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Electrolyte-gated organic transistors (EGOTs) are emerging as promising devices for biosensing applications due
to their high transconductance, ability to operate in liquid environments at low voltages and label-free detection
capabilities. In this study, we investigate the performance of EGOTs based on the donor-acceptor polymer DPP-
DTT, a material known for its high charge mobility and aqueous stability. The device was tested as a biosensor for
the detection of mitochondrial DNA (mtDNA), a biomarker associated with multiple sclerosis, as a model analyte.
The gate electrode was functionalized with a complementary DNA probe via surface chemistry, with function-

alization efficiency validated by surface plasmon resonance and plasmon-enhanced fluorescence spectroscopy.
The resulting DPP-DTT-based EGOT sensor exhibited specific detection of mtDNA in solution, with a detection
range from 70 pM to 5 nM. These results highlight the potential of DPP-DTT based EGOTs as stable, sensitive
platforms for biosensing applications.

1. Introduction

Electrolyte-gated organic transistors (EGOTs) are promising plat-
forms for biosensing because of their high transconductance, capability
of working in a liquid environment at low operational voltage and for
label-free detection (Wang et al., 2016). In addition, EGOTs can be
interfaced with cells, tissues and living systems for monitoring cell
growth (Kyndiah et al., 2025; Spanu et al., 2021; Zhang et al., 2020;
Zhao et al., 2023), recording electrophysiological activity (De Salvo
et al., 2023), and devising neuromorphic devices (Abouali et al., 2025;
Dai et al., 2019). In a typical EGOT, the conductivity of an organic
semiconductor channel connecting the source and drain electrodes is
modulated by a gate electrode through an electrolyte. Polarization of the
gate induces electrical double layers at the gate/electrolyte and semi-
conductor/electrolyte interfaces, whose high capacitance enables effi-
cient modulation of the channel current (Wang et al., 2016). In
biosensing applications, recognition elements can be immobilized either

on the semiconductor or on the gate electrode, allowing target binding
events at the solid/liquid interface to be converted into measurable
changes in the transistor response (Berto et al., 2016; Diacci et al., 2017;
Mulla et al., 2015; Solodka et al., 2022; Urbina et al., 2021).

A major limitation of EGOT biosensors is their operational stability in
liquid media. Prolonged electrical bias and direct exposure of the
semiconductor to aqueous electrolytes may cause drain-source current
(Ips) drifts and threshold voltage (Vy,) shifts. The degradation pathways
often involve charge trapping mechanisms, electrochemical reactions at
the semiconductor-solution interface and solvent/ion permeation into
the OSC layer that can alter its structure and electrical performance,
especially in polymeric semiconductors which are more prone to sol-
vent/ion permeability (Bellani et al., 2014; Picca et al., 2019; Segantini
et al.,, 2022; S. Zhang et al., 2023). Hence, in the context of biosensing
applications, stabilization protocols are critical to ensure steady output
currents, as fluctuations can obscure biosensing signals (Macchia et al.,
2018; Molazemhosseini et al., 2021; Picca et al., 2019; Porrazzo et al.,
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2014). Additionally, the use of model solution or biological fluids as
gating electrolytes such as phosphate buffers, sweat, saliva, blood or
serum, can further influence EGOT responses and stability.

Donor-acceptor (D-A) polymers are attractive channel materials for
this purpose because their planar conjugated backbones support effi-
cient charge transport (with carrier mobility >1 cm? V™! s71), while
their relatively low highest occupied molecular orbital energy
(<—5.0 eV) can improve stability under aqueous operation (Li et al.,
2012). In recent years, interest has grown in p-type D-A polymer poly
[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di
(thien-2-yDthien [3,2-b]thiophene)] (DPP-DTT) (Li et al., 2012). This
semiconducting polymer can be easily processed from solutions to
obtain thin films or nanowires making it a suitable material for transistor
channels (Chennit et al., 2023; Giridharagopal et al., 2021; Y. Zhang
et al., 2023). Indeed, DPP-DTT has been exploited for the fabrication
of organic field-effect transistors to detect volatile organic compounds
(Tran et al., 2023) and interleukin-6 (Y. Zhang et al., 2023), using the
device channel as the sensing element. Furthermore, recent studies have
reported initial examples where this material was used in the EGOT
architecture to fabricate biosensors. These biosensors exploited the gate
electrode functionalization to detect various targets in aqueous solutions
like 2,4-dichlorophenoxyacetic acid (Nguyen et al., 2018), vascular
endothelial growth factor (Pallu et al., 2019) and PFAS (Zanotti et al.,
2025). Furthermore, Chennit et al. reported an EGOT fabricated by
ink-jet printing of DPP-DTT on a flexible substrate, capable of detecting
single-stranded DNA in solution in the micromolar concentration range
(Chennit et al., 2023). Despite these advances, the systematic assessment
of DPP-DTT-based EGOT stability during repeated operation in aqueous
electrolytes, together with label-free detection of single-stranded DNA at
sub-nanomolar concentrations, has not yet been extensively
investigated.

In this work, we evaluated the stability in different aqueous elec-
trolytes of a DPP-DTT-based EGOT, together with its biosensing capa-
bilities for detecting DNA single strands in solution, focusing on a
sequence specific to mitochondrial DNA (mtDNA). Elevated circulating
mtDNA levels in cerebrospinal fluid and plasma have recently been
observed in multiple sclerosis (MS) patients (Nasi et al., 2020; Varhaug
et al.,, 2017). Since identifying reliable biomarkers for MS remains a
critical challenge, developing biosensors targeting mtDNA could support
the development of diagnostic or monitoring tools. To achieve sensi-
tivity to the specific mtDNA sequence, we functionalized the gate elec-
trode of the EGOT device with a complementary single stranded DNA
through surface chemistry. The functionalization efficiency and the
ability to specifically bind the target single-stranded DNA in solution
were validated using surface plasmon resonance (SPR) and surface
plasmon-enhanced fluorescence spectroscopy (SPFS). After stabiliza-
tion, the DPP-DTT-based EGOT sensor demonstrated specific detection
of mtDNA sequences across a concentration range of 70 pM to 5 nM.

2. Materials and methods
2.1. Materials

All the reagents and materials were used as provided from the
manufacturer without further purifications. The DPP-DTT was pur-
chased from Ossila Ltd. (MW = 111 kDa). The OEG (11-mercaptoun-
decyl-triethylene glycol) was purchased from Sigma-Aldrich (Merck Life
Science, Milano, Italy) and biotin-OEG (TH 004-m11.n6) was purchased
from Prochimia Surfaces (Advanced Wave Sensors, Paterna, Spain);
neutravidin was obtained from Thermo Fisher Scientific; while the DNA
single strands (Table 1) were purchased from Integrated DNA Technol-
ogies. The target mtDNA sequence was selected by using the online
informatics tool Primer3plus and tested with Primer Blast from NCBI.
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Table 1
Oligonucleotide sequences used in this study.".

5'-Biotin-AAA AAA TTA CCG GGC TCT
GCC ATC T-3'

3"-AAT GGC CCG AGA CGG TAG A-5'
3"-AAT GGC CCG AGA CGG TAG AAA AAA
A-AlexaFluor647-5'

5-TAA CAA CAT ACC CAT GGC CA-3'

Capturing sequence (P-DNA)

Complementary sequence (C-DNA)

Fluorescently labelled complementary
sequence (LC-DNA)

Non-complementary sequence (NC-
DNA)

# The red-labelled nucleotides indicate the target mtDNA sequence and its
complementary sequence, used in this study.

2.2. Device fabrication

The EGOT transistors were fabricated using gold interdigitated
source and drain electrodes patterned on glass substrates. These elec-
trodes were purchased from MicruX Technologies (Asturias, Spain). The
electrodes presented a L = 10 pm and a W = 490 mm (W/L = 49000) and
were made of Au deposited on top of a Ti adhesive layer of 150 and
50 nm thickness, respectively. Before the semiconductor deposition, the
substrates were cleaned by sonication in a 1% v/v Hellmanex™ III
aqueous solution, followed by sonication in H,0, and finally sonication
in ethanol. Every sonication step lasted for 15 min. Once the cleaned
procedure was completed, the substrates were dried gently under Ny
flow. A solution of the polymer DPP-DTT (5 mg mL ™! in 1,2-dichloro-
benzene) was deposited on top of the substrates by spin coating. After
DPP-DTT deposition, the substrates were cured in the oven at 140 °C for
45 min. Finally, the devices were stored in a 50 mM Na-phosphate buffer
at pH 7.4 until they were used in the experiments.

2.3. Electrical characterization

All the electrical measurements were performed at room tempera-
ture inside a Faraday cage. Source, drain, and gate electrodes were
connected to an Agilent B2902A Source Measure Unit, and the electrical
redout was acquired by means of a personalized control software. An Au
wire (Au 99.99%, 1 mm @, 1 mm? area), immersed in the electrolyte,
was used as the gate electrode during the experiments. Transfer char-
acteristics were acquired by sweeping gate-source potential (Vgg) be-
tween —0.7 V and 0 V, at a constant Vps = —0.1 V, in the electrolyte,
confined inside a PDMS pool. Before performing the characterization
and sensing experiments, the EGOT devices were stabilized by recording
consecutive transfer curves until Ipg stability. Then the electrolyte so-
lution was replaced with a fresh one from the stock solution and the
consecutive recording was repeated until no further significant changes
in Ipg could be measured.

The mtDNA sensing measurement with the EGOT devices used a
functionalized gate electrode, prepared as reported below. The mtDNA
sensing data are reported as average values from five independent
measurements/devices, and error bars represent the standard error of
the mean. The LOD threshold was calculated from the non-specific
binding control as Syop = Sp + 30, where Sy is the average signal from
three measurements and o is the corresponding standard deviation.

2.4. Gate functionalization

The Au wires were cleaned according to the following procedure: i)
immersion in 2.5 M KOH at 130 °C for 4 h, ii) immersion in 96% v/v
HySO4 at 220 °C for 2 h, iii) rinsing with water. The Au wires were
functionalized as follows: i) overnight incubation in a mixture of SAM
forming molecules: biotin-OEG 0.1 mM, OEG 0.9 mM in ethanol, ii) rinse
with ethanol, iii) incubation with 2 pM NeutrAvidin in PBS with 0.05%
w/v Tween-20 pH 7.4 solution (PBS-T) for 30 min, iv) rinse with PBS-T,
v) incubation with a 200 nM P-DNA in PBS-T for 20 min, vi) rinse with
PBS-T, and vii) incubation in PBS-T, prior to the electrical measure-
ments. All the functionalization steps were performed at room
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temperature. The area of the gate electrode was kept constant by means
of a passivation layer.

2.5. SPR-SPFS

The gate electrode functionalization procedure was characterized
optically with SPR and SPFS in the Kretschmann configuration
(Kretschmann and Raether, 1968). The sensor chips were prepared by
evaporating Au, with a thickness of 50 nm, on BK?7 glass slides, with a Cr
adhesive layer of 2 nm. Then, the Au slides were rinsed with ethanol and
H50, dried, and cleaned with UV-ozone for 20 min. Cleaned Au slides
were immersed overnight in a SAM forming solution of biotin-OEG and
OEG (0.1 mM and 0.9 mM in ethanol, respectively). The
SAM-functionalized Au slides were rinsed with ethanol to remove the
excess of SAM, and gently dried with Ny flow. The optical configuration
based on total internal reflection used a beam emitted from a HeNe laser
passed through a laser band-pass filter, a polarizer, and a neutral density
filter (1%). A TM polarized beam at the wavelength 1ex = 633 nm with
the intensity of 1.5 pyW was coupled to a 90° prism coupler made of
LASFN9 glass. The Au slide was optically matched to the prism base
using immersion oil. In order to delimit the liquid sample, a flow cell was
clamped on the surface of the sensor chip. The flow cell, with a volume
of 10 pL, was made from a thin PDMS gasket and sealed by a transparent
fused silica glass substrate. Inlet and outlet ports were drilled into the
silica substrate, that were connected by tubing to a peristaltic pump. The
angle of incidence 0 of the excitation beam hitting the gold sensor sur-
face was adjusted at the reflectivity minimum in order to assure the
resonant coupling to SPs at the interface with an aqueous sample. The
enhanced field intensity of SPs excited randomly oriented fluorophore
labels at the distance from the gold sensor surface. The emitted fluo-
rescence light at Ae, = 670 nm was collected by a module with a lens and
passed through a set of filters consisting of a notch filter that was used to
block the excitation wavelength Aex and two bandpass filters with the
transmission window centred at the A = 670 nm and spectral width of
about 10 nm. The fluorescence beam was focused on the input of a
photomultiplier (H6240-01, Hamamatsu, Japan) that was connected to
a counter (53131A from Agilent, USA). The output from the counter was
recorded in counts per second (cps) by using software Wasplas devel-
oped at the Max Planck Institute for Polymer Research in Mainz (Ger-
many). The detailed description of the SPFS setup is described in
reference in Hageneder S. et al. (Hageneder et al., 2016)

During the assay, the binding of the neutravidin molecules to the
exposed biotin moieties of the SAM surface and the further immobili-
zation of the capturing P-DNA probes was monitored by SPR. A solution
of PBS-T was flushed into system (30 pL min~'), which served as the
baseline, and the SPR signal was recorded by measuring the reflected
beam intensity. Then, the Au slide was incubated with a neutravidin
solution (2 pM in PBS-T) for 30 min, and with a solution containing the
capturing P-DNA, 200 nM in PBS-T, for 20 min (Fig. S1). Following the
immobilization of P-DNA on the Au surface, samples containing
increasing concentrations of labelled complementary LC-DNA, ranging
from 0.5 nM to 100 nM, was continuously flushed into the system.
Following every incubation step, a washing step was done by flushing
PBS-T into the system for 10 min.

Please note that, during the SPFS experiments, all solutions were
prepared in a buffer solution containing PBS buffer with 0.05% v/v
Tween 20, while during the electrical experiments, in order to avoid the
contact of the detergent agent with the organic semiconductor, the
measurements were performed using only PBS. Nonetheless, prior to the
electrical measurements, a final functionalization step, consisting of
incubation in PBS buffer with 0.05% v/v Tween 20 (for 15 min), was
included with the aim of reducing non-specific binding.

The angular reflectivity scans were fitted with a Fresnel reflectivity-
based model, using the Winspall 3.02 software, in order to determine the
thickness of the biolayers on the gold surface. The fitting allowed the
determination of the thickness and the apparent refractive index values
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for the employed SPR glass slide. These values were further employed as
reference for the simulation of thickness changes induced by the bio-
layer formation. The surface mass density I” (ng mm~2) was determined
by applying Feijter's equation (Homola, 2008; Homola et al., 1999):

on\
r=dy(n, —n;) <%)

Where d, is the thickness of the biolayer, n, is the refractive index of the
biolayer, ny is the refractive index of the aqueous solution in contact with
the biolayer, and dn/dC is the refractive index increment of the adsorbed
biolayer, which is typically set to 0.2 mm> mg~ for biolayers (Hasler
et al., 2022; Perlmann and Longsworth, 1948). The determination of I
for each biolayer allowed to estimate the grafting density ¢ (nmol
mm~?) of immobilized protein and P-DNA molecules, with the relation
o = I'’/MW. The obtained data are reported in Table S1.

The binding curves of the LC-DNA samples with P-DNA recorded
with the SPFS setup were fitted with exponentials functions, assuming a
Langmuir binding model, to obtain the values of the fluorescence
plateau (equilibrium values) for each sample concentration. Then,
fluorescence changes (AF) for each sample were obtained by subtracting
the baseline fluorescence signal (absence of analyte) from the plateau
value. The associated errors at each concentration were estimated form
the standard errors of the fit.

3. Results and discussion
3.1. EGOT characterization

In the context of EGOT-based biosensors, a stable response of the
device is fundamental to correctly distinguish between the specific
signal variations ascribed to analyte sensing parasitic fluctuations of the
device current due to other effects. Generally, the sensor response is
defined in terms of relative variation of one (or more) characteristic
electrical parameters (such as the channel current Ipg, the trans-
conductance g, and threshold voltage Vi) as a function of the analyte
concentration. However, device instability generally manifests itself in
the form of drift/fluctuations of such parameters over time. In addition,
the magnitude of these variations can also be influenced by the chemical
nature of the electrolytes in solution, with a possible influence on the
device sensing capabilities. Hence, a stabilization protocol performed
before the actual sensing experiment is fundamental to ensure reliability
of the measurements (Macchia et al., 2018; Molazemhosseini et al.,
2021; Picca et al., 2019).

For these reasons, the fabricated DPP-DTT devices were first evalu-
ated in terms of variations of Ips, gm, Vin, and stability in aqueous so-
lutions that mimics biological fluids: phosphate buffered saline (PBS),
artificial sweat (ASw), artificial saliva (ASal) and artificial wound
exudate (AWE). The composition of the electrolyte solutions used in this
study are reported in Table S1, while the details of the fabrication pro-
cedure are reported in the Materials and methods section. To charac-
terize the electrical properties of the device, transfer curves were
recorded by scanning the gate potential (Vgs) between 0 V and —0.7 V,
at constant Vpg = —0.1 V. A bare gold wire was used as a gate electrode
(Fig. 1a). As a stabilization procedure, consecutive transfer curves were
recorded until superimposable curves were obtained. At this point the
electrolyte solution was replaced with a fresh one and the consecutive
acquisition of transfer curves was repeated. This protocol was followed
until no clear drift of the recorded current could be detected. The device
stability was defined as % standard deviation of the average transfer
curve current (Ips) obtained from the last three electrolyte change steps.
The fluctuations of the device transfer curve (or of the related electrical
parameters) in the absence of the analyte (i.e. a blank sample) are often
chosen to define the standard deviation of the blank sample in the
calculation of the theoretical limit of detection (LOD) of the sensor;
hence, it is an important figure of merit of the sensor performance.
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Fig. 1. (a) Schematic representation of the EGOT device configuration. The organic semiconductor layer (OSC) corresponds to the DPP-DTT layer, while the S, D and
G labels indicate the source, drain and gate electrodes, respectively. (b) Average transfer curve (black trace) of three different electrolyte samples of PBS buffer after
the stabilization procedure, together with the associated standard deviation (n = 3, red shaded area). Transconductance curve (blue trace, right axis) associated with
the average transfer curve and respective leakage current (Igs, dashed grey trace). The transfer curves were recorded at Vpg = —0.1 V using a bare gold electrode as
gate. Inset: transfer and leakage currents curves on a Log-lin scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Using PBS as gating electrolyte, the DPP-DTT based EGOT devices
are characterized by a threshold voltage Vi, = (—464 + 5) mV and reach
a maximum Ipg of ~65 pA at Vgs = —0.7 V; the maximum gm(max) =
(0.25 4+ 0.04) mS is recorded at Vgs ~ —0.55 V (Fig. 1b and Table S2). In
terms of stability, the average transfer curve Ips has a 1.1% relative
standard deviation, calculated over the measurements of three electro-
lyte blank samples. This result suggests a good short-term stability of our
devices and it is consistent with a report by Zhang et al. on long-term
stability of a DPP-DTT based EGOT (Zhang et al., 2020).

On the other hand, the effect of the other electrolytes as gating so-
lutions on these parameters is significant: the threshold voltage Vi
varies in a range of about 150 mV, from ~ —-530 mV in AWE
to ~ —410 mV in Asal (Table S2). Similarly, the maximum trans-
conductance gmmax) varies from a minimum of 120 pS (in AWE) to a
maximum of 250 pS (in PBS). The electrolyte solutions also have a sig-
nificant effect on the stability of the EGOT device (Table S3): the relative
standard deviation of Ipg recorded in PBS is ~1%, whilst the ones
extracted in ASw and AWE are about four times larger (~4%). Based on
these data alone, it is not possible to investigate the molecular de-
terminants of these differences and more specific studies will be neces-
sary. However, recently it was demonstrated that the transport
properties of mixed ionic/electronic conductors depends on the chemi-
cal nature of the ions used as electrolytes (Cendra et al., 2019; Coutinho
et al.,, 2023; Flagg et al., 2018; Wu et al., 2021). In particular, for
polymeric p-type semiconductors that work in accumulation mode (like
DPP-DTT), properties such as hole mobility, g, and Vi, of the device
depend on the type of anions present in solution: the OSC is doped with
different efficiency by different anions, depending on their size and
solvation spheres (Cendra et al., 2019; Coutinho et al., 2023; Flagg et al.,
2018; Wu et al., 2021). Hence, it is likely that the differences in anions
composition between the electrolyte solutions tested in this work are
responsible for the variations in the electric properties of
DPP-DTT-based EGOTs.

Overall, these data show that the composition of the electrolyte af-
fects the electrical characteristics of the DPP-DTT-based EGOT, but do
not prevent its use in these different media. In fact, in all considered
cases, the transistors maintain excellent electrical properties and good
stability. Nonetheless, these chemical effects should be kept in consid-
eration during the design of a (bio)sensor, as they can affect the per-
formance and the sensitivity of the device.

3.2. Gate electrode functionalization for mitochondrial DNA sensing

The DPP-DTT-based EGOT exhibited excellent electric performances
in various aqueous electrolytes, motivating us to explore its potential as
a biosensor for detecting specific DNA single strands sequences in
buffered solutions. In several biosensing applications, the gate func-
tionalization proved a very robust and versatile strategy to decorate the
electrode surface with a rich variety of molecules (Aspermair et al.,
2020; Diacci et al., 2017; Mulla et al., 2015; Sensi et al., 2023;
Thomas et al., 2018; Urbina et al., 2024; Zanotti et al., 2025). To confer
sensitivity to the target mtDNA sequence, we functionalized the gold
gate electrode with a complementary single stranded DNA sequence
serving as a capturing probe (P-DNA) at the gate/electrolyte interface.
The target mtDNA sequence was selected because it is specific to mtDNA
and does not cross-react with pseudo-mitochondrial sequences in nu-
clear DNA. Furthermore, it is in a conserved region of the mtDNA, not
commonly targeted by specific mutation or disease-associated variant,
making it an excellent target for circulating mtDNA detection.

The P-DNA consists of a single-stranded sequence composed by 19
nucleotides, with an additional 6 adenine nucleotides serving as spacer,
and a biotin molecule tag at the 5’ end. The biotin-tag enabled the
immobilization of P-DNA on the gold surface using a biotinylated self-
assembled monolayer (SAM) combined with a layer of neutravidin
(Fig. 2a). The neutravidin-biotin (or streptavidin-biotin) complex is
characterized by an exceptionally strong non-covalent interaction,
making it highly effective for such applications. The reported affinity
constant of K, = 2.5 x 10'® between streptavidin and biotin, together
with the fact that biotin can be linked to almost any biomolecule, make
the exploitation of this complex a workhorse in biotechnology (Dundas
et al., 2013). To form the biotinylated SAM on the gold surface, we used
a mixture of oligo-ethyleneglycol-alkanethiol (OEG) and
biotinylated-OEG. =~ With respect to the commonly used
biotinylated-alkanethiols, OEG layers are widely employed to prevent
fouling at the electrode surface while maintaining hydrophilicity and
reducing the decay of the Debye-length in buffer solutions with high
ionic strength. This property enhances the sensitivity of the device,
enabling the detection of binding events at distances longer than
1-2 nm, which is the typical Debye-length for a metal electrode in
physiological buffer solutions (Gao et al., 2015; Haustein et al., 2019).

We performed a detailed characterization of the functionalization
process by SPR. This is a standard technique that allows to measure
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Fig. 2. (a) Cartoon representation of the gate functionalization process used for SPR-SPFS measurements and the binding assays for the C-DNA in solution. (b)
Angular reflectivity scans (solid lines, left axis) recorded for the different functionalization steps and corresponding fluorescence intensity curve (dashed lines, right
axis), following the hybridization of 1 nM C-DNA on the gold surface. (c) Angle of minimum reflectivity (left axis) for the gold surface functionalized with P-DNA and
with bound LC-DNA (10 nM). Fluorescence intensity signal for the gold surface the surface functionalized with P-DNA and with bound LC-DNA (10 nM). Data are
reported as average values with the associated standard deviation (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

biomolecular interactions happening at functionalized surfaces, their
dependence on experimental conditions and the reproducibility of the
functionalization procedure (Bhalla, 2026; Hojjat Jodaylami et al.,
2025). Here, the angular reflectivity scans recorded at the different
steps of the functionalization procedure, reported in Fig. 2b allowed the
measurement of the biolayers thickness and of the associated surface
mass density (I'). These parameters were obtained by fitting the angular
reflectivity scans to a model based on Fresnel's theory and the results are
reported in Table S4. The P-DNA has a I' = 20 ng cm ™2 which is
equivalent to 1.5 x 10'2 molecules cm 2 (P-DNA MW = 8 kDa), i.e.
binding sites for the target DNA sequence. These values are in line with
those previously reported in the literature for this immobilization
strategy (Blasi et al., 2020; Su et al., 2005). In addition, from the
calculated molecular densities (Table S4), a binding ratio of ~0.68 be-
tween biotinylated P-DNA and neutravidin is obtained. Assuming that
after the neutravidin binding to the biotin moieties of the SAM, two
biotin-binding sites per protein molecule remain accessible, a maximum
theoretical ratio of 2 would be expected; however, the distance between
the two biotin-binding sites is close to the hydrodynamic diameter of
DNA, which results in electrostatic repulsion and, together with steric
hindrance, prevents the efficient binding of two biotinylated DNA
strands per one single molecules of neutravidin (Hasler et al., 2022;
Kotlarek et al., 2020).

In order to confirm the effective binding of the target DNA sequence
to the functionalized surface, we characterized the DNA hybridization
reaction (Fig. 2a) between P-DNA on the gold surface and its comple-
mentary sequence, at different concentrations. However, due to the
small molecular size of the target DNA sequence, the hybridization re-
action could not be effectively monitored using SPR, as no significant
shifts in the refractive index of the system were detected, as shown in
Fig. 2b (solid lines) and Fig. 2c. To address this limitation, we employed
an assay based on SPFS. In this assay, we employed a labelled version of
the complementary DNA strand target (LC-DNA): the strand featured the
complementary sequence to the P-DNA, together with an additional
short sequence of six adenine nucleotides serving as a spacer for the
conjugation with a fluorescent label at the 3’ end (LC-DNA, 25 nucleo-
tides), as shown in Fig. 2a (Hageneder et al., 2016; Toma and Tawa,
2016).

The SPFS technique takes advantage of the amplification of the
fluorescence intensity emitted by a chromophore employed as a label.
The emitted fluorescence intensity can be increased by the coupling with

the confined surface plasmon-enhanced field intensity at the emitter
absorption wavelength (leading to locally increased excitation rate) and
improved quantum yield (due to the increased local density of optical
states) at the emission wavelength (Liebermann and Knoll, 2000; Mor
et al., 2025). The intensity of the optical field at the metal/solution
interface is enhanced with respect to the incoming laser light in the used
SPR setup, in which there was used a transparent flow-cell and a unit for
collecting and detection of fluorescence light emitted in the perpen-
dicular direction. As seen Fig. 2b (red dashed trace), the fluorescence
intensity can be measured as function of angle of incidence of the
excitation laser beam 6 and the plasmonic enhancement is manifested as
a peak at the angle, where SPR occurs and thus the reflectivity drops
(Hageneder et al., 2016; Liebermann and Knoll, 2000; Mor et al., 2025).

The blue trace in Fig. 3a shows the gradual increase in fluorescence
intensity (measured at in time at the angle fix close to that where the
maximum enhancement occurs) following the injection of the LC-DNA
samples at increasing concentrations. This increase is associated to the
specific binding of LC-DNA to P-DNA on the functionalized gold surface.
Each injection step is followed by a short washing step of 10 min, to
remove the LC-DNA remained in the bulk of the solution. This washing
step is associated with a slow reduction in fluorescence due to the
dissociation reaction. The binding kinetics of LC-DNA to P-DNA exhibits
exponential trend and saturates at equilibrium values (AF = F — Fyaseline)-
However, for low analyte concentrations (C < nM) the kinetics appears
to be a relatively slow process happening over the hours timescale.
Therefore, we extrapolated the equilibrium fluorescence values at each
LC-DNA concentration AF, by fitting the kinetics traces F(t) with a
Langmuir binding model, as shown in Fig. 3a (dashed traces). The
extrapolated equilibrium values were plotted as a function of the [LC-
DNA] as shown in Fig. 3b. AF shows a clear dependence on the con-
centration of the target analyte, following a monotonic increasing trend
with respect to [LC-DNA]. To estimate an association binding constant
for the LC-DNA/P-DNA pair, the AF vs [LC-DNA] data were fitted with a
Langmuir isotherm model using the following equation:

K, [LC — DNA]

AF = AFppy——
"1+ K,[LC — DNA]

The fitting of the experimental data gives an association binding
constant of K, = (3.5 + 1.8) %108, Overall, the SPFS characterization
demonstrated that the target DNA sequence can efficiently bind at the
sensor functionalized surface.



K. Solodka et al.

a yi

4x10° 4

3x10°

2x10°

Fluorescence (cps

1x10°

v
g T : T g T T
0 100 200 300 400 500 600
Time (min)

b 4.5x10°
4.0x10° - a
3.5%10° P
3.0x10° 4
2.5%10° w

2.0x10°

Equilibrium AF (cps)
N\

1.6%10° -
1.0x10° s

5.0x10% W

10°° 108 107
[LC-DNA] (M)

Fig. 3. (a) Fluorescence intensity vs time (blue trace), following the injection of
samples with increasing concentration of labelled LC-DNA concentrations (blue
arrows). Orange arrows indicate the washing step, with an injection of PBS-T
buffer. The red dashed traces represent the fittings of the binding kinetics
with a Langmuir binding model. The dashed double arrow shows how the AF
values were obtained for each LC-DNA concentration. They grey dashed line
shows the baseline fluorescence signal in the absence of LC-DNA. (b) Equilib-
rium fluorescence variation at different labelled LC-DNA concentrations. These
values were obtained from fitting of the binding kinetics. The red dashed line
represent the Langmuir isotherm fit (red dashed line). The associated standard
deviations for each data point are <5% of the relative AF value and hence
smaller that the size of the data marker. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

3.3. DNA sensing with EGOT

The functionalized gold surface was then employed as a gate elec-
trode in the EGOT device to perform biosensing experiments. Here, it
was exposed to sample solutions of C-DNA in PBS buffer, pH 7.4, which
were also acting as the gating electrolyte for the transistor. The C-DNA
concentration range tested was from 1 pM to 10 nM. For each sample,
we measured the transfer characteristic of the device until stabilization,
which is reached in about 15-20 min. Following the exposure to C-DNA,
the measured Ipg increases as a function of the C-DNA concentration
(Fig. 4a). The sensor signal (S) was quantified as relative Ips change with
respect to the blank sample (without C-DNA): S = Alpg/Ips,o; where Alpg
is the difference between the Ipg measured at a certain C-DNA concen-
tration minus the current measured without the target analyte Ipgg at
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Vgs = —0.6 V. As shown in Fig. 4b, the measured signal shows low
sensitivity for C-DNA in the 1-50 pM concentration range, then rapidly
increases monotonically until a plateau value (S ~0.75-0.80) at [C-
DNA] > 5 nM.

Control experiments were conducted to assess the selectivity of the
biosensor response to the target DNA sequence. The response was tested
using a non-complementary DNA sequence (NC-DNA) to assess potential
non-specific interactions with the functionalized gate surface and/or the
semiconductor channel. This NC-DNA, which shares a 35% sequence
similarity with the C-DNA sequence, was tested at a concentration of
5 nM and 10 nM. Both these samples produced a very similar low
response (Fig. 4c). Furthermore, in a second set of control experiments,
the non-specific binding of C-DNA to the surface was evaluated in the
absence of P-DNA anchored on the electrode surface. Together, these
controls revealed a small signal attributable to non-specific interactions
(Fig. 4c), which could interfere with accurate detection of C-DNA at very
low concentrations. To quantify this limitation, the signal corresponding
to the biosensor's limit of detection (S;op) was calculated based on the
control experiment using a gate surface without P-DNA functionaliza-
tion, where only non-specific interactions occurred. The S;op was
calculated as Spop = So £ 30, where Sy is the average measured signal
(n = 3) and o is the associated standard deviation. The resulting
Srop = 0.27 indicates that signals measured in the 1-50 pM concen-
tration range are unreliable and likely influenced by non-specific bind-
ing interactions. Indeed, the sensitivity to the target analyte in this
concentration range is very low, as the device was unable to distinguish
between the 1 pM and the 50 pM standard samples.

Furthermore, the dose-response curve of the biosensor was then
fitted with a Langmuir isotherm, to extract a quantitative relationship
between the signal S and the [C-DNA]J:

s—s.. K [C — DNA]
1+ K,[C — DNA]

where Spax is the maximum value reached at the plateau and Kj is the
equilibrium association constant of the binding between P-DNA and C-
DNA. The data point at 1 pM was excluded from the fitting procedure as
the corresponding signal is below the S;op. From the best fit curve
(Fig. 4b, red dashed line), we determined K, = (6 + 1) x 10° at
Vgs = —0.6 V. On the basis of this curve, the concentration corre-
sponding to Siop is equal to 70 pM. The apparent association constant
derived from the EGOT response is approximately one order of magni-
tude higher than that obtained from the SPFS measurements. The
available data do not allow to establish the origin of this discrepancy,
but several factors may contribute. First, the fluorescently labelled DNA
construct used in the SPFS experiments contains both an additional
spacer sequence and a fluorophore, which may influence its hybridiza-
tion with the surface-immobilized P-DNA. One possibility is that the
presence of the fluorescent tag sequence, required for the SPFS experi-
ment, could reduce the binding affinity with the P-DNA strands on the
surface. An alternative possibility is that the presence of an electric field
at the gate/electrolyte interface, induced by the applied Vs, could also
influence the binding affinity of the C-DNA/P-DNA, as previously re-
ported for EGOT based systems (Berto et al., 2016; Urbina et al., 2021).

In terms of sensing mechanism, two of the major contributions that
play arole in EGOT sensing are the change of the effective capacitance of
the device and/or the shift of the device threshold voltage (Vy,) (Picca
et al., 2020; Torricelli et al., 2021). The analysis of the transfer curves
from the sensing experiments shows the increase in current recorded
upon C-DNA binding is accompanied by a very small change in Vi, (AVi,
< 5mV, with respect to the blank samples), while a significant change in
transconductance g, occurs, as shown in Fig. 4d. The transconductance
depends on both the effective device capacitance and the charge-carrier
mobility of the semiconductor; however, since molecular recognition
occurs at the gate/electrolyte interface rather than directly at the
semiconductor channel, it is reasonable to hypothesize that the observed
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Fig. 4. (a) Representative transfer curves measured at increasing concentration of C-DNA in PBS solution, at Vps = —0.1 V. (b) Dose-response curve S vs [C-DNA],
with S measured at Vgs = —0.6 V; the dashed red line is a Langmuir isotherm fitting of the experimental points; the grey dashed line indicates the signal corre-

sponding to the theoretical LOD. (c) Comparison of the signal obtained with the EGOT biosensor at Vgs = —0.6 V obtained by exposing the device to 10 nM C-DNA
(red), 5 nM NC-DNA (blue) and 10 nM NC-DNA (light blue); the green bar represents the signal obtained by exposing the gate without P-DNA on the surface to 10 nM
C-DNA. (d) Correlation plot of the signal obtained from Ips change (Spg) vs the signal obtained from g, change (Sgy), at each C-DNA concentration, calculated at
Vgs = —0.6 V, with associated standard errors. The slope of the linear fit (dashed line) is 0.80. Inset: variation of Vi, with respect to the blank sample as function of
[C-DNAJ; the red dashed line represents the AV, = 0 mV reference. All data points are reported as average values (n = 5) with the corresponding experimental errors
are reported as standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

response is consistent with a predominantly capacitive contribution.
4. Conclusions

The donor-acceptor polymer DPP-DTT is an excellent material to
fabricate a EGOT devices for biosensing applications. We showed that a
conditioning procedure for the device performed prior to the sensing
measurements is a key step to ensure the device stability in terms of
electrical parameters in various biologically relevant solutions. To
demonstrate the device sensing capabilities, we employed it as a
biosensor for DNA single strand detection in solution and used a
particular sequence of mtDNA as molecular target. SPR and SPFS have
been used to validate the sensing strategy through optical monitoring of
the functionalization steps of the gold electrode and the affinity inter-
action with target analyte. The SPFS- and EGOT-based sensors relied on
identical biointerfaces and the measured calibration curves showed
similar character with comparable K, constant, with deviations that can
be attributed to the effect of the readout mechanism (e.g. errors in SPFS
data due to the fluorescence bleaching and potential changes in the af-
finity interaction characteristics due to the applied potential at the used
gold electrode for EGOT). Conversely, the EGOT-based sensor can detect

increasing concentration of complementary mtDNA sequences in the 70
pM to 5 nM range. The sensing assay results demonstrated that the DPP-
DTT is an excellent organic semiconductor to fabricate robust and high-
performing EGOT biosensors.
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