves just one recognition element, it generates a
defect in the network of hydrogen bonding that, in the pres-
ence of the electric field associated with the gate bias, has a
certain degree of order. The defect generated in the network
propagates eventually fueled by the gating field itself.?] A
shift of the gate work function involving a large number of
recognition elements populating an area much larger than the
one occupied by the two interacting species, eventually sup-
posedly occurs.

Along this line, also the modeling of the sensing dose
curves, based on the Poisson distribution probability of single
binding events, was performed.??’! The result of the modeling is
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provided as solid lines in the four panels of Figure 3. The model
envisages that the SAM is divided into domains constituted by
a certain number of recognition elements. The domains are
limited by electrostatic active defects populating their bounda-
ries. If one marker binds to any of the recognition elements in
one domain, this binding event is modelled to trigger a shift of
the work function involving the whole domain, by the propa-
gation of the effect that is limited by the defective boundary.
As anticipated, this is foreseen as possible due to collabora-
tive interactions propagating the work function change due to
a rearrangement (dipole change) in the recognition elements
that populate the domain around the binding. Eventually, an
irreversible and stable shift of the work function, within that
domain is generated, which then returns a signal significantly
larger than the noise.

4, Conclusion

In conclusion, the electronic detection-based technology pre-
sented herein provides a feasible perspective to improve the
diagnostic sensitivity for the detection of high-grade muci-
nous pancreatic cysts by detecting both genomic and protein
markers with the same ultimate sensitivity. Indeed, we could
demonstrate that KRAS and MUC1 markers are detected in
phosphate buffer saline solution as well as in whole blood
serum with single-molecule detection limits. Prospectively,
the SiMoT technology will be developed into an all-electronic
array that will perform multiplexing of several markers directly
into a peripheral biological fluid, such as blood. This will pos-
sibly open to an extremely important use of liquid biopsy for
the diagnosis of pancreatic cancer precursors thus integrating
and improving current diagnostic procedures. The proposed
approach is also general and opens unexplored opportunities
for early diagnostic and personalized medicine.

5. Experimental Section

Materials: Poly(3-hexylthiophene)—P3HT (regioregularity > 99%)
with an average molecular weight (M) of 20000-45000 g mol™,
was purchased from Sigma-Aldrich. The organic semiconductor was
used with no further purification. Poly(ethylene 2,6-naphthalate)
(PEN) substrate, with thickness 125 pum, has been purchased from
Du Pont. 3-mercaptopropionic acid (3-MPA), 11-mercaptoundecanoic
acid (11-MUA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) were
purchased from Sigma-Aldrich and used with no further purification.
Mucin 1 monoclonal antibody (anti-MUCT) with My = 25.1 kDa
purified from mouse ascites fluids or tissue culture supernatant by
affinity chromatography, and recombinant protein of human mucin
1 (MUCI), My, 25.1 kDa, was purchased from Origene and used with
no further purification. Streptavidin (SAV) from Streptomyces avidinii
lyophilized from 10 x 10 M potassium phosphate was purchased
from Sigma-Aldrich and used with no further purification. KRAS
oligonucleotides was purchased from Invitrogen-Thermo fisher
Scientific and readily used. Biotinylated-KRAS G12D fwd (sequence:
5"-TGCCTACGCCATCAGCTCCAACTAC), My 7914 Da, was used as
biorecognition element; this is addressed as b-KRAS in the text. The
KRAS G12D rev (sequence: GTAGTTGGAGCTGATGGCGTAGGCA), My,
7835 Da, was used as target oligonucleotides. This is addressed as KRAS
in the text. The negative control experiments were performed using
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KRAS G12D TMM (sequence: GTAGTTGGAGCTGGTGGCGTAGGCA) as
analyte with 1 mismatch in base 14™ and My, 7835 Da. Water (HPLC-
grade, Sigma-Aldrich) and ethanol grade puriss. p.a. assay, > 99.8%,
were used with no further purification. Phosphate buffered saline (PBS,
Sigma-Aldrich) solution presents osmolality and ion concentrations
matching those of the human body (isotonic). One tablet of PBS was
dissolved in 200 mL of water (HPLC-grade), resulting into 0.01 m
phosphate buffer, 0.0027 m potassium chloride, and 0.137 m sodium
chloride, pH 7.4, at 25 °C. Human serum produced from fresh whole
blood of a healthy donor aged between 18 and 60, screened and tested
negative for HIV, Hepatitis B and C, has been purchased from Research
Donors Ltd., London (UK).

Electrolyte Gated Organic Thin-Film Transistor Fabrication: Printed
EGOFETs were fabricated on a PEN plastic substrate. Gold source (S),
drain (D) and circular lateral gate (LG) electrodes, were patterned by a
lift-off photolithography procedure based on a reverse flood exposure
process. This process was adapted, optimized and applied on circular,
6 inches PEN substrates, making it suitable also for the fabrication of
large arrays of sensors. With this technique, a single photoresist layer
was required (AZ5214E, MicroChem). It was first spin coated on the
substrate (1 min at 4000 r.p.m.), then baked at 110 °C for 90 s in order to
remove the solvent and then subjected to a negative exposition using a
mask aligner (Karl Stiss MA6/BA8) and negative photolithographic mask
(custom made by CompuGraphics). The crosslinking of the exposed
parts of the resist was then carried on by baking at 120 °C for 90 s.
The following flood exposure of the whole sample allows to obtain the
desired pattern after development in AZ 726 MIF developer. Before the
thermal evaporation of gold (30 nm), an adhesion layer of chromium
(2 nm) was deposited over the PEN substrate. The lift-off step was
carried out overnight by immersion of the sample in TechniStrip
Microdeposit D2 stripper. Finally, the samples were cleaned in a
ultrasonic bath in both acetone and IPA, dried with nitrogen and further
cleaned by means of oxygen plasma for 2 min. The obtained geometrical
dimensions are as follows: channel width of 10500 um; channel length
of 5 um; circular lateral gate diameter of 2.5 mm. The P3HT was
dissolved in a blend of chlorobenzene (CB) and ortho-dichlorobenzene
(ODCB), in a ratio of 75/25, at a concentration of 2.6 mg mL™" and then
inkjet printed by means of a Fujiflm Dimatix DMP-2831 only over the
channel area through a cartridge with 10 pL nozzles. The ink was printed
at a drop spacing of 45 um (one layer), a firing voltage of 40 V, a jetting
frequency of 1 kHz, with the plate temperature set to 35 °C. Finally, in
order to reduce the leakage current, a film of a biocompatible insulator
(SU8-TF6001 MicroChem) was inkjet printed on top of the gold traces,
excluding the channel and the lateral gate areas. The device was treated
with and annealing at 130 °C for 8 h in a nitrogen environment. Then, a
polystyrene (PS) cell of =2 cm?® was glued on the substrate around the
channel area with PDMS. The cell was filled with =2 mL of water (HPLC-
grade, Honeywell Riedel-de Haén) serving as the gating medium. The
sensing gate, made of thermally evaporated gold 50 nm thick on PEN
foil, has a diameter of 5 mm and the track has been passivated with
Scotch 3M Magic tape. The gate has been stably positioned inside the
cell filled with water in correspondence of the electrodes interdigitated
area. Details on the printed EGOFETs fabrication and characterization
have been reported elsewhere.[*!

Gate Biofunctionalization Protocol: The gate electrodes were cleaned
by means of sonication in 2-propanol for 10 min and subsequently
rinsed with HPLC water, dried with N, and then treated for 10 min
in ozone cleaner. The gate biofunctionalization protocol, described
in details elsewhere,* involves as first step the immobilization of a
chemical SAM (chem-SAM) on the gold surface comprising a 10 x
1073 m solution of 3-MPA to 11-MUA (10:1 molar ratio) in ethanol. The
cleaned gold surface was dipped inside the 3-MPA and 11-MUA solution
and kept in the dark under constant N, flux for 18 h at 22 °C. The
resulting monolayer will be addressed in the following as the chemical
SAM (chem-SAM). The strong gold-sulfur interaction results in the
exposure of the carboxylic groups, activated subsequently by reacting
the gate electrode in a 200 X 1073 m 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 50 x 1073 m sulfo-N-Hydroxysuccinimide

Adv. Electron. Mater. 2021, 2100304 2100304 (9 of 11)

MATERIALS

www.advelectronicmat.de

(sulfo-NHS) aqueous solution for two hours at 25 °C. The
biofunctionalization protocol then proceeds according to the following
steps for the i) protein and ii) and genomic biorecognition element
immobilization. (i) The anti-MUC1 antibody was then conjugated
to the activated COOH sites reacting with the terminal amine
groups of the antibody. To this end, the gate has been immersed in
an anti-MUC1 PBS solution for 2h at 25 °C. The solution comprises
4%x1073 M (0.1mgmL™) of anti-MUC1 and PBS at a pH of 7.4 and an
jonic-strength (is) of 162 x 10 m. The unreacted sulpho-NHS groups
were saturated, afterward, with ethanolamine (1 M in PBS 10 x 1073 m)
for 1 h at 25 °C. Finally, the biofunctionalized gate was immersed in
a1.5x107% m (0.1mgmL™") BSA solution in PBS 10 x 1073 m for 1 h
at 25 °C. This was meant to minimize non-specific binding. For the
control experiment of MUCT biomarker a gate was biofunctionalized
with BSA (0.1 mg mL™") according to the same protocol. (ii) In the
case of genomic biological recognition elements, the gate surface with
activated carboxylic groups was immersed in a SAV phosphate buffer
saline (PBS) solution for 2 h at 25 °C. The solution comprises 1.5 UM
(0.1 mg mL™") of SAV in PBS at pH 7.4. Afterward, the SAV SAM was
further treated with ethanolamine 1 M in PBS 10 x 1073 m for 1 h at
25 °C. Finally, the gate was immersed in a biotinylated KRAS (0.5 uM)
PBS solution at pH 7.4 for 2 h at 25 °C. Eventually, for both protocols
(i) and (ii) after each step of the biofunctionalization, the gate was
washed with the corresponding solvent to remove possible unbounded
residues. In the text, the following notation has been adopted, namely
SAM is relevant to the layer comprising both the chem-SAM and the
bio-SAM.
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Supporting Information is available from the Wiley Online Library or
from the author.
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