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MicroRNAs (miRNAs) are single-stranded oligonucleotides controlling gene expression whose deregulation is
often linked to various human diseases, making them promising biomarkers. Electrochemical genosensors,
particularly Field Effect Transistor-based biosensors (bioFETs), offer rapid, label-free methods for miRNA
detection. These devices utilise capture probes capable of specifically recognising target miRNAs. Synthetic
peptide nucleic acids (PNAs) exhibit high affinity for complementary strands, being then suitable for bioFET-
based miRNA detection. The impact of the structural organisation of PNA-based self-assembled monolayers
(SAMs) on the sensing performance of bioFETs, despite its critical importance, remains insufficiently understood
and requires further investigations. The capture efficiency of PNA probes was optimised through its co-
immobilisation with 6-mercapto-1-hexanol (MCH), a small diluent able to finely control the probe density and
orientation. Electrochemical impedance spectroscopy (EIS) was employed to systematically characterise how
MCH incorporation modulates the structural properties of the SAM and enhances hybridisation efficiency with
microRNA-155. The optimised conditions for the PNA:MCH ratio were exploited to develop a custom-made
bioFET setup for miRNA detection. We achieved a limit of detection (LoD) of (0.28 + 0.06) pM with a 1000-
fold improvement compared to our previous results. This bioFET platform also demonstrated a high speci-
ficity toward miR-155 combined with good recovery rate and reproducibility. The MCH-based surface optimi-
sation strategy, integrated with bioFET technology, offers a simple and scalable solution for enhancing miRNA
detection, and then contributing to bridging the gap between biosensor development and clinical application for
miRNA-based diagnostics.

1. Introduction and secretion [3-6]. MiRNA deregulation is linked to various diseases,

including cancer, neurodegenerative disorders and immune-related

MicroRNAs are short, single-stranded RNA molecules approximately
22 nucleotides in length that regulate gene expression through the RNA-
induced silencing complex (RISC), which selectively cleaves target
mRNAs [1,2]. These molecules are pivotal in controlling fundamental
cellular processes such as proliferation, differentiation, apoptosis, and
physiological functions, including neural excitation, muscle contraction,
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conditions [7-10], making miRNAs valuable biomarkers for different
clinical purposes [11,12]. Their presence in biological fluids, often at
low concentrations, provides a non-invasive clinical approach,
improving the management of conditions that usually require biopsies,
particularly in diagnosis, prognosis, and therapeutic decision-making
[13-15]. Current methods for oligomer detection are primarily
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molecular techniques, such as polymerase chain reaction (PCR) [16],
next-generation sequencing (NGS) [17], northern blotting [18], and
microarray-based approaches [19]. PCR is sensitive but prone to arte-
facts, limiting reproducibility [20], while northern blotting requires
large RNA amounts, affecting sensitivity and scalability [21].Micro-
arrays and NGS are advanced but costly, infrastructure-heavy, and time-
consuming [22,23].These limitations emphasise the urgent need for
sensitive and specific detection methods for clinically relevant miRNAs
in physiological conditions, with a focus on alternative approaches
suitable for point-of-care (POC) testing. In this context, biosensors,
especially electrochemical genosensors, offer a promising alternative by
overcoming many of these challenges while maintaining high sensitivity
and specificity [24,25]. These devices rely on the hybridisation between
immobilised probes and target miRNAs, with the resulting interactions
inducing detectable electrochemical changes directly correlated with
the target concentration. Advantages of these devices include avoiding
complex amplification strategies or expensive labelling, ease of auto-
mation and miniaturisation, rapid measurement capabilities, and low
detection limits [26-28]. Among these, Field Effect Transistor-based
biosensors (bioFETs) are noteworthy due to their ability to provide
label-free detection with high sensitivity. A typical bioFET setup in-
cludes drain, source, and gate electrodes, with the gate functionalised
with a biological probe specific to the target analyte. Binding of the
target miRNA induces charge accumulation at the gate, altering the gate
potential and modulating the drain-source current, which is directly
proportional to the analyte concentration [29]. In our previous work
[30], we developed a bioFET modified with peptide nucleic acid (PNA)
probes for detecting miR-155, a microRNA implicated in several path-
ological conditions, including cancers such as hepatocellular carcinoma
[31], breast cancer [32], and colon cancer [33], as well as immune
system disorders [34]. PNAs are synthetic nucleic acid analogues where
the negatively charged phosphate backbone is replaced by N-(2-ami-
noethyl)-glycine units linked by peptide bonds [35]. This unique
chemistry enhances PNA’s binding affinity to target nucleic acids across
diverse conditions, including those involving complex biological
matrices [36-38]. Using this PNA-modified platform, we achieved a
detection limit of approximately 5 nM, highlighting the platform’s po-
tential for simplified and cost-effective diagnostics [30]. A critical factor
influencing the efficiency of bioFET is the organisation of the probe self-
assembled monolayer (SAM) [33]. Parameters such as probe density,
orientation, and conformation significantly impact hybridisation effi-
ciency, for low-concentration detection [39]. Thus, optimising and
characterising the SAM structure are crucial to improving analytical
performance while maintaining the simplicity and portability required
for POC devices [40,41]. Small diluents, such as 6-mercapto-1-hexanol
(MCH), can enhance the capture efficiency of PNA-based SAMs by
controlling probe density and reducing steric hindrance, thereby
increasing the availability of binding sites for target molecules [42].

This study aims to find out the optimised conditions for the probe
immobilisation to be translated into enhanced detection level. Electro-
chemical impedance spectroscopy (EIS) is a powerful technique for
evaluating SAM formation and target interactions, as it provides detailed
insights into interfacial property changes [43,44]. Therefore, EIS was
employed to optimise PNA probe immobilisation and MCH incorpora-
tion during the initial functionalisation steps. Additionally, the impact of
varying ionic strength, a key parameter for electrochemical biosensors,
was assessed. The found optimised conditions were then integrated into
a home-made bioFET setup, enabling rapid, label-free detection of miR-
155 with a LoD of (0.28 + 0.06) pM. Such a high sensitivity was also
combined with a high specificity. These results highlighting the high
potential of our approaches to develop a robust clinical tool for thera-
nostic purposes.
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2. Experimental
2.1. Reagents

Single-stranded RNA oligonucleotides with the sequences of human
miR-155-5p (5'-uaa ugc uaa ucg uga uag ggg-3'), miR-141-5p (5-uaa cac
ugu cug gua aag aug —3) and miR-155 isoform with two mismatches
(miR-155**, 5-uaa uac uaa uca uga uag ggg-3) were purchased as
lyophilised pellets from Metabion (Planegg, Germany). The thiolated
PNA oligomer (SH-C3-NHy-c ccc tat cac gat tag cat taa-CO) comple-
mentary to miR-155 was synthesised and supplied in dry form by bi
omers.net (Ulm, Germany). All Buffers used in this study were pre-
pared using reagents from Sigma-Aldrich Co. and bidistilled water. After
microfiltration (Sartorius, Gottingen, Germany), the buffers were stored
at 277 K and brought to room temperature prior to experiments.

2.2. Electrodes cleaning and functionalisation

Screen-printed electrodes (DRP-C220AT) with a gold sensing area of
0.11 cm? were purchased from Metrhom (Oviedo, Spain). The electrodes
were preliminarily cleaned using ethanol and Milli-Q water, followed by
immersion in a solution containing KOH and H20; (both at the con-
centration of 50 mM at the relative ratio of 3:1); after that the electrodes
were cleaned using the so-called Liquid-Phase Hydrogen Peroxide-
Mediated UV-Photooxidation (liquid-UVPO) procedure for 30 min at
room temperature (RT). Finally, the electrodes were purified using
electrochemical cleaning through cyclic voltammetry (CV) in a potential
range of 0-1.6 V, with a scan rate of 100 mV/s for 10 cycles in an
aqueous solution containing 10 mM H3SO4. After cleaning, the elec-
trodes were extensively rinsed with Milli-Q water and dried under ni-
trogen. Prior to immobilisation, the thiol groups of the PNA probes were
reduced using 100 mM dithiothreitol (DTT, Sigma-Aldrich Co.) in NaPi
buffer (pH 8.0) for 1 h. The resulting HS-PNA was eluted from NAP10
columns (GE Healthcare, USA) using a buffer (8.1 mM Na2HPO4, 1.9 mM
KH2PQOa4, 276.5 mM NaCl, 5.5 mM KCl, I = 300 mM, pH 7.8) to remove
DTT. Before use, the PNA solution was heated for 5 min at 333.15 K to
avoid aggregation among probes, improving immobilisation efficiency.
The electrode functionalisation process involved two steps, separated by
rinsing with Milli-Q water and dimethyl sulfoxide (DMSO, Sigma-
Aldrich). In the first step, electrodes were functionalised with Phos-
phate Buffered Saline (PBS) 30 mM (pH = 7.2) solutions containing
different concentrations of PNA and/or 6-mercapto-1-hexanol (MCH,
Sigma-Aldrich) for 4 h at 298.15 K. In the second step, the gold sensing
area was exposed to a solution of PBS 30 mM (pH = 7.2) containing 1
mM MCH for 1 h at 298.15 K. After immobilisation, the electrodes were
immediately used for EIS analyses. For bioFET measurements, the
cleaning protocol and SH reduction of thiolated PNA probes were
maintained. The immobilisation protocol followed the same two-step
approach: in the first step, PNA and MCH were co-immobilised at a
relative ratio of 0.25 (50 pM PNA and 200 pM MCH); in the second, the
surface was exposed to a 1 mM MCH solution. The immobilisation
conditions employed in EIS and bioFET analyses were selected to reflect
those just employed in the literature [45,46] and in our previous studies
[30,471, allowing us to highlight the specific contribution of MCH to the
sensor’s performance under standardised conditions.

2.3. EIS set-up and measurements

The immobilisation and hybridisation processes between PNA
probes and the target miR-155 were evaluated using electrochemical
impedance spectroscopy (EIS) with an Autolab PGSTAT204 potentio-
stat/galvanostat system (Metrohm Autolab, Utrecht, Netherlands).
Measurements were conducted under faradaic conditions using a po-
tassium ferri/ferrocyanide redox mediator (1 mM Ka[Fe(CN)e] + 1 mM
Ks[Fe(CN)e]) in PBS (pH = 7.2, EIS working buffer) over a frequency
range of 1 Hz to 100 kHz, with a 10 mV AC voltage superimposed on a
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DC voltage equal to the formal potential of the redox couple (Open
Circuit Potential (OCP) = —0.186 V vs. an Ag/AgCl reference electrode).
A platinum counter electrode was also used, forming a three-electrode
system. The modified gold screen-printed electrodes were placed in a
dedicated chamber (Metrhom) capable of housing the gold sensing area,
the counter electrode, and the reference electrode. The chamber was
filled with 0.02 L of EIS buffer. EIS measurements were conducted on
cleaned bare electrodes, both after the immobilisation procedure and
following hybridisation between the partners. For optimisation ana-
lyses, 20 uL of PBS pH 7.2 solutions containing 1 pM of target miR-155
were drop-cast onto the functionalised sensing area of the electrodes and
incubated for 40 min at 295.15 K; the electrodes were then extensively
rinsed with Milli-Q water.

2.4. BIoFET set-up and measurements

The bioFET analyses were designed to replicate the operational
conditions of EIS measurements as closely as possible. For this purpose,
an electronic architecture previously described in our works was
employed [30,48]. The biosensor was based on an n-type metal oxide
semiconductor field-effect transistor (n-mosFET, ALD110900A from
Advanced Linear Devices Inc., Sunnyvale, CA, USA), with the gate
connected via a printed circuit board (PCB) to the gold-modified elec-
trode (same electrodes used for EIS analyses), forming a configuration
known as “extended gate” (EG) [49]. In all the measurements, the same
mosFET was used. The electrodes were inserted into a conical fluidic
(METROHM Italiana Srl) cell able to precisely accommodate the circular
sensing area of electrodes and a bulky Ag/AgCl reference electrode
(DriRef-2, World Precision Instruments Ltd., Hitchin, UK). This setup
spatially separates biorecognition events from signal transduction,
thereby protecting the electrical components while the disposable EG
electrode can be simply removed after each measurement. Measurement
(see Scheme 1. in Supplementary Material for an overview of the
employed EG-bioFET set-up). Two source-mater units (SMUs) of a
Keithley 2636B (TeKtronix, Beaverton, OR, USA) were used to apply the
selected Vg5 and V, potential and to measure the relative I4s current.
Real-time measurements were performed at constant Vg5 (100 mV) and
Vg (450 mV) by monitoring the Igs current over-time. Such Vg5 and Vg
values were chosen because they are compatible with biological mole-
cules and, at the same time, they ensure to work in the linear region of
the I-V curve (see Fig. S1 in Supplementary Material). Before bioFET-
based experiments, the real-time drain-source current (I4) was recor-
ded until stabilisation, indicated by the current reaching a plateau. This
step ensured reliable baseline values for subsequent analyses [50]. In-
jections started when the variation in the stabilised current (Io) was less
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than 0.01 pA. Biosensing analyses were conducted by sequentially
injecting 15 pL of solutions containing miR-155 at increasing concen-
trations (0-166 pM). To determine the limit of detection (LoD) and
evaluate assay specificity, the electrodes were also exposed to blank
solutions and solutions containing non-complementary miR-141. Bio-
sensing experiments were performed in both PBS 0.1x and in human
serum (Sigma-Aldrich Co., diluted 1:100 in PBS 0.1 x).

2.5. Data analyses

Electrochemical impedance spectroscopy (EIS) measurements and
data analysis were conducted using NOVA 2.1 software (Metrohm). To
evaluate the variations in charge transfer resistance (R.) induced by the
immobilisation process and PNA/miR-155 hybridisation, the recorded
Nyquist plots were fitted to a modified Randles’ circuit model. This
circuit consists of an electrolyte resistance (Rs) connected in series with
other components, including a constant phase element (CPE) substitut-
ing the double-layer capacitance (Cq) to account for the non-ideal
behavior of solid electrodes [51]. The CPE was connected in parallel
to the Rt and Warburg elements, which model the linear diffusion of
redox species from the bulk solution to the electrode (see the inset of
Fig. 1a) [51]. For optimisation and calibration analyses, the variation in
Rt before and after hybridisation (ARcty, =Retyy, — ARcty,,,) Was
calculated to quantify miR-155 capture efficiency. Consistent compari-
son of the immobilisation signals under different ionic conditions was
obtained through a normalisation of R variations according to the
expression:

Rct(mm) - Rctm) _ ARctrfum (1)
Rct(m Rct(o)

imm)

where R, is the signal associated to bare electrodes and R, is that
after PNA:MCH immobilisation.
The following expression was used for hybridisation signals:

<Ra(mm)R - ARCf(immA ) - ARRCWM 2)
Cl{imm) CL{imm)
where R, , is the signal obtained after miR-155 incubations.

Regarding bioFET data, the baseline current (Iy) was used to calcu-
late normalised current variations, as follows [50]:

I — I Al

Ux—l) _4l @)
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The limit of detection (LoD) of bioFET assays was calculated based

on the signal associated with blank solutions (without target), following
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Fig. 1. (a) Nyquist plots of cleaned bare electrode and PNA-modified electrodes (1-5-15-50-100 pM). Inset: the equivalent Randles’ circuit used for the fitting (Rs =
solution resistance, CPE = constant phase element, Zyw = Warburg element and R, = charge transfer resistance); (b) average R, values measured after PNA
functionalisation for different concentrations of PNA. For comparison, the R.; average for bare electrodes is included. Inset: the Gaussian fit of the R, averages
corresponding to PNA immobilisation with black arrow indicating the peak at 57 uM. Error bars represent standard deviation.
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IUPAC guidelines [52]. The LoD was defined as:

LoD = % (©)]

where sy denotes the standard deviations of the response (4I/Io) to the
addition of blank solutions and m represents the slope of the regression
line obtained by plotting bioFET signals against the miR-155 concen-
tration. All presented data are reported as mean and standard deviations
derived from five independent replicates (n = 5) for each experimental
condition.

3. Results and discussion
3.1. Defining the optimal PNA concentration

We first investigated the immobilisation of PNA on the gold-coated
surface of the screen-printed electrodes in the absence of MCH using
Electrochemical Impedance Spectroscopy (EIS). Representative Nyquist
plots of electrodes incubated with solutions at increasing concentrations
of PNA (1, 5, 15, 50, and 100 pM) are shown in Fig. 1a while the av-
erages of R.; are summarised in Fig. 1b (the Nyquist plot and the relative
Rt signal associated to cleaned bare electrodes being also shown).

The bare gold electrodes exhibited a charge transfer resistance (R¢)
of (95 + 7)-10 Q, consistent with the values of clean gold surfaces [53].
The immobilisation of PNA molecules increases the recorded R, indi-
cating their effective attachment to the electrode gold surface. Indeed,
our previous studies, based on and Atomic Force Microscopy [47],
demonstrated the ability of thiolated PNA probes to stably anchor onto
gold surfaces. Specifically, AFM measurements revealed a variation in
surface roughness upon PNA immobilisation, consistent with SAM for-
mation. The observed increase in R.; upon PNA immobilisation can be
attributed to the formation of a biomolecular layer that reduces the
electroactive area and hinders electron transfer by acting as a physical
barrier to the redox probe [54]. Specifically, R reached higher values as
far as PNA concentration increases up to 50 pM. However, at 100 pM of
PNA, the R decreases, by assuming a value comparable to that obtained
at 15 pM PNA. Such a reduction could be attributed to steric hindrance
and self-interference caused by excessive PNA molecules, which may
disrupt the probe-gold interaction and reduce immobilisation efficiency
[55,56]. The average R values after PNA immobilisation can be well-
fitted by a Gaussian curve (Fig. 1b, inset) with the peak R, near 50
uM PNA, consistent with the formation of a compact, densely packed
PNA SAM. Accordingly, we selected 50 pM PNA concentration for
further optimisation experiments.
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3.2. Effect of PNA:MCH co-immobilisation on the SAM formation

We then investigated electrodes functionalised with both MCH and
PNA, by keeping the PNA concentration constant at 50 pM while varying
MCH to obtain five different ratios (PNA:MCH = 0.01, 0.05, 0.25, 0.5,
and 1). Fig. 2a shows the Nyquist plots from co-immobilised PNA and
MCH at different ratios; for comparison, the results from electrodes
modified with MCH (5 mM) alone and PNA (50 pM) being also shown.
The average R.; values are summarised in Fig. 2b.

The co-immobilisation of MCH with PNA leads to a lower R signal
compared to that obtained for immobilised PNA alone (50 pM), sug-
gesting that MCH could play a role in spacing the PNA probes [56,57].
The highest R value, observed at a PNA:MCH ratio of 1.00 with the
lowest MCH concentration, was the highest recorded value within the
ratio range used. As the MCH concentration increases, the R decreases,
reaching the lowest value at a ratio of 0.01, corresponding to the highest
concentration of MCH. Interestingly, unlike the behavior observed for
PNA immobilised alone, co-immobilising PNA with MCH gives rise to a
linear trend for the R signal as a function of the PNA:MCH ratio (see the
inset of Fig. 2b). This behavior can be explained by assuming that, when
only PNA is immobilised, a dense SAM is formed, with PNA molecules
closely packed, and a reduced ability of the redox probe in the electron
transfer process at electrode-solution interface [57]. The introduction of
MCH likely causes the PNA probes to be spaced farther apart. As the
MCH concentration increases, this effect becomes more pronounced,
compromising the PNA immobilisation consistently with the R value
close to that obtained by using only MCH. Accordingly, MCH co-
immobilisation can reduce the density of the PNA layer by increasing
the spacing between the probes. This means that the redox molecules
can reach the electrode more easily and undergo the redox process, in a
mixed modified SAM [39,40,571].

3.3. Effect of PNA:MCH co-immobilisation on the SAM capability to
capture miR-155

To evaluate the hybridisation efficiency of the various PNA:MCH
mixed SAM samples, the modified electrodes were exposed to a 1 pM
miR-155 solution for 40 min at 298.15 K in 1x PBS. The resulting Rt
variations (ARct(M)) values for each ratio are summarised in Fig. 3.

The addition of miR-155 induces an increase in R signal for all
mixed SAMs. This is consistent with the hybridisation of miR-155 with
the neutral PNA probes. Indeed, the addition of negative charges
brought by miR-155 at the electrode surface is altering the local elec-
trostatic potential, which in turn hinders electron transfer from the
redox couple [58]. This result agrees with our previous findings ob-
tained by Atomic Force Spectroscopy (AFS) and Surface Plasmon
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Fig. 2. (a) Nyquist plots of functionalised electrodes at different PNA:MCH ratios (0.01-0.05-0.25-0.50-1.00) obtained with PNA concentration constant (50 pM);
for comparison, the Nyquist plots of an electrode modified only with PNA (50 uM) and only with MCH (5 mM) being also showed; (b) average R, values measured
after PNA:MCH immobilisation at different ratios and after MCH (5 mM) and PNA (50 pM) immobilisation. Inset: the linear fit of the R averages as a function of

PNA:MCH ratios. Error bars represent standard deviation.
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significance has been determined by T-test (significance codes: **** p < 0.001
**% p < 0.001, **p < 0.01, *p < 0.05, error bars represent standard deviation).

Resonance (SPR), which independently validated the strong affinity and
favourable kinetic parameters of the PNA probe for targeting miR-155
[30,47]. Notably, the 0.25 PNA:MCH ratio showed the highest Rt
variation following hybridisation, suggesting a potentially favourable
configuration for the interaction between PNA probes and miR-155. In
contrast, the higher ratios (0.50 and 1.00) resulted in lower R

Microchemical Journal 217 (2025) 115074

variations, consistently with the hypothesis that a low MCH concen-
tration may lead to a densely packed mixed SAM, limiting target
accessibility [57]. At lower ratios, the increased spacing between probes
induced by MCH may enhance target accessibility, potentially
improving hybridisation efficiency. However, this benefit may be offset
by a reduced surface density of immobilised probes at the lowest ratios
(0.01 and 0.05), which could limit the overall hybridisation signal
[40,55-57]. Overall, the data suggest that an effective balance between
probe availability and accessibility is crucial for efficient hybridisation.
Within this context, the 0.25 ratio emerged as the most promising and it
was therefore selected for subsequent analyses.

3.4. Optimisation of ionic strength

Since ionic strength is a critical parameter influencing the electro-
chemical detection [59], EIS measurements were performed by using
buffers at different NaCl concentrations. The R.; signal was measured
after the PNA:MCH immobilisation and after the addition of 1 pM miR-
155. Fig. 4 presents the sensograms for bare, PNA:MCH, and PNA:MCH:
miR-155 electrodes at ionic strengths of 16.7 mM (a) and 167 mM (b).

Globally, the R.; values recorded at 16.7 mM ionic strength were
higher than those at 167 mM. This effect can be explained by the
different NaCl concentration; higher salt concentrations (e.g. PBS 1x)
increase the solution’s conductivity, thereby decreasing its impedance
[60]. However, the immobilisation of PNA and MCH resulted in a similar
increase in both ionic strengths (ARcty,, /Ram of 6.8 % and 8.6 % for ionic
strengths of 16.7 mM and 167 mM, respectively), indicating that the
characteristics of the SAM did not significantly vary. At variance, upon
adding miR-155, variations of R¢t (AR, /Rctm ) Of 81 % and 38 % was

imm,
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Fig. 4. Nyquist plots illustrating the sensograms recorded in 0.1x PBS (a) and 1x PBS (b) for bare electrodes, electrodes modified with 0.25 PNA:MCH, and after
incubation with 1 pM miR-155; (c) Relative changes in charge transfer resistance (ARC[(,M) /Rct ) following hybridisation with 1 yM miR-155. EIS measurements
were performed in PBS at varying concentrations (0.1x, 0.5%, 1x, 3x, and 5x). Error bars represent standard deviation.
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observed for the ionic strengths of 16.7 mM and 167 mM, respectively.

Fig. 4c shows the AR, , /Ret,,, as induced by the addition of 1 uM
miR-155 at different ionic strengths of the measurement buffer. The
signal after hybridisation progressively decreases as far as the ionic
strength increases, with lower or even negative signals at higher ionic
strengths (3x and 5x). We remark that a decrease of the ionic strength
yields an increase of the so-called Debye length, i.e. the distance beyond
which target molecule charges no longer influence the electrical
behavior of the electrode, with this mitigating the screening, that limits
signal transduction in electrochemical biosensors [61,62]. Accordingly,
at high ionic strength, the negative charges of miR-155 are shielded by
surrounding ions, reducing electrostatic repulsion with redox markers
and decreasing charge transfer resistance [39]. Conversely, at lower
ionic strength, the reduced shielding enhances repulsion between the
redox marker and the miR-155 phosphate backbone, increasing charge
transfer resistance and amplifying the hybridisation signal [39]. This
effect can be strategically exploited in bioFETs to extend the Debye
length and improve detection sensitivity.

3.5. Validation of the immobilisation protocol performances in the bioFET
set-up

The EIS technique enables a detailed investigation of SAM formation,
facilitating the optimisation of MCH co-immobilisation with PNA
probes. We then tested the functionalisation procedure optimised by EIS
experiments in our bioFET setup. The electrodes were connected to the
gate of an n-type metal oxide semiconductor field-effect transistor
(mosFET), while the modified sensing areas were placed inside a fluidic
cell filled with PBS 0.1x pH = 7.2. Real-time measurements were
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performed by injecting increasing miR-155 concentrations, while the Ig
current is continuously monitored (see Experimental Section for details).
A representative bioFET-based assay is shown in Fig. 5a.

All injections cause a reduction in current, consistent with the
operating principles of the setup. Specifically, our BioFET operates as an
n-type device, where charge transport between the drain and source
electrodes is dominated by electrons [63]. Therefore, upon hybrid-
isation, negatively charged miR-155 molecules alters the local electric
field at the gate interface and induces a shift in the gate voltage toward
more negative values. Such a negative shift depletes the electron carriers
in the mosFET channel, leading to a decrease in the channel conductivity
and, consequently, a reduction in the drain current [63].

Calibration curves for the BioFET were generated by plotting the
average |AI/Iy| values against miR-155 concentrations over the specified
range, using a semilogarithmic scale, as shown in Fig. 5b. The data
follow a linear trend with strong statistical significance (R? = 0.97) and a
sensitivity of 0.32 + 0.06 %/decade. The limit of detection (LoD) was
determined by assessing the baseline signal with injections of buffer
without miR-155. Based on a blank signal of 0.11 + 0.03 %, a LoD of
(0.28 + 0.06) pM was obtained. For comparison, in our previous study
with PNA probes at 150 mM ionic strength, miR-155 was detected with
MCH molecules applied solely to block unreactive gold sites, resulting in
a LoD of (5 #+ 0.6) nM [30].The introduction of MCH, combined with an
optimisation of its ratio to the PNA probe during the initial immobili-
sation step, and with a refining the buffer ionic strength led to a 1000-
fold improvement.

To assess the assay’s specificity, electrodes functionalised with PNA
and MCH were exposed to both the complementary target (miR-155),
non-complementary microRNA 141 (miR-141) and a microRNA 155
isoform with two basis mismatches (miR-155**) at high concentrations

2.0-
18] = |Alllg] (%)
1.64 — Linear fit
1.44
1.2
1.0
0.84
0.64
0.4

0.2 blank signal
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20- . o (d)
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0.0
1uM miR-155 1uM miR-141 1,M miR-155**

Fig. 5. (a) Real-time responses to sequential injections of miR-155 (0.6, 2, 6, 18, 55, and 166 pM) performed on 0.25 PNA:MCH functionalised electrode; (b) bioFET
calibration curve obtained by plotting the |AI/Iy| averages vs. miR-155 concentration. The barred box at the bottom represents the signal associated with buffer
injections; (c) Real-time response to sequential injections of miR-155 (1 pM), followed by either miR-141 (1 pM, top panel) or miR-155** mismatch (1 uM, bottom

panel)); (d) effects of analyte injections on PNA:MCH 0.25 modified electrodes. (significance code: ****p < 0.0001, Error bars represent standard deviation).
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(1 pM) with the results shown in Fig. 5c-d. A much lower signal is
detected for both miR-141 and miR-155** with respect to that of miR-
155. Statistical analysis using an unpaired t-test confirmed the signifi-
cant difference between the signals of the two miRNA targets (n =5, p <
0.0001). These findings confirm that the mixed SAM is also character-
ized by a high degree of specificity for miR-155 in the bioFET set up.

3.6. Analytical performances of bioFET system in diluted human serum

To evaluate the analytical applicability of the developed bioFET
system in a complex biological matrix, calibration experiments were
also performed in 1:100 diluted human serum using 0.1x PBS as the
medium. The sensor response was recorded upon exposing PNA: MCH
functionalised electrodes to increasing concentrations of miR-155; a
representative real-time assay and relative calibration curve being
shown in Fig. S3 a-b in Supplementary Material. These analyses confirm
a good linearity (R? = 0.98) over the tested range. According to Eq. (4)
and considering a blank signal of 0.60 + 0.2 % and a sensitivity of 1.7 +
0.3 %/decade, the resulting LoD was (0.35 £ 0.09) pM, slightly higher
than that obtained in buffer. Such a LoD value is comparable to those
obtained by other biosensors for oligonucleotides detection (see
Table S1 in Supplementary Material) [30,48,64-70]. Moreover, under
physiological conditions, miRNA levels typically range from 0.2 to 20
pM but it can increase by 10- to 100-fold in various pathological states
[71]. In this context, our bioFET setup shows strong potential for the
detection of clinically relevant miR-155.

Analytical Repeatability was assessed by evaluating the relative
standard deviation (RSD) across five replicate measurements (n = 5) for
the five tested miR-155 concentrations (see Table S2 in Supplementary
Material). The RSD values ranged between 4 % and 14 % confirming the
method’s reproducibility in a biologically environment. Finally, to
evaluate the accuracy of the detection method, we also carried out re-
covery analyses (see Table S3 in Supplementary Material). The recovery
rates are between 76 % and 120 % over the tested concentration range,
indicating a quite good accuracy of the bioFET platform in complex
biological media.

4. Conclusions

In this study, we optimised the immobilisation of PNA probes on gold
screen-printed electrodes, focusing on both electrochemical impedance
spectroscopy (EIS) and bioFET-based detection of clinically relevant
miR-155. The incorporation of MCH as a diluent, in combination with a
50 pM PNA concentration and a PNA:MCH ratio of 0.25, led to optimal
probe density and accessibility, significantly enhancing the hybrid-
isation efficiency of miR-155. Through EIS analysis, we also demon-
strated that the optimisation of the ionic strength significantly enhances
the miR-155 detection performance. These findings were crucial in fine-
tuning the surface chemistry and electrochemical environment for effi-
cient target recognition. By translating the EIS-derived optimisation into
a bioFET platform, we enabled real-time, label-free detection with high
sensitivity and specificity. Our bioFET system was able to successfully
detect miR-155 both in buffer and in diluted human serum, achieving
limits of detection of (0.28 + 0.06) pM and (0.35 + 0.09) pM, respec-
tively, thereby demonstrating the platform’s suitability for use in com-
plex biological matrices. The combined use of EIS for probe surface
optimisation and the high-performance bioFET readout establishes a
robust and ultrasensitive platform for miR-155 detection, with strong
potential for clinical diagnostic applications.
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