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A Single-Molecule Bioelectronic Portable Array for Early
Diagnosis of Pancreatic Cancer Precursors
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Mario Caironi, Mariapia Caputo, Virginia Maria Demartis, Cinzia Di Franco,

Giulia Frusconi, Lena Haeberle, Piero Larizza, Maria Teresa Mancini, Ronald Osterbacka,
William Reeves, Gaetano Scamarcio, Cecilia Scandurra, May Wheeler,

Eugenio Cantatore,* Irene Esposito,* Eleonora Macchia,* Fabrizio Torricelli,*

Fabrizio Antonio Viola,* and Luisa Torsi*

A cohort of 47 patients is screened for pancreatic cancer precursors with a
portable 96-well bioelectronic sensing-array for single-molecule assay in cysts
fluid and blood plasma, deployable at point-of-care (POC). Pancreatic cancer
precursors are mucinous cysts diagnosed with a sensitivity of at most 80% by
state-of-the-art cytopathological molecular analyses (e.g., KRAS™"* DNA).
Adding the simultaneous assay of proteins related to malignant
transformation (e.g., MUC1 and CD55) is deemed essential to enhance
diagnostic accuracy. The bioelectronic array proposed here, based on
single-molecule-with-a-large-transistor (SiMoT) technology, can assay both
nucleic acids and proteins at the single-molecule limit-of-identification (LOI)
(1% of false-positives and false-negatives). It comprises an enzyme-linked
immunosorbent assay (ELISA)-like 8 x 12-array organic-electronics disposable
cartridge with an electrolyte-gated organic transistor sensor array, and a
reusable reader, integrating a custom Si-IC chip, operating via software
installed on a USB-connected smart device. The cartridge is complemented by
a 3D-printed sensing gate cover plate. KRAS™, MUC1, and CD55 biomarkers
either in plasma or cysts-fluid from 5 to 6 patients at a time, are multiplexed at
single-molecule LOI in 1.5 h. The pancreatic cancer precursors are classified
via a machine-learning analysis resulting in at least 96% diagnostic-sensitivity
and 100% diagnostic-specificity. This preliminary study opens the way to POC
liquid-biopsy-based early diagnosis of pancreatic-cancer precursors in plasma.

1. Introduction

Timely detection of a biomarker (or of a
set of biomarkers) can endow a clinician
with the attacker advantage over a pro-
gressive disease, enabling fast diagnosis,
and effective therapeutic interventions
contributing to creating a truly preven-
tive and cost-effective healthcare system.
Diagnostic protocols encompassing the
assay of specific biomarkers of a disease
(e.g., cancer, infection, neurodegenerative,
cardiovascular, and autoimmune diseases,
etc.) are, hence, gaining momentum.!!) To
enable sensitive, convenient, non-invasive,
and reliable early detections of markers,
suitably engineered assay platforms are
needed both in translational research and
in the clinic.>*] Ideally, a biomarker-based
diagnostic platform for screening purposes,
should be able to: i) detect a single-molecule
of each target biomarker in a reliably quan-
tified volume of 0.1 mL to allow identifying
the onset of a pathology; ii) deliver output
results directly to the end-user with a
short time-to-results; iii) be easy-to-operate
and deployable at point-of-care (POC)
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sites (patient’ house, but also doctor office, small rural hospitals
in resource-limited-settings, pharmacy, where healthcare pro-
fessionals can be present); iv) come in a small footprint with
built-in real-time connectivity, being also robust; v) assay pe-
ripheral fluids such as blood, urine or saliva, being minimally
to non-invasive; vi) being highly reliable by assuring an inci-
dence of false-positive and false-negative random errors below
3-5%. These are some of the characteristics identified also in
a REASSURED-type diagnosticl®! platform for POC screenings
aiming at identifying a subset of asymptomatic individuals.

Proteins are considered an important complement to genetic
markers not only in cancer but also in the early-diagnosis of
cardiovascular diseases.’] Thus, multiplexing (i.e., assaying a
set of specific biomarkers simultaneously in the same sample)
nucleic-acids as well as protein biomarkers, is deemed essen-
tial to improve diagnosis accuracy.[*®] Moreover, ultrasensitive
immunometric assays of protein markers are becoming cru-
cial, a paradigmatic example being the neurofilament light pro-
tein single-molecule assay in cerebrospinal fluid for the early
diagnosis of neurodegenerative syndromes.’) Direct immuno-
metric detection of pathogens (as opposed to the assay of their
genetic components) is also significant, being a faster option
as it generally requires no sample pretreatment. However, im-
munometric POC strip-tests notoriously lack reliability being
plagued by a high-incidence of false negatives (low diagnostic
sensitivity).[1%

Traditional immunometric methods (e.g., enzyme-linked
immunosorbent assay (ELISA))11-13] operating at limit-of-
detections (LODs)**! of picomolar (1072 mol L™}, pm, 10® mark-
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ers in 0.1 mL),[%] are not sufficiently sensitive to detect the few
biomarkers that enable to predict diseases’ onset, well before
symptoms appear. This holds true in liquid biopsy too as in pe-
ripheral biofluids (as opposed to tumor-tissues’ juices, interstitial
fluids, etc.) the concentration of biomarkers is extremely low.

The clinical relevance of biomarkers was unveiled by
polymerase-chain-reaction (PCR)[**! based platforms, presently
the gold-standard in molecular assays, that can reliably de-
tect low abundance nucleic-acid (DNA, RNA, etc.) markers in
biofluids. Highly specific detection is actuated via the biomarker
pairing to a complementary nucleotide probe, while sequenc-
ing of an unknown genome (e.g., of a tumor cell) is possible
with pH-sensitive CMOS technologies such as next-Ggeneration
sequencing (NGS).['®l The PCR-amplification of the targeted
marker is key to reaching the unprecedented sensitivity of one
nucleic-acid copy in 0.1 mL, namely a LOD of 1072° m or
10 zm. Paramagnetic-beads-based ultrasensitive immunoassay
technologies, e.g., single-molecule array (SIMOA),'718] target-
ing antigens/proteins with capturing antibodies, are now com-
mercially available too. ELISA’s limitation is overcome by re-
straining individual enzymes and their fluorogenic substrate
into femtoliter-sized wells. This enables LODs in the sub-
femtomolar regime down to 220 zm (10 to 10° molecules in
0.1 mL)."8 The SIMOA planar technology (SP-X Imaging and
Analysis System),[12% which is faster and more practical, oper-
ates, however, at higher LODs.[?!] CRISPR-Cas(??! is an emerg-
ing ultrasensitive technology also aiming at advanced molecular
detections!?*?] of different markers, ranging from nucleic-acids
to proteins, but the latter ones are detected in the nm regime.[2¢]
While these approaches can be, generally, extremely sensitive and
specific, they require bench-top apparatuses and do not enable
the detection of single-molecule of both protein and nucleic acid
markers simultaneously in the same sample and with the same
platform.

The single-molecule-with-a-large-transistor (SiMoT)??] plat-
form, developed so far only as a single-sensor,[?! is an handheld
technology,*% which reliably detects a single-marker of a protein
or of a nucleic-acid®3?! in a 0.1 mL droplet of a biofluid. The
SiMoT single-sensor technology has been validated as a multi-
purpose platform successfully assaying the following biomark-
ers and pathogens: Immunoglobulin M (IgM),33 IgG,[?’] C-
Reactive Protein (CRP),[**] p24 protein of the HIV-1 virus capsid
(p24-HIV-1),*] Spikel (S1),3% Mucin 1 (MUC1),1" Interleukin
6 (IL-6),%¢1 KRAS™* 31l microRNA,32] COVID-19,3%%1 Xylella
fastidiosa.38] They are all detected at the single-entity LOD level
in physiological phosphate buffer saline (PBS) solution, saliva,
serum, whole blood, swab or olive sap. The SiMoT single-sensor
can also operate at the 10 zm limit-of-identification (LOI) ensur-
ing a confidence level >99%, i.e., less than 1% of false-positives
and false-negatives.['*] The assay is qualitative (yes/no-type with
the threshold at the LOI), so in a POC mass-screening a SiMoT
test can reliably assess if a droplet of saliva or plasma contains
or not at least one marker or one pathogen. This is done in less
than an hour and with minimal invasiveness. SiMoT relies on
bioelectronic (both electrolyte-gated(**! and electrochemical(*7-3%])
organic field-effect transistors,[“°*?) whose millimeter-wide gate
is biofunctionalized with a layer of highly packed (10* um=2)
antibodies or probes that can bind, in 10 min, a single anti-
body or probe.[*}] The sensor detects via the capacitive coupling
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of the gate electrode with the channel of an electrolyte-gated
transistor.”®] This enables to measure a change in the current
flowing in the transistor when the electrochemical potential of
the gate changes because of the affinity binding. More specifi-
cally, SiMoT detects a single biomarker on a capturing surface
that contains trillions of biorecognition elements. This presents
a challenge as the signals from individual binding events are
expected to be much lower than the background noise.[274344]
To address this, an amplification mechanism, which involves a
domino-like propagation of an electrostatic change triggered by
the affinity binding at a single capturing antibody, has been pro-
posed. This change ultimately affects numerous other antibod-
ies, amplifying the signal. Such a mechanism is based on the
propagation of an electrostatic change occurring on a single cap-
turing antibody among those capturing biorecognition elements
that are densely packed on the gate surface. Experimental evi-
dence supporting this mechanism was obtained by means of the
Kelvin probe force microscopy, which showed that the binding of
10 proteins to an equal number of anti-IgMs caused a surface po-
tential shift in 10® anti-IgMs that were packed on a 90 X 90 um?
wide electrode.[**]

Pancreatic cancer is a highly aggressive form of cancer and
is responsible for the third-highest number of cancer-related
deaths in Western nations.[*] Only ~20% of patients can un-
dergo surgery to potentially cure cancer,[**! and the survival rate
beyond five years is currently only 9%.*’] The limited number of
risk factors that can be modified further complicates treatment
options.[*¥] Though biomarkers for pancreatic cancer early de-
tection are not available yet, intraductal and cystic lesions are
widely recognized as precursors.*°°1 Among other cystic le-
sions that are rarer or can be only detected microscopically, the
mucin-producing cystic neoplasms or mucinous cysts (e.g., in-
traductal papillary mucinous neoplasms and mucinous cystic
neoplasms),5*%!] are the most common. While intense activity
for the identification of suitable biomarkers of the mucinous
cysts is ongoing,[>>3 nowadays they are still detected incidentally
in imaging studies performed on individuals without pancreas-
specific symptomatology. Once a pancreatic lesion is diagnosed
it needs to be sorted into benign (nonmucinous, or pseudo-
cysts), probably malignant (low- and high-grade mucinous cysts)
or frankly malignant (cancer) to adequately treat the patient that
can be discharged, enter a follow-up protocol, or undergo surgi-
cal resection. The identification of the high-grade mucinous le-
sions is most critical as they are those at high-risk of transforma-
tion into invasive cancer.>* According to recent guidelines, ultra-
sonography with puncture of the cyst for histo-cytopathological
analysis can support a preoperative diagnosis, which in turn di-
rects therapy.®>] However, standard cytopathology diagnostic sen-
sitivity (true positive rate) is not sufficiently high, and ancillary
NGS molecular tests based on cell-free DNA from the cyst fluid
or tissue analysis, are usually applied.[>?*%%] To this end, in cyst
fluids from low-grade and high-grade mucinous cysts, character-
istic pathogenic mutations of KRAS, GNAS and/or TP53 genes
among others, are considered suitable markers.l>’>%] NGS-based
blood plasma analysis is currently being investigated for diagno-
sis and monitoring of pancreatic cancer; however, no reliable as-
say for the detection of pancreatic cancer precursors is available
yet.’] The analysis of pancreatic cyst fluids by NGS improves
the sensitivity of cytopathology in the identification in a preoper-
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ative setting of mucinous cysts, from 54% to 92%, and the sen-
sitivity of the detection of high-grade mucinous cysts from 50%
to 71%.54 Although this approach increases sensitivity accord-
ing to numerous studies, still performance is not fully satisfac-
tory and the whole procedure takes 3-10 days. To improve the
performance level, the ultrasensitive simultaneous detection of
oncoproteins such as Mucin 1 (MUC1),[%-621 and Complement-
decay-accelerating factor (CD55),[® is considered of very high
relevance.

To improve the diagnosis reliability of pancreatic cancer pre-
cursors, the SiMoT technology is upscaled into a multiplexing
96-array prototype at Technology-Readiness-Level (TRL) 5 in the
framework of a 4-year collaborative EU project: “Single-molecule
bioelectronic smart system array for clinical testing—SiMBiT.”[64]
The SiMBIT platform comprises a disposable cartridge and a
reusable reader. The cartridge integrates printed electrolyte-gated
organic field-effect transistors (EGOFETs) sensors, arranged in
a disposable 8 x 12 ELISA-like array, which is complemented
by a 3D-printed lid of sensing gates and by multiplexing elec-
tronics fabricated with organic thin-film transistors (OTFTs). The
sensing gates are biofunctionalized either with capturing anti-
bodies or probes. The reader integrates a custom-designed Si-
IC chip that operates via dedicated software installed in a USB-
connected smart device. The prototype is engaged in a preclini-
cal trial involving the assay of 47 unselected patients’ cyst fluids
(35 patients) and blood plasma (12 patients). To this end, single-
molecule assays of proteins (MUC1 and CD55) and nucleic-
acid (KRAS mutations, KRAS™") biomarkers were performed
simultaneously and benchmarked against state-of-the-art histo-
cytopathology complemented by NGS. A machine-learning algo-
rithm is engaged to reliably classify the samples analyzed with
the SiMBIT prototype as belonging to a potentially nonmuci-
nous or low-grade cyst, or from a high-grade one. A k-nearest
neighbor (k-NN) classifier is instructed on a training set com-
prising 37 samples. The classifier predictive performance is eval-
uated on an external test set, consisting of 10 samples assayed
in double-blinded, not engaged in the algorithm training stage.
The SiMBIT technology is proven capable of correctly predicting
all the samples of the external test set, as confirmed by the di-
agnosis formulated through histo-cytopathology complemented
by NGS molecular analysis. The results of a benchmarked cost
and time analysis show that SiMBIT is also fast (time-to-results
in 1.5 h) and cost-effective (<100 €), for the multiplexing anal-
ysis of 5-6 patients. These remarkable results, though based
on a limited number of patients, open the route to the pos-
sibility of performing in the future, a completely new mini-
mally invasive POC liquid-biopsy screening for early diagno-
sis of pancreatic cancer and hold the potential to save millions
of lives.

2. Results and Discussion

2.1. The 96-Well Bioelectronic Prototype

The overall structure of the SiMBiT portable prototype developed
at TRLS, is shown in Figure 1. It consists of a disposable car-
tridge comprising 96 bioelectronic sensors, with the same form
factor of a standard 8 x 12 ELISA plate, and a reusable reader
that operates via an USB connection to a standard smart device
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Figure 1. a) Picture of the small footprint (18 cm X 11.5 cm X 4.5 cm) SiMBIT bioelectronic platform. The disassembled system, shown on the right,
comprises, from top to bottom, the following elements: b) a 3D-printed array of biofunctionalized sensing gates covering the ELISA plate, c) spring-loaded
pins connectors, d) an array of the EGOFETs on poly(ethylene 2,6-naphthalate) (PEN)-foil glued on a bottomless ELISA-plate, e) flat cable connecting
the bioelectronics array to the f) multiplexing electronics based on a unipolar OTFT-based technology (FlexEnable Technology), g) a printed circuit board

(PCBY), integrating h) a custom Si-IC chip.

(computer, tablet, etc.). In Figure 1a a picture of the complete
device is shown, while the disassembled system is featured in
Figures 1b-h, evidencing all components, namely: i) the 3D-
printed array of biofunctionalized sensing-gates (SG) designed
to fit the ELISA plate as a cover; it is endowed with trunked
conical shape pillars (Figure 1b) that protrude into the wells to
get in contact with the deionized water filling them; ii) spring-
loaded pins (Figure 1c) placed along-side the prototype connect-
ing the 3D-printed array; iii) a flexible EGOFET array fabricated
on a poly(ethylene 2,6-naphthalate) (PEN)-foil, on top of which a
bottomless ELISA black plate is glued (Figure 1d); iv) the flat ca-
ble (Figure le) connecting the EGOFET sensor array to the mul-
tiplexing electronics; v) the unipolar OTFT-based multiplexing
electronics produced by FlexEnable Technology (Figure 1f); vi)
a printed circuit board (PCB) (Figure 1g) integrating a custom-
designed Si-IC chip fabricated in 65 nm CMOS technology
(Figure 1h).

The PCB and the Si-IC form the reusable electronic reader,
which provides all modules with the required signals and sends
the data to the software via a USB port. The disposable cartridge
is composed of the EGOFET array, the 3D-sensing gate plate,
and the OTFT multiplexing electronics. The 96 EGOFET array
(Figure 2a) is manufactured on a PEN substrate. Each EGOFET
comprises a coplanar lateral gate (LG) which serves as a monitor-
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ing gate for the stability of the device,[®] along with the source (S)
and drain (D) interdigitated gold electrodes covered by the inkjet
printed organic semiconductor, namely poly(3-hexylthiophene)
(P3HT), while the gold traces are covered with an inkjet printed
insulating biocompatible SU8 layer (Figure 2b). All gates present
in each column of the array are shorted together: This is achieved
by inkjet printing a conductive silver ink, bridging the SU8 insu-
lator, as shown in Figure 2a. In Figure 2c the equivalent circuit in-
volving the LG is shown. A bottomless black ELISA plate is glued
around each EGOFET using a patterned medical-grade double-
sided adhesive foil, allowing the dispensing of 300 uL of deion-
ized water (HPLC grade) serving as the electrolyte, which cou-
ples the gates (the lateral or the 3D sensing ones) to the channel
via electrical double layers (EDL).I! Using the same adhesive,
the EGOFET array is attached to a thick plastic substrate. The
SiMBIT disposable cartridge is completed by the OTFT-based
multiplexing electronics connected to the EGOFET array via a
flat cable, altogether forming the e-ELISA plate. While the 3D
sensing gate plate is a one-time-use-only disposable part, the
e-ELISA plate was used for several sensing runs (=32 sensing
runs, for a total of 192 patients’ samples assessments), before
being disposed of.

The SiMBIT prototype is completed by the reusable elec-
tronic reader connected to the e-ELISA plate. This comprises the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Picture of the Eelectrolyte-gated organic field-effect transistor (EGOFET) flexible array. b) Schematic of the EGOFET structure with the
lateral-gate and c) its equivalent circuit. d) Measured signal-to-noise-ratio (SNR) and dynamic range (DR) of the silicon integrated circuit (Si-IC): Gain 1
to Gain 10 (G1-G10) are the gain settings of the active feedback programmable gain transimpedance amplifier (AFPG-TIA). e) Typical transfer curves of
EGOFETs measured from devices positioned in different points of the array (see inset). f) Uniformity of the EGOFET array maximum output currents,

highlighting faulty devices.

custom Si-IC chip that performs three main functions: i) gener-
ation of the biasing voltages and acquisition of the 96 EGOFETs
currents, ii) control of the measurement process, and iii) commu-
nication via USB to a base station. The chip is manufactured in
a commercial CMOS 65 nm technology(®®! and acts as the inter-
face between the e-ELISA and the ad hoc developed software in-
stalled in the main computing unit. A digital-to-analog converter
(DAC) embedded in the Si-IC is used to supply bias voltages to
the EGOFET lateral and sensing gate contacts, while the drain
and source are kept at a stable voltage difference. The EGOFET
drain current measured in this biasing condition is processed by
a multiplexed current-sensitive analog front-end (AFE). Together
with an additional dedicated analog-to-digital converter (ADC),
this circuit translates the current signals coming from a column
of 8 EGOFET: to digital data. As EGOFETSs exhibit an exception-
ally high capacitance and a wide output current range is to be
processed, the AFE should offer a dynamic range (DR) exceed-
ing 120 dB.I%! A novel active-feedback programmable-gain tran-
simpedance amplifier (AFPG-TIA) has been designed to meet all
these requirements.[®]

The multiplexing electronics connects one column of
EGOFETs at a time to the reader, to measure in parallel
each of the eight sensors drain currents, and keeps all the other
EGOFETs disconnected (Section S1 and Figure S1, Supporting
Information). This operation is repeated twelve times to sequen-
tially read all columns. The electronic reader also addresses the
3D-sensing gates. To this end, the gold-coated pillars are con-
nected column-wise, automatically addressing only the column
of 3D gates whose EGOFETs currents are being read. While
addressing the 3D-sensing gate array, the lateral gate contacts
are disconnected. Conversely, when the 3D gate array is not in
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use (e.g., during the incubations, vide infra), the lateral gates are
biased to independently control the EGOFETs current stability.

2.1.1. SiMBIT System Electrical Characterization

In Figure 2d the measured signal-to-noise-ratio (SNR) and dy-
namic range (DR) of the Si-IC (Section S2 and Figure S2, Sup-
porting Information) are shown, over the whole drain current
range measured in an EGOFET for a varying LG bias. Due to
the very large capacitance associated with an electrolyte EDL, an
EGOFET drain current typically spans from tens of nA to tens
of pA. An AFE with an extended dynamic range is hence needed
to record any current with an error lower than 1%o. In Figure 2e
the EGOFET transfer characteristics (I, vs Vg at Vp = —0.4 V)
were measured sweeping the LG of 8 different devices (one for
each row in different columns), proving an acceptable uniformity
of the measured values (device-to-device variation within +60%).
In Figure 2f the maximum current recorded for each of the 96
EGOFETs of a SiMBIT array is displayed, proving that only 7 de-
vices were faulty (i.e., short-circuited) while 14 were leaky and not
suitable for biosensing. Generally, the arrays reached an overall
yield of about 80%. Such yield is intended for improvement as the
manufacturing moves from research to industrial environment.
The current drain current variability shown in Figure 2e, and the
possible occurrence of faulty devices reported in Figure 2f were
foreseen in the system design phase. The former issue is effec-
tively solved by the sensing protocol (Section 2.2), which extracts
the information on the binding from the normalized difference
of the drain current read before and after the incubation phase
and is thus insensitive to the absolute value of the drain current.
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Figure 3. Top view of the 3D printed sensing gate plate showing the gold-plated circular areas and the paths to the contact pads. The plate is divided into
6 areas each one assigned to the sensing of the fluid of one patient. The colour codes identify the gates (in triplicates) that are biofunctionalized with
the capturing antibodies against MUCT and CD55 or the probes to bind KRAS™"t, Each patient fluid is also exposed to 7 gates that are biofunctionalized

with BSA for the negative-control experiments.

The effect of faulty sensors is mitigated by the redundancy of the
measurements, and by choosing working sensors instead of the
faulty devices.

2.1.2. 3D-Printed Array of the Sensing Gates

The fabrication of the 3D array of the sensing gates was per-
formed by a 3D printing stereolithography (Section S3 and Figure
S3-S6, Supporting Information). It features 96 truncated cones
that fit a standard ELISA plate. The roughness was reduced by
depositing a 2 um thick layer of Parylene-C. Gold was deposited
by e-beam evaporation on the planarized 3D gate plate structure,
defining the circular gate area on top of the truncated pillars
and the paths to the pads’ contacts. The gold thickness is about
150 nm. The gates are biofunctionalized with a specific recog-
nition element, covalently bound to the gold gate, which highly
selectively binds a given marker.

The Dbiofunctionalization process comprises a thiol-based
chemical self-assembled-monolayer (chem-SAM) to which the
capturing antibodies for MUC1 and CD55, anti-MUC1 (green-
box, Figure 3), and anti-CD55 (blue-box, Figure 3), are conju-
gated. For the KRAS™", avidin (AV) is conjugated to the chem-
SAM and a biotinylated KRAS™"' complementary strand (b-
KRAS™") serves as the probe (yellow-box, Figure 3). The neg-
ative control experiments are carried out on gates biofunction-
alized with the non-binding bovine serum albumin (BSA, red-
box, Figure 3). The biofunctionalization results in the covalent
binding on the millimeter-wide sensing gate surface, of trillions
of capturing elements (Section S4 and Figure S7, Supporting
Information).[?”¢7] The plate is divided into 6 subsets of 16 gates,
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and each subset is exposed to the fluids (cysts or plasma) of
a given patient. For each patient, three replicates for each of
the three biomarkers are measured, along with 7 control exper-
iments. To comply with the less than 100% yield of the SiMBiT
array, 5 patients run was also carried out.

2.2. Multiplexing Sensing Protocol

The sensing encompasses a few very easy steps shown in
Figure 4. The protocol starts with the properly biofunctional-
ized array of gates that are incubated for 10 min in a phosphate
buffer saline (PBS, ionic strength = 163 x 10~ M and pH =
7.4) solution serving as reference fluid. This is performed by
immersing the biofunctionalized 3D sensing gate array into a
standard ELISA plate where all the wells are filled with the PBS
solution (Figure 4a). Meanwhile, the already stabilized array of
EGOFETS (see the Experimental Section for the stabilization pro-
tocol) is operated in deionized water by measuring 20 transfer
characteristics (I vs Vi) sweeping the lateral gate (LG), serv-
ing as reference. This is referred to as “cycling” and is carried
out in each of the 96 wells, addressing one column at a time.
As the devices are stable, the 20 curves will almost completely
overlap as shown in Figure 4b. The 3D sensing gate plate is
washed in deionized water and transferred into the well of the
EGOFET array covering the plate as a lid; here the cycling is
carried out again, biasing the 3D sensing gates. While each “cy-
cling” takes 2.5 min, the whole process takes overall 30 min to
address all 12 columns. The resulting curves are the baseline I;,
again measured in each well. Typically measured curves (20 al-
most overlapping traces) are shown as blue lines in Figure 4c. The
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Figure 4. The steps of the multiplexing sensing protocol (see text for details and Video S1in Supporting Information).

3D-sensing gates plate is now transferred into a standard ELISA
plate filled with the fluids of 5-6 patients (according to the 4
X 4 subsets illustrated in Figure 3) and incubated for 10 min
(Figure 4d). Meanwhile, a second run of transfer characteristics
is measured with the lateral gate; at this stage too, the 20 curves
measured are hardly distinguishable and are also very similar to
those measured during the step in Figure 4b, proving the high
stability of the EGOFET array. If at this stage a given EGOFET
shows a shift in current larger than 10% (as compared to what is
measured at the previous check shown in Figure 4b), the sensing
from that well is discarded. As a last step, the 3D sensing array is
removed from the patients’ fluids, is washed in deionized water,
and is positioned on the EGOFET array to undergo the cycling
of 20 curves, shown in red in Figure 4f, along with the baseline
traces in blue.

The shift of the current signal is readily apparent and the whole
process to assess 5-6 patients against three markers takes 90
min. The data are now transferred to a computer via a USB port
and an Al-based classifier performs reliable (false-positive and
false-negative < 1%) discriminant classification of high- and low-
grade, and nonmucinous cysts. A video of the whole sensing pro-
cess is provided (Movie S1, Supporting Information).
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2.3. The Clinical Assay on Pancreatic Cancer Patients
2.3.1. SIMBIT Single Marker Detection at 10 zm in 0.1 mL

The sensing protocol illustrated in Figure 4 is applied to the
simultaneous sensing of MUC1, CD55, and KRAS™" at the
single-molecule level. To this end, PBS is spiked with the mark-
ers at 10 zm (1 + 1 molecule in 0.1 mlL). The gates are bio-
functionalized according to the 4 X 4 subset structure defined
in Figure 3, which foresees triplicates for the sensing of each
marker and 7 negative control experiments. The results of the
negative control experiments are shown in Figure 5a. In these
experiments, the gate, biofunctionalized with the nonbinding
BSA, is exposed to PBS solutions added with all three mark-
ers (KRAS, MUC1, and CDS55) at a very high concentration of
10 x 107 M (10'? molecules in 0.1 mL), namely 12 orders
of magnitude higher than those in the single-molecule experi-
ments. Even at these much higher concentrations, the BSA non-
capturing element is shown not to bind any of the markers. The
central panel in Figure 5a shows the sensing currents I (20 cy-
cles, red curves) and the baseline (20 cycles, blue curves) I,
taken after incubation in the reference fluid, proving that, in the
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Figure 5. a—d) SiMBIT sensing measurements according to the protocol described in Figure 4, carried out in: a) PBS added with 1 x 10™° m
of MUCT, CD55, and KRAS™' (negative control experiments); or b—d) in PBS added with MUCT (b), CD55 (c), or KRAS™ (d) at 10 zm.
The leftmost panels feature the schematics of the gate pillars illustrating the chem-SAM, the capturing recognition elements (anti-
MUCT, anti-CD55, b-BRAS), and their affinity ligands; the negative control experiments involve a gate functionalized with BSA that is ex-
posed to all the three markers (KRAS, MUC1, and CD55) at a concentration of 10 x 107 M. The central panels show the sensing
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absence of an affinity binding, no significant difference is
recorded between the baseline current and sensing signal. On
the rightmost panel of Figure 5a the relative current shift upon
sensing, AI/I, = (I — I,)/I, (currents measured at Vg = —0.5V
and V,, = —0.4 V vs time during each cycle), is shown. Here the
red curve is the average of the currents measured for the 7 con-
trol experiments, while the gray shaded area is the data dispersion
over 1o (see also Section S5 and Figure S8, Supporting Informa-
tion). The first 20 cycles, measured in water after incubation in
PBS (first 2.5 min) are characterized by a very low data disper-
sion. A slightly larger noise is seen when the BSA gate is cycled
(subsequent 2.5 min) after incubation in the PBS solution added
with the 3 x 10'? biomolecules (proteins and DNA), possibly be-
cause the markers, although not binding to the gate, are anyhow
bumping onto the gate surface slightly changing its electrochem-
ical potential. The random error Gaussian distribution is featured
in the panel (rightmost in Figure 5a), around the average value
u,, as a gray line. The measured noise level in PBS added with
the markers is used to evaluate the LOI as the average of the neg-
ative control experiment noise level, u1,,, plus 6 times its standard
deviation, ¢. The Gaussian distribution of the random error at
the LOI is also shown in the figure as a dark gray line.

The dashed black curve is the relative current shift occurring
at the lateral gate, measured before and after the sensing. In
Figure 5b the MUC1 protein is detected at the single molecule
level. The central panel shows the transfer curves of the baseline
(measured after incubation in PBS) and the signal (after incuba-
tion in MUC1, 10 zm in PBS), while the rightmost panel shows
the dynamic of the AI/I,. As it is apparent, a clear signal change,
well beyond the LOI, is seen upon the sensing of one MUCI1 pro-
tein. For CD55 (Figure 5c) very similar data were measured and
single molecule sensing was proven too. A slightly slower AI/I,
dynamic (rightmost panel in Figure 5d) is seen for KRAS™" but
the final value of the AI/I, leaves no doubt that the signal is be-
yond the LOI level also in this case. In all cases, the lateral gate
current relative change (dotted black line) is always below a few
percent of relative variation (proving the device stability) and is
also always below the LOI. These data clearly show that the SiM-
BiT technology can discriminate, in a yes/no-type fashion with
the threshold at the LOI (confidence level better than 99%), if in
a droplet of 0.1 mL of a physiological relevant fluid (e.g., PBS),
there is or there is not at least one single molecule of a given
marker. Moreover, it was already demonstrated that an incuba-
tion of 10 min is enough for the single-molecule binding to occur
at the wide gate interface.[*’]

2.3.2. Preclinical Trial

SiMBiT Analysis of 47 Patients’ Fluids: The protocol illustrated
in Figure 4 is further used to assay either the blood plasma or

www.advmat.de

the cysts fluids of 47 patients. Typical measured data are shown
in Figure 6. The schematics of the gate pillars illustrating the
chem-SAM, the capturing recognition elements (anti-MUCI, b-
KRAS™! anti-CD55, and BSA), and their affinity ligands, are fea-
tured in Figure 6a. In Figure 6b the typical current outputs for a
plasma sample showing evidence of belonging to a high-grade
mucinous cyst are featured for all three markers (from left to
right: MUC1, KRAS™", and CD55), before and after incubation
into the reference fluid and in the plasma.

The rightmost panel shows the output for the negative-control
experiments, along with the relevant Gaussian distributions of
the random error at the average level of the noise, u,, and at
the LOI. This level is then shown also in the other 3 panels as
a dashed-dotted dark-gray line. In Figure 6¢ the same data is
presented for an assay in cysts fluid. In Figure 6d,e, the same
curves are presented for the analysis of plasma or cysts fluids
belonging to cysts being potentially low-grade (in fact showing
no evidence of being high-grade in the sampled part of the cyst)
and potentially nonmucinous (no evidence of being mucinous).
The patients’ status was assessed by state-of-the-art diagnosis
based on demographic information, clinical/radiological data, cy-
tology/biopsy, and NGS analysis of cell-free DNA obtained from
cyst fluids, and, where available, NGS analysis of tissue samples
after resection.

From the sensing data three features, F1, F2, and F3 described
in the Experimental Section, are extracted. F1 accounts for the
signal relative change as compared to the baseline, F2 consid-
ers the slope of the current drift during cycling, F3 is the off/on
(0,1) characteristic with respect to the LOI (Section S5, Support-
ing Information). These indicators are taken as the characteristic
elements of each sensing assay, serving as features in the artifi-
cial intelligence (AI) analysis. A table of all the Al feature values
for the whole set of 47 patients is given in the “iMBiT Machine-
Learning-Based Discriminant Classifier” part of the Experimen-
tal Section.

Multivariate Data Processing: An exploratory multivariate
data processing based on principal component analysis (PCA)
was undertaken to analyze the whole SiMBiT data set. PCA pro-
vides, for all three markers, an orthogonal set of principal com-
ponents (PCs) described as a linear combination of each fea-
ture F1, F2, and F3), weighted by the eigenvalues of the load-
ing matrix. The scores are the overall summed value for each
PC. The details of the PCA analysis are provided in Section S5
(Supporting Information) (Figure S9a, Supporting Information)
where it is demonstrated that the first two PCs (PC1 and PC2)
suitably describe the whole data set, encompassing 9 features
for each patient, i.e., 3 features for each of the 3 markers. The
whole data set was divided into a training set of 37 samples and
an external test set of 10 patients assayed in double blinded.
The PCA was performed on the training set spotting no outlier

current | (red curves) and the baseline Iy (blue curves) during the cycling involving the measurement of 20 transfer characteristic curves (Ip
vs Vgs in the 0 to —0.5 V range at fixed Vp = —0.4 V measured in deionized water). The rightmost panels give the current relative change
(I = 1g)/1y = Alfly vs cycles (top x-axis) and time (bottom x-axis). The current is measured in deionized water and the Al/l, data-points are taken
at Vgs = —0.5 V and V, = —0.4 V, one for each of the 20 cycles. The whole cycling takes 2.5 min. The data points are the average values over three
replicates taken on three different gates. The blue dots are evaluated after incubation in the reference fluid (PBS), while the red ones are measured after
incubation in PBS added with a single marker. The gray shaded area is the standard deviation over the three replicates. The black dashed lines in the
rightmost panels are the relative current changes measured on the lateral gate serving as reference electrode. The limit-of-identification (LOI) level is
also shown as a dashed-dotted black line (see text for details).
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Figure 6. MUC1, KRAS™t, and CD55 SiMBIT sensing measurements according to the protocol described in Figure 4, carried out in real patients’ cysts
fluid or blood plasma. In (a) the schematics of the gate pillars illustrating the chem-SAM, the capturing recognition elements (anti-MUC1, b-KRAS™t,
and anti-CD55), and their affinity ligands, are shown. The rightmost panel shows the data taken with BSA biofunctionalized gates serving in the negative
control experiments. In the other panels, the assays of the MUC1, KRAS™t, and CD55 are sequentially (left to right) featured. The dots are the data
points relevant to the I values (left axis), and their relative changes, Al/ly = (I — Iy)/ly (right axis, currents measured in water at Vgg = =0.5V, Vp =
—0.4 V) vs cycles (top x-axis) and time (bottom x-axis), during 20 cycles (2.5 min). b—e) The blue dots are the current data-points taken after incubation
in the reference fluid (PBS) while the red dots are taken after incubation in the real fluid for cysts diagnosed as: b) high-grade mucinous in plasma, c)
high-grade mucinous in cyst fluid, d) potentially low-grade mucinous (no evidence of high-grade mucinous) in plasma and, e) potentially nonmucinous
(no evidence of mucinous) in plasma. The sensing data are the average over three replicates while the negative control experiments are averaged over
seven replicates. The shaded area is one standard deviation. The dark-gray dashed-dotted lines are the limit-of identification (LOI) levels.

(see Figure S9b in the Supporting Information). In Figure 7a the
scores on PC1 and PC2 are plotted showing clear graphical clus-
tering of high-grade (blue triangles) while the potentially low-
grade (red circles), and the potentially nonmucinous cysts (black
squares) samples overlap to a large extent. The larger hollow sym-

bols are the data points relevant to the sensing current traces
taken from the samples featured in Figure 6. The mucinous high-
grade cysts cluster at positive scores of PC1 while the potentially
low-grade cysts and the potentially nonmucinous ones fall at neg-
ative PC1 values. In Figure 7b the loadings on PC1 and PC2 are
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Figure 7. a) Score-plot featuring the score of each sample evaluated for the two principal components PC1 and PC2. The data shown as blue labels
belong to the high-grade mucinous cysts, the red label to the potentially low-grade mucinous cyst (no evidence of high grade), and the black to the
potentially nonmucinous samples (no evidence of mucinous). b) Loading scatter plot, showing the loadings of each original feature on PC1 and PC2;
the F1, F2, and F3 features are indicated with black, blue and red arrows, respectively.

shown, providing the weights for the F1, F2, and F3 features.
The following can be observed: i) the presence of either one of
the features (for all three markers) is evidenced by positive PC1
loadings; ii) the presence of the two protein markers is partially
decoupled by opposite PC2 loadings, namely: CD55 is character-
ized mostly by negative loadings while MUC1 by very positive
one; iil) KRAS™" holds a weakly positive loading for PC2. While
the high-grade samples cluster shows no overlap with the others,
a confusion area is present for the potentially low-grade and the
potentially nonmucinous cysts.

To reach a classification among the high-grade and the po-
tentially low-grade and the potentially nonmucinous ones, a
machine-learning approach is undertaken. To this aim a k-NNI[®8]
classifier was adopted and instructed on the training set (37 pa-
tients), while its predictive performance was evaluated on the
external test set (10 patients). To prevent overtraining, the lat-
ter was not used for algorithm training. As customary, the k-NN
delimiting function was evaluated iteratively 10 times in cross-
validation. Each time, 4 random samples were assigned to an
evaluation set, while the other 33 samples were used to develop
the k-NN delimiting function. This procedure led to the misclas-
sification of only one sample (SbE19b marked in bold italics in
the table in the “SiMBiT Machine-Learning-Based Discriminant
Classifier part of the Experimental Section”). Specifically, in this
training set a potentially low-grade cyst was erroneously classi-
fied as potentially nonmucinous, leading to one false negative
over the whole set of 47 patients. In a preoperative assessment
the SbE19b patient was diagnosed as potentially nonmucinous by
histocytopathology analysis complemented by NGS. The corre-
sponding blood sample was analyzed by SiMBiT. Eventually, the
patient was surgically resected, and it was finally diagnosed as
potentially low-grade.

To test the predictive power of the model, the computed k-
NN model was used to classify the samples of the external test
set (in a double-blinded way), returning the output shown in
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Table 1. Output of the k-NN classifier on the external test set benchmarked
toward diagnoses.

Patient Cyst class prediction Diagnosis
External SbG2 Potentially nonmucinous®  Potentially nonmucinous?
testset  shG3 Potentially nonmucinous?  Potentially nonmucinous?
SbES51 Potentially low-grade Potentially low-grade
mucinous® mucinous®
SbE60 Potentially low-grade Potentially low-grade
mucinous® mucinous®
SbE6 Potentially low-grade Mucinous (no grading)
mucinous®
SbE26 High-grade mucinous Mucinous (no grading)
SbE41 High-grade mucinous Mucinous (no grading) ©
SbG4 Potentially nonmucinous®  Potentially nonmucinous?
SbG11 Potentially nonmucinous®  Potentially nonmucinous?
SbG12 Potentially nonmucinous?  Potentially nonmucinous?

¥ No evidence for mucinous; ®)No evidence for high-grade; 9 presence of aneu-
ploidy (abnormal DNA content) that might suggest this mucinous being high-grade.

Table 1, where the outputs of the classifier are benchmarked
against the actual diagnosis. As it is apparent, the SiIMBIT classi-
fier has correctly predicted all the external test-set samples being
in perfect agreement with the diagnosis. Moreover, the SIMBIiT
classifier is proven capable also to discriminate the grading of the
SbEG, SbE26, and SbE41 samples, ascribed generically to muci-
nous neoplasms by the state-of-the-art diagnosis. For SbE6 and
SbE26 the grading was not possible due to the absence of epithe-
lial cells at cytology and of gene mutations known to correlate
with high-grade features. For SbE41 the presence of aneuploid
DNA content along with a reduced CDKN2A gene dosage (NGS
of cell-free DNA) could possibly indicate a high-grade lesion.
This, strikingly, in agreement with the SiMBIiT classification.
Histologic confirmation, however, is still missing. The capability

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 2. Overall diagnostic-sensitivity and diagnostic-specificity for SiMBIT based on all the 47 samples data set, benchmarked against state-of-the-art

diagnosis.
High-grade
Technology/approach Body fluid Markers assayed Diagnostic Mucinous [%] mucinous [%]
Histo-cytopathology + NGS Cysts fluid KRAS? GNAS?) TP532) Specificity 100 100
(state-of-the-art) Sensitivity 92 60
SIMBIT Cyst fluid/blood plasma MUCT?) CD55" KRAS?) Specificity 100 1009
Sensitivity 96 1009

? Nucleic acid mutations; & Protein;  These are evaluated only on the training set as there was lacking state-of-the-art diagnosis on samples: SbE6, SbE26, SbE41.

of the SIMBIT platform to better grading the samples analyzed
is most likely related to its capability to detect the CD55 and the
MUCT at the single-molecule level.

The results for the diagnostic-sensitivity (relative incidence of
false-negatives) and the diagnostic-specificity (relative incidence
of false-positives) percentages are provided on the whole cohort
of patients in Table 2. Here the sorting into mucinous and high-
grade is shown against the standard diagnosis. The figures of
merit of the SiIMBIT classifier, operating only on the preoperative
samples, are based on both the training set and test set. As it is
evident the SiMBIT platform, operating also on plasma samples,
outperforms state-of-the-art diagnosis being more accurate, par-
ticularly in terms of diagnostic-sensitivity. However, it is worth
underlying that these results are based on a preclinical set of 47
patients and that a more robust reliability assessment based on
more patients, is ongoing.

Finally, the SiMBIiT assay time-to-results per 5-6 patients is
only 90 min with an overall estimated cost (including personnel)
per 5-6 patients of less than 100 € (see also Section S6 in the Sup-
porting Information). Standard diagnosis requires from 3 to 10
days and costs are of about several hundred euros.

3. Conclusion

A portable bioelectronic platform (18 x 11.5 X 4.5 cm?) for a
multiplexing single-molecule sensing array is here proposed. It
is composed of a disposable cartridge that incorporates an array
of 96 electrolyte-gated organic transistors with lateral reference
gates, manufactured on a plastic foil, glued to a bottomless stan-
dard ELISA plate, whose wells hold the electrolyte. Organic thin
film transistor multiplexing electronics enables reading all sen-
sors within the same form factor of the standard ELISA plate.
The cartridge is supplemented by a 3D-printed cover plate of
sensing gates that protrude into each well. These gates are bio-
functionalized with the recognition element (capturing antibod-
ies or probes) to simultaneously assay proteins and nucleic acid
biomarkers in a real biofluid. A reusable reader based on a PCB
and a custom Si-IC chip provides miniaturized and accurate dig-
italization of the data, together with all electronic support func-
tions. The prototype can be operated through software that is in-
stalled on a USB-connected smart device.

The 8 x 12 multiplexing array prototype developed at TRL5
is uniquely capable of reliably performing simultaneous single-
proteins and single-copy-DNA assay. The oncoproteins (MUCI,
CD55) and mutated nucleic acid (KRAS™") are detected in the
cyst fluid or the blood plasma of 47 patients to identify mucinous
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cysts and sort those with high-grade features, recognized as pre-
cursors for pancreatic cancer. The multiplexing detection of the
three target biomarkers is performed in triplicates, along with 7
negative-control experiments for 5 to 6 different patients tested
with one plate. A machine-learning-based classifier is fed with
the data of 37 patients’ samples and its prediction capabilities are
challenged using an external test-set of 10 samples analyzed in a
double-blinded way. Remarkably, the analysis of all three SIMBiT
markers in the 47 patients resulted in at least 96% diagnostic-
sensitivity and 100% diagnostic-specificity for the detection of
mucinous neoplasms as well as for the sorting of those with high-
grade features in cyst fluids as well as in blood plasma. In addi-
tion, the SIMBIT technology is more cost-effective and faster than
state-of-the-art diagnostic procedures, being also the only assay
allowing for simultaneous testing of protein and genomic mark-
ers both at the single-molecule level.

This preclinical study, though based only on a cohort of 47 pa-
tients, offers a compelling proof-of-principle that opens a com-
pletely new highway toward liquid biopsy in blood plasma for
pancreatic cancer screening and holds the potential of saving mil-
lions of persons in the future.

4. Experimental Section

Materials: The materials used in the experiment included Bovine
serum albumin (BSA), high-purity ethanol, avidin from egg white, poly(3-
hexylthiophene) (P3HT), and phosphate buffer saline (PBS tablets), all
purchased from Sigma-Aldrich without the need for further purifica-
tion. The device components, such as the lateral gate and interdigi-
tated source-drain gold electrodes, were patterned with a lift-off pho-
tolithography process on a poly(ethylene 2,6-naphthalate) (PEN) sub-
strate, 125 micrometers thick purchased from Du Pont. The mono-
clonal antibodies for Mucin 1 (anti-MUCT) and the recombinant pro-
tein of human Mucin 1 were provided by OriGene. CD-55 monoclonal
antibodies (anti-MUC1, clone 1D7 and clone 1G3) and the recom-
binant protein of human complement decay-accelerating factor (CD-
55, My, = 67 800 Da, product number: H00001604-P01) were pro-
vided by Abnova. Invitrogen—Thermo Fisher Scientific was the source
of mutated nucleic acids KRAS (KRASS12P) which were utilized with-
out any modifications. The biorecognition element, also known as
the probe, was Biotinylated-KRASG12D fwd with a molecular weight
of 7.914 Da and a sequence of 5-TGCCTACGCCATCAGCTCCAACTAC.
The target oligonucleotides, referred to as KRASS12P, had a molecu-
lar weight of 7,835 Da and a sequence of GTAGTTGGAGCTGCATGGCG-
TAGGCA. The MerckMillipore company (now MilliporeSigma) provided
the 3-mercaptopropionic acid (3-MPA), 11-mercaptoundecanoic acid (11-
MUA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS) used in the study.
Quanterix provided Tween 20, Sulfosuccinimidyl 4-[N-maleimidomethy]
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cyclohexane-1-carboxylate (Sulfo-SMCC), 1 m Tris HCl pH 7.4, NHS-PEG4-
Biotin, Streptavidin Horseradish Peroxidase (SA-HRP), Horseradish Per-
oxidase Substrate (SuperSignal Luminol), and sample diluent (Phosphate
buffer with BSA and sodium azide as preservative). Universal ELISA plates
with an immobilized protein anchor were purchased from Quanterix and
stored at 2-8 °C.

SiMBIiT 8 x 12 Electrolyte-Gated Organic Field-Effect Transistors
(EGOFETs) Array Fabrication: To fabricate the EGOFET array, a flexible
125 um thick PEN foil was used. The gold lateral gate, along with the source
and drain electrodes, was designed on the PEN substrate through a lift-off
photolithography technique that used a reverse flood exposure process.
A coplanar lateral gate configuration was chosen to better fit the bottom
of an ELISA well, while PEN was chosen as it is robust, cheap, enables
an effortless bonding with the addressing electronics, and can be easily
glued to the ELISA plate, preventing water leaking. To complete this pro-
cess, only one layer of photoresist (AZ5214E — MicroChem) was needed.
Initially, the photoresist was spin-coated onto the substrate for 60 sec-
onds at 4000 rpm, then baked at 110 °C for 90 s to eliminate the solvent,
and then negatively exposed using a mask aligner (Karl Siiss MA6/BA8)
with a custom-made negative photolithographic mask (created by Compu-
Graphics). The exposed parts of the resist were then crosslinked by bak-
ing at 120 °C for 90 s. The desired pattern was obtained after the com-
plete sample was exposed to floods and subsequently developed in AZ
726 MIF developer. A chromium adhesion layer (2 nm) was deposited
on the PEN substrate before the thermal evaporation of gold (30 nm).
To complete the lift-off step, the sample was immersed in TechniStrip Mi-
crodeposit D2 stripper overnight. Afterward, the samples were cleaned in
both acetone and IPA using an ultrasonic bath, dried with nitrogen, and
further cleaned with oxygen plasma for 2 min. An interdigitated electrode
structure was chosen to increase the width/length ratio and improve the
transistors source—drain current. The dimensions of the structure were:
channel width of 10* um, channel length of 5 um, and a circular lateral
gate diameter of 2.5 mm. A biocompatible insulator film (SU8 — TF6001
MicroChem) was inkjet printed by a Fujifilm Dimatix DMP-2831 on top of
the gold traces exposed to the electrolyte, except for the channel and the
lateral gate areas, using a cartridge with 10 pL nozzles. Finally, the P3HT
organic semiconductor was deposited only on the gold source and drain
contacts through ink-jet printing. The plate temperature was set to 35 °C
while printing the organic semiconductor with a drop spacing of 45 um
and firing voltage of 40 V. Additionally, the jetting frequency used was 1kHz
during the printing process. The inkjet printing of the organic semiconduc-
tors was optimized to improve the electrical performance of the SIMBIT
devices, namely the on/off ratio, the maximum Iy current, and the I/l
ratio. To this aim, P3HT in a blend of ortho-dichlorobenzene (ODCB) and
chlorobenzene (CB)—in a ratio of 25/75 ODCB/CB—with a concentration
of 2.6 mg mL~" resulted to be the best formulation. As a final step, a stan-
dard black bottomless ELISA plate with 96 wells (Greiner Bio-One) was
glued over the plastic foil with a medical-grade double-sided adhesive foil.
The dark colour prevents the P3HT device from being exposed to light.
Each well of the plate was filled with 320 uL of water (HPLC-grade, Honey-
well Riedel-de Haén) serving as the gating medium.

Fabrication of the 3D-Printed Sensing Gates Cover Plate: The 3D sens-
ing gate plate consists of 96 hollow pillars that protrude 6.5 mm. A 0.3 mm
thick cavity prevents any metal interconnections to be in contact with the
ELISA plate surface. The top base radius of each pillar is 2.8 mm, while
the bottom base radius is 3.25 mm with a side wall slope of 3.9°. The plate
was patterned and optimized to fit into a commercial ELISA plate dur-
ing its biofunctionalization and sensing measurements. Additive printing
techniques were used for the fabrication of the 3D structures, specifically
a 3D printing stereolithography approach. This approach was chosen for
its fast and flexible design, low costs, no material waste, high accuracy,
and wide range of materials suitable for various experimental conditions
and applications. The Form 2 printer was utilized for this purpose with
a layer thickness of 100 um, raft type: full raft, density: 1.20, touchpoint
size: 0.45 mm, height above rafts: 10.00, raft thickness: 2.00 mm, tilt an-
gle a, = @, = 45°. The Clear Resin FLGPCL04 is a commonly used material
for high-quality rapid prototyping due to its excellent solvent compatibil-
ity, good temperature properties, and ability to produce high-resolution
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results. After the printing process, the samples are post-cured through
a combination of annealing and UV exposure. This involves placing the
samples in a UV oven at 65 °C for 20 min to ensure uniform heating be-
fore exposing them to UV light for 30 min. The curing rate of the resin
is dependent on its temperature, making it essential to maintain a uni-
form temperature throughout the process to minimize residual stress. The
roughness of the 3D sensing gate plates is reduced before e-beam evapo-
ration by depositing a 2 um layer of Parylene-C.[?°l The coating thickness
of Parylene-C remains constant regardless of the shape of the substrate,
and it does not have any pinhole. It is also biocompatible and has excel-
lent chemical stability with a wide range of solvents, including those used
for gate biofunctionalization such as ethanol, PBS, and water. The depo-
sition of Parylene-C was done via chemical vapor deposition using a Lab-
coter PDS 2010 from SCS. The process involved placing 4 grams of solid
dimer inside the vaporization chamber, which sublimates at 175 °C and
converts to the monomer phase at 690 °C under a pressure of 0.5 Torr.
At room temperature and a pressure of 0.01 Torr, the monomers undergo
polymerization in the polymerization chamber by forming covalent bonds
with each other until the polymeric chains become long enough to at-
tach to the substrate due to gravity. Subsequently, a planarization step is
performed, followed by the direct e-beam evaporation of gold onto the
3D gate plate structure with Parylene-C, with a thickness of ~150 nm.
The 3D sensing gate plates are then cleaned with IPA and subjected to a
plasma oxygen treatment for 120 s using the Plasma Asher model Femto
from Diener Electronic, with an O, pressure of 0.4 mbar and power of
100 W.

Sensing Gates Bio-Functionalization Protocol: The gate biofunctional-
ization is carried out by immersing the 3D sensing gate plate into a
standard 96-well plate, filled with the needed biofunctionalization solu-
tions. The first step in the protocol involves immobilizing a chemical SAM
(chem-SAM) on a gold surface using a solution containing 10 x 1073 m
of 3-MPA and 11-MUA (10:1 molar ratio) in ethanol. The gold-coated pil-
lars of the 3D sensing gate plate are dipped in this solution and left in
the dark under N, atmosphere for 18 h at room temperature (25 °C).
This creates a monolayer known as the chem-SAM, which exposes car-
boxylic groups of the alkylthiols through covalent gold-sulfur interaction.
These groups are activated by reacting with a 200 x 1073 m solution of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in the presence of
a 50 x 1073 m sulfo-N-hydroxysuccinimide (sulfo-NHS) aqueous solution
for 20 min at 25 °C. Following this, the biofunctionalization protocol pro-
ceeds with the immobilization of antibodies capturing layers, such as ei-
ther i) anti-MUC1 and anti-CD55, or ii) a genomic biorecognition element
(probe), b-KRAS™Ut. i) To attach anti-MUCT and anti-CD55 antibodies to
the activated ~-COOH sites, the gate surface was submerged in PBS so-
lutions of each antibody for 2.5 h at 25 °C. These solutions contained
133 x 107 M (20 ug mL™") of the respective antibody in PBS with a pH
of 7.4 and an ionic strength of 163 x 1073 m. Unreacted sulfo-NHS es-
ter groups were then saturated with ethanolamine (1 m in PBS) for 45
min at 25 °C, and finally, the bio-functionalized gate was submerged in
a 1.5 x 1073 m (0.1mg mL~") BSA solution in PBS for 1 h at 25 °C to
reduce nonspecific binding. ii) When dealing with probes, the gate sur-
face with activated carboxylic groups was submerged in an AV phosphate
buffer saline solution for two and a half hours at room temperature. The
solution contained 833 x 10~ m of AV in PBS at pH 7.4. Following this, the
AV-modified SAM underwent further treatment with ethanolamine 1™ in
PBS for 45 min at room temperature. Afterwards, the gate surface was
immersed in a biotinylated KRAS™* 0.5 x 107® m PBS solution at pH
7.4 for 1 h at room temperature. After each step of biofunctionalization,
the gate was washed with the corresponding solvent to remove any un-
bonded residues. In the negative control experiment, the pillars of the 3D
sensing gate plate were biofunctionalized with only BSA according to the
same protocol used for the antibodies. The entire biofunctionalization pro-
cess was carried out by filling a standard 96-well ELISA plate with a vol-
ume of 100 pL of solution for each reagent. The 3D sensing gate plates
were designed to test for three biomarkers from six patients at the same
time. This means that each patient’s biomarkers can be tested in tripli-
cate on a single 3D sensing gate plate, along with seven negative control
experiments.
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Biomarkers Standard Solutions in PBS:  To simulate blood plasma con-
ditions, standard solutions of MUC1, KRAS™Yt and CD55 in PBS with an
jonic strength of 163 x 1073 m and a pH of 7.4 were prepared by diluting
stock solutions. The dilution process followed the equation ¢, = ¢V, /V, =
keq, where ¢y and ¢, represent the initial and diluted ligand concentrations,
respectively, and V; and V, are the corresponding solution volumes. The
dilution factor, represented by k = V;/V,, was used to calculate the concen-
trations. The stock solution was used for subsequent dilutions in the ten-
fold serial dilution series starting from the concentrated analytes’ mother
solution. The absolute uncertainty on each concentration of the standard
solutions was calculated as the propagation error of the dilution factor,
while the uncertainty of the volume, given by the supplier company of the
pipettes used, is 1%. This value of the uncertainty of the volume consid-
ers both random and systematic errors in pipetting. The nominal number
of target molecules at a concentration is determined using the equation
cVN,, where ¢ is the analyte concentration, V is the volume of the stan-
dard PBS solution used (150 pL), and N, is the Avogadro number. For
very low concentrations, Poisson’s distribution can be used to estimate
the error associated with the sampling procedure. The total uncertainty of
the ligand concentration is obtained by adding the squares of the dilution
(op) and Poisson’s (op) errors and taking the square root of the sum. This
means that the 150 uL of PBS standard solution, in which the sensing gate
was incubated, at a concentration of 10 zm 1+ 1 molecules are present.
Therefore, according to Poisson’s distribution, there is a 64% probability
that in a 10 zm solution there is at least one molecule.

Collection of Body Fluids: Pancreatic cyst fluids (1-5 mL) were with-
drawn during routine diagnostic and/or therapeutic interventions, such as
endoscopic ultrasound fine-needle aspiration. Venous blood was collected
in Cell-Free DNA BCTs tubes (Streck, Nebraska, US) following the manu-
facturer’s instructions. Samples were sent immediately to the Institute of
Pathology for further processing. If immediate shipping was not possible,
samples were stored at 4 °C. Prior to cfDNA isolation, plasma was sepa-
rated from 10 mL whole blood by centrifugation at 600g for 20 min. Plasma
samples were then centrifuged at 1600g for 10 min at room temperature
to remove any remaining cells. cfDNA was extracted using QiAamp cir-
culating nucleic acid kit (Qiagen, Hilden, Germany) and quantified by a
custom-made qPCR assay (Primer for: 5'-AAACGCCAATCCTGAGTGTC-3/;
Primer rev: 5‘CATAGCTCCTCCGATTCCAT-3).

Tissue samples consisted of specimens obtained by fine-needle biopsy
or resection specimens acquired through surgery. Samples were fixed
in 4% buffered formaldehyde and embedded in paraffin. Hematoxylin &
Eosin stains were prepared from 2-um sections of formalin-fixed paraffin-
embedded (FFPE) tissues. These stains were evaluated to determine a
sample area suitable for DNA isolation. DNA from tissue was extracted
using GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The human plasma samples were centrifu-
gated at 10 000g for 5 min to remove insoluble material and then diluted
1:8 (v/v) with PBS reference fluid before testing. The human cyst fluids
were diluted as received 1:8 (v/v) in PBS reference fluid. For both plasma
and cyst fluids, an aliquot of each diluted sample was heated up in a water
hot bath at 90 °C for 3 min prior to the analysis with b-KRAS™Ut modified
gates.

Allindividuals provided their informed consent for participation before
being included in the study (Patients’ information and informed consent—
University Hospital of Diisseldorf). The study was conducted in compli-
ance with the Declaration of Helsinki and the EU General Data Protection
Regulation (EU-GDPR). Additionally, the protocol for analyzing body fluids
and tissues received approval from the Ethics Committee of the University
Hospital of Diisseldorf (Project H2020 SiMBIiT GA 824946).

SiMBIT Sensing Measurements: The 8 x 12 SiMBIT array was kept in
contact with HPLC-grade water (conductivity 0.056 uS cm™") dispensed
into the 96 wells for about 24 h. Afterward, the source—drain current I,
was stabilized by cycling the measurement of the transfer characteristics
using the reference lateral gate, namely I vs V5 ranging from 0 to —0.5 V
at fixed Vp of —0.4 V, every half an hour, until the current drift was reduced
to 1% h~1.[85] The 3D sensing gate plate, properly biofunctionalized for the
simultaneous proteins or genomic assay, was stored in a standard ELISA
plate filled with PBS and washed thoroughly with HPLC water prior to the
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assay. As a first step, the 3D sensing gate plate was incubated in a stan-
dard ELISA plate filled with 150 pL of PBS, used as a reference fluid, for 10
min. The 3D sensing gate plate was then washed thoroughly with HPLC
water using a custom wash tank, and a stable baseline (/) was acquired,
measuring 20 subsequent transfer characteristics (2.5 min). The reiter-
ated measurement of a set of 20 transfer curves, is addressed as “cycling”
which is always carried out in HPLC water. The same 3D sensing gate plate
was further incubated in the samples, diluted 1:8 (v/v) in PBS for 10 min,
and then washed thoroughly with HPLC water. A second set of 20 transfer
characteristics was acquired in 2.5 min, thus providing the signal I. Dur-
ing both incubation steps in the reference fluid as well as in the sample
solutions, the stability of the SIMBIT array was assessed registering the
I current level with the coplanar reference lateral gates. Even in this case
sets comprising 20 transfer characteristics were registered in the same
voltage window of the 3D sensing gate plate. All data acquired during the
experiments were plotted and analyzed using MatLab software.[®] A video
illustrating the whole procedure is provided in Movie S1 (Supporting In-
formation).

Assessment of the Limit-of-ldentification (LOI): The SiMBIT platform
provides a yes/no-type of response with the threshold at the limit-of-
identification (LOIl). The LOI level defines the smallest amount of an an-
alyte (e.g., the targeted marker) that can be distinguished from the noise
level (random error) at a level of confidence better than 99%, namely with
an incidence of false-positives and false negative lower than 1%.I70] This
is assured by taking the LOI level at the noise-average-level (u,) + 6 times
the noise-standard-deviation (65).['*] The Gaussian distribution of the
noise’s standard deviation (assumed to be the same of the sample to be
assessed), was evaluated through a set of negative control experiments.
Namely: i) for the experiments carried out in PBS, the LOI level was esti-
mated from 7 negative control experiments encompassing BSA function-
alized gates exposed to a PBS solution containing MUC1, KRAS™"t, and
CD55 (10 x 1072 m); ii) for the patients’ samples (both cyst fluid and blood
plasma diluted 1:8 (v/v) in the reference fluid) the LOI level was estimated
for each patient from 7 negative control experiments, registered with BSA
biomodified gates exposed to 150 pL patient’s sampled solution.

SiMBIT Machine-Learning-Based Discriminant Classifier: A machine-
learning approach was undertaken to analyze the whole data set collected
on 47 patients’ samples (12 plasma samples and 35 cysts fluids). The data
set was divided into a training set consisting of 37 samples, used to in-
struct the model, and a test-set of 10 samples analyzed in double-blinded,
used to verify the predictive capability of the model. For each patient fluid,
the analysis of MUC1, KRAS™U and CD55 was accomplished simultane-
ously, along with 7 negative control experiments. The data from the nega-
tive control experiments served to define LOI level (vide supra). The sum-
mary of the measurements is given in Table 1, along with the final diag-
nosis. The biofluid in which the SiMBIT analysis was performed is given
as well. For each biomarker, the three following features were estimated:
i) F1 = (1520 — lo_15-20)/l0_15-20 (average over three replicates), where
l15_20 = % 21.2:015 [+ (Vgs =—=0.5V; Vo =—0.4V) is the sensing current
averaged over the last 5 cycles (cycles 15-20) after exposure to a patient
sample, while the I 15_50 = 3 Y5 lo (Vs = —0.5V; Vp = —0.4V) is the
baseline current averaged over the last 5 cycles after incubation in the PBS
reference fluid. Those values are calculated using the NumPy package with
numpy.mean() in Python. i) F2= (l,o — 11)/ (lo,20 = lo,1), Where Iy, 10, Ig 1,
lp 20 are the I and I, current values (at Vgs = —0.5 V and Vs = —0.4 V)
measured at cycles 1 and 20. This feature correlates to the normalized
dynamic drift of a given gate. iii) F3 is the yes/no (0, 1) binary variable
defined as 0 when the Al/ly < LOI level or 1 when Al/ly > LOI. A graphi-
cal representation of the features can be found in Figure S8a (Supporting
Information). The machine-learning algorithm herein developed has the
main goal to perform discriminant classification of the samples belong-
ing to the high-grade, low-grade mucinous cyst or nonmucinous classes.
To this aim a k-NN classifierl®8] was coached on the training set, as de-
fined in Table 3, comprising 37 samples, while its predictive performance
has been evaluated on the external test set of 10 samples, to prevent the
overtraining of the model. The core of the k-NN depends on a “guilt by
association” principle where classification is performed by measuring the
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Table 3. List of the patients’ samples assayed in the pre-clinical trial used as “training” and “external-test set”, along with the assayed fluids, and the
average Al features values extracted for MUCT, KRAS™!t, and CD55 over three replicates. The diagnosis formulated by the pathologists is provided only

for the training set.

MUC1 KRAS CD55
Patient Diagnosis Fluid F1 F2 F3 F1 F2 F3 F1 F2 F3
Training set SbuU18b High-grade Plasma 0.22 1.65 1 0.14 2.67 1 0.14 0.48 1
Sbu25b mucinous Plasma 0.60 1.50 1 0.61 0.98 1 0.27 0.57 1
SbE38b cyst (#9) Plasma 0.13 0.68 1 0.17 081 1 0.54 025 1
SbES Cyst fluid 0.25 0.62 1 0.16 0.86 1 0.18 0.82 1
SbG1 Cyst fluid 0.14 4.55 1 0.20 2.00 1 0.57 0.35 1
SbE15 Cyst fluid 0.69 0.68 1 0.27 111 0 0.39 0.04 1
SbE18 Cyst fluid 0.14 1.74 1 0.03 5.00 1 0.13 0.50 1
SbE32 Cyst fluid 0.19 2.82 1 0.00 0.00 0 0.09 0.17 1
SbE43 Cyst fluid 0.86 1.80 1 0.20 1.00 1 0.27 1 1
SbE30b Low-grade Plasma 0.07 0.81 1 —0.02 0.22 0 —0.03 2.25 0
SbE33b mucinous Plasma 0.37 0.51 1 0.09  —1.00 0 011 -0.70 0
SbE31 cyst (#10) Plasma 0.18 1.09 1 001  -078 0 004  -667 0
SbES3 Plasma 0.08 0.63 1 -026 139 0 -029  —0.64 0
SbE49b Plasma 0.19 1.69 1 -0.02 0.07 0 -0.12  —0.29 0
SbE1 Cyst fluid 0.09 0.33 1 -0.07 0.00 0 -0.07  —0.96 0
SbE3 Cyst fluid 0.48 1.40 1 034  —2.00 0 032  -191 0
Sbu47 Cyst fluid 0.19 0.52 1 0.04  —059 0 001  —0.54 0
SbE37 Cyst fluid 0.07 1.40 1 0.05  —1.00 0 -0.02  -1.05 0
SbE19b Plasma 0.16 0.95 0 -030  —0.69 0 -030  —-0.57 0
SbE50b Non-mucinous Plasma -0.37 -0.41 0 -0.32 -0.67 0 —-0.26 -0.63 0
SbG21 (#18) Plasma -0.31 -1.26 0 -0.31 —0.65 0 -0.28 -3.77 0
SbE2 Cyst fluid 0.14 131 0 0.04  -0.07 0 0.05  —0.46 0
SbE4 Cyst fluid -0.11  —043 0 -0.09  —031 0 -0.02  —048 0
SbE7 Cyst fluid 0.65  —038 0 0.00 0.00 0 -0.02  -1.00 0
SbES Cyst fluid -020  —0.80 0 -0.16  —0.67 0 -0.12  —2.00 0
SbE9 Cyst fluid -0.14  -2.38 0 —0.11  -3.24 0 —-0.09  -2.23 0
SbE10 Cyst fluid -0.04  —0.92 0 —-0.04  —0.60 0 —-0.07  —0.25 0
SbE16 Cyst fluid 0.24 0.58 0 -0.13  —0.50 0 034  -7.00 0
SbE17 Cyst fluid 012 -115 0 0.03  -1.25 0 0.07  -2.00 0
SbE22 Cyst fluid 0.18 0.91 0 -0.17  —-0.50 0 0.00 0.00 0
SbE23 Cyst fluid -0.02  -2.26 0 023 -1 0 0.09  -0.26 0
SbE24 Cyst fluid -0.02 0.00 0 -0.15  -1.14 0 -0.10  —0.50 0
SbE25 Cyst fluid 0.12 111 0 0.01 0.14 0 0.03 1.00 0
SbE28 Cyst fluid 0.13 2.90 0 0.11 1.00 0 0.14 0.60 0
SbE29 Cyst fluid 0.00 0.00 0 -0.01  —0.68 0 0.00 0.00 0
SbE34 Cyst fluid 0.15 0.52 0 0.19 0.67 0 0.21 1.00 0
SbE45 Cyst fluid 0.24 0.39 0 0.08 0.73 0 007  —1.94 0
External test set SbG2 Cyst fluid -0.13 -9.00 0 -0.11 -3.50 0 -0.12 -1.84 0
SbE60O Plasma 0.33 0.96 1 0.13 0.33 0 018  —183 0
SbG3 Cyst fluid -0.11  —0.77 0 -0.13  —0.42 0 -020  -1.80 0
SbE51 Cyst fluid 0.34 1.64 1 022  —-0.70 0 027  -226 0
SbE6 Cyst fluid 0.45 433 1 -028  —0.20 0 —-034  —4.00 0
SbE26 Cyst fluid 0.28 0.81 1 0.25 1.00 1 0.06 0.67 1
SbE41 Cyst fluid 0.17 0.59 1 0.01 0.25 0 0.11 0.23 1
SbG4 Cyst fluid -0.16  —3.50 0 -0.40  -1.83 0 0.08  —5.00 0
SbG11 Cyst fluid 0.04 0.28 0 0.06 0.70 0 017  -333 0
SbG12 Cyst fluid 0.06 0.46 0 —-0.04  —4.00 0 0.02  -150 0
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similarity between a query and a set of training patterns, computed as dis-
tances. Specifically, it is a nonlinear discriminant classification technique,
based on the evaluation of the distances of a query object from all the ob-
jects in the training set. The query object is thus classified in the category
of the k closest object(s), where the k value defines how many neighbors
will be checked to determine the classification of the specific query ob-
jects. The k-NN classification of the SiMBIT data set was developed using
a k value equal to 3, to avoid ties in classification, and Canberra distance
metrics were defined according to Equation (1):

n

% = il
d, =) — 1
Canberra ; |X,‘| T |Y1| ( )

estimating the closeness between 2 vectors x and y, with x = (xq, xo, ...,
x,) and 'y = (y1, y2, --» ¥p)- A cross-validation with 10 cancellation groups
was undertaken to optimize the model k-NN class delimiter. The k-NN
algorithm was developed using the open-source software of CAT (Chemo-
metric Agile Tool).l”]

The diagnostic-sensitivity and diagnostic-selectivity were evaluated as
follows

TP

Sensitivity = ——— - 100% = 100% (2)
TP+ FN
s TN
Specificity = ————— - 100% = 1009 3
pecificity = +97 "5 % % (3)

where TP and TN are the numbers of true positive and true negative, while
FN and FP are the numbers of false negative and false positive respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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