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A label-free electrochemical genosensor for the detection of Ara h2, a major peanut allergen, has been developed
using mixed self-assembled monolayers (SAMs) for DNA immobilization. The study used a sandwich format and
compared gold nanoparticles-modified screen printed carbon electrodes (AuNPs-SPCE) and screen printed gold
electrodes to obtain a highly sensitive bioplatform. Different binary and ternary SAMs were evaluated as sensing
phase, by electrochemical impedance spectroscopy and cyclic voltammetry, obtained the best signal to noise

ratio with CP-DTT-AuNPs-SPCE. The genosensor demonstrated a linear response in the concentration range of
0.025-10 nM, with a detection limit of 0.02 nM by square wave voltammetry. The precision of the biosensor was
validated, showing a RSD of less than 8 % across different concentrations. Selectivity tests confirmed negligible
signals for non-complementary sequences. Additionally, the method proved effective in real food matrices, with
recovery rates between 95.0 % and 105.5 % in spiked soy-based beverage and low-fat cow’s milk.

1. Introduction

Access to sufficient, safe and nutritious food is fundamental for
sustaining life and promoting good health. Food safety therefore re-
mains a priority for public health authorities, particularly in light of
emerging risks such as food allergies. These disorders, defined as adverse
immune responses to specific food proteins, are increasingly recognized
as a global health issue due to their growing prevalence and potentially
life-threatening consequences [1,2]. Within the European Union,
Regulation (EU) No 1169/2011 requires the labelling of fourteen major
allergens, including eggs, fish, milk, soybeans and peanuts, to ensure
consumer protection [3].

Peanuts (Arachis hypogaea L.) are widely consumed as a nutritious
legume crop and are increasingly incorporated into functional foods
owing to their protein, lipid and micronutrient content. However, they
are also among the most potent allergenic foods. Even trace amounts of
peanut proteins can elicit severe reactions in sensitized individuals,
ranging from mild cutaneous symptoms to anaphylaxis, a potentially
fatal condition requiring immediate medical intervention [4-6].

To date, at least eight major allergenic proteins (Ara h1-Ara h8) have
been characterized in peanuts. Among them, Ara h1, Ara h2 and Ara h3
are considered the most clinically relevant, with Ara h2 consistently

* Corresponding author.

identified as the most potent and the best predictor of severe allergic
reactions, particularly in children [7-9]. IgE reactivity to Ara h2 is
strongly associated with systemic responses, and recent studies
demonstrate that monoclonal antibodies against this protein can prevent
peanut-induced anaphylaxis in murine models [10].

Given these risks, the development of analytical methods for peanut
allergen detection in food matrices is of great importance for both in-
dustry and consumers. Current methodologies fall into two main cate-
gories: protein-based immunoassays and DNA-based molecular
approaches. Enzyme-linked immunosorbent assays (ELISA), mass spec-
trometry and polymerase chain reaction (PCR) are the most widely
implemented techniques, offering high sensitivity and specificity
[11,12]. However, they also present limitations, such as high cost, time-
consuming protocols and the need for specialized equipment, which
restrict their use in routine food control.

In recent years, electrochemical biosensors have emerged as prom-
ising alternatives, offering advantages such as miniaturization, cost-
effectiveness, rapid response and potential for on-site analysis
[13-18]. Most reported devices for peanut allergen detection are
immunosensors or aptasensors. For instance, a dual electrochemical
immunosensor was developed for the simultaneous detection of Arah 1
and Ara h 6 in food matrices, achieving low detection limits and good
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performance in processed samples [19]. A microfluidic origami nano-
aptasensor was also reported for Ara h 1, enabling sensitive detection
in just 20 min [20]. More recently, nanobody-based electrochemical
immunoassays have been proposed as robust alternatives to conven-
tional antibodies, offering improved stability and sensitivity [21].

Nevertheless, commercial food processing, particularly through
thermal or high-pressure treatments, can alter protein conformation and
immunoreactivity, compromising the reliability of protein-based assays
[22]. This challenge has encouraged the development of DNA-based
detection strategies, which target specific nucleotide sequences encod-
ing allergenic proteins and are unaffected by protein denaturation.
Electrochemical genosensors, in particular, represent an attractive op-
tion due to their high selectivity, low cost and compatibility with
automation [23]. Despite the great analytical properties of these de-
vices, their application to the detection of DNA sequences encoding
peanut allergens is very limited. Different studies have demonstrated the
feasibility of DNA biosensors for peanut allergens. For example, Sun
et al. developed a stem-loop probe-based DNA sensor for Ara hl with
successful application in food matrices [24]. The same authors, pro-
posed two different strategies to enhance Ara hl DNA biosensor per-
formance, involving a multilayer graphene—gold nanocomposite [25]
and chitosan-multiwalled carbon nanotube [26] that provides high
conductivity, large surface area, and strong signal amplification. Also, a
voltammetric inmunosensor was developed to detect the peanut allergen
Ara h6 in foodstuff using a sandwich-type format with gold
nanoparticle-modified electrodes and electrochemical silver detection
[27]. More recently, novel biosensing strategies have been introduced,
such as disposable amperometric tools for peanut detection by targeting
a chloroplast DNA marker in processed foods [28].

To our knowledge, only two studies reported the development of
DNA biosensing platforms for Ara h2 detection. In 2014, Sanchez-Pan-
iagua et al. described a selective electrochemical genosensor for this
peanut allergen, employing a sandwich format on gold electrodes with
optimized self-assembled monolayers and fine-tuning through a Design
of Experiments approach [29]. In 2017, a SAM based on ternary
monolayers were prepared using anti-fluorescein peroxidase for elec-
trochemical Ara h2 detection [30]. Despite progress in protein-based
biosensors, reports of genosensors specifically targeting Ara h2 remain
scarce, especially in label-free formats. Given the clinical relevance of
this allergen and the advantages of unlabeled electrochemical bio-
sensors—such as speed, cost-effectiveness, and minimal reagent
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use—we present a DNA-based label free electrochemical biosensor for
Ara h2 detection as a contribution to peanut allergen monitoring in food
safety.

2. Experimental
2.1. Procedures

2.1.1. Electrode surface modification protocol

The immobilization protocol of the capture probe onto the working
electrode was based on the strong affinity interaction between thiol
groups and gold (SH-Au). For this purpose, the capture probe was
functionalized with a thiol moiety, which enables its stable attachment
to gold surfaces. Two different immobilization strategies were
employed: i) direct deposition of thiolated CP onto SPEAu and ii) CP
immobilzed onto SCPE modified with gold nanoparticles (AuNPs-SPCE).
The latter approach was expected to provide a larger surface area and
numerous active binding sites, thereby enhancing the subsequent
immobilization of the capture probe [31-34]. In both cases, the sensing
interface was completed by the formation of a self-assembled monolayer
(SAM) on the electrode surface, consisting of the use of a blocking agent,
which served to minimize nonspecific adsorption and ensure optimal
probe accessibility. Fig. 1 provides a schematic overview of the label-
free biosensor preparation.

First, screen-printed gold and carbon electrodes were washed with
water and ethanol and dried with nitrogen. After, the SPEAu electrodes
were conditioned to improve the sensitivity and reproducibility by an
electrochemical pretreatment of 25 cyclic voltammetric scans ina 0.5 M
H,S04 solution, between 0 and 1.6 V at 100 mVs ™, until a stable cyclic
voltammogram was obtained.

A volume of 15 pL of the CP solution was carefully deposited onto the
clean gold working electrode surface and incubated at 4 °C for a defined
period of time. Following, the electrode was thoroughly rinsed with
2xSPEE buffer to remove weakly adsorbed or non-specifically bound
DNA molecules (Fig. 1A and B). In AuNPs-SPCE, 10 pL of the nano-
particles suspension was first dispensed onto the electrode surface and
allowed to dry completely, thereby generating a nanostructured gold
layer. The immobilization steps described above were then applied to
these modified electrodes. At this stage, however, the direct immobili-
zation of thiolated single-stranded DNA of CP typically results in the
formation of a disordered monolayer due to non-specific adsorption of
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Fig. 1. Scheme of the label-free biosensor preparation procedure.
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the probes onto the electrode surface.

To achieve more controlled and homogeneous surface coverage, a
binary SAM was generated with an alkanethiol spacer. 15 pL of diluent
solution was added to the electrode surface and incubated for a defined
time, enabling the displacement of non-specifically bound probes and
the orderly arrangement of CP strands (Fig. 1C). Finally, the electrodes
were rinsed with 2 x SSPE buffer to remove excess blocking and un-
bound molecules, resulting in a stable and well-oriented sensing inter-
face. Ternary SAM with a two-step immobilization process was also
employed. In this case, 15 pL of the thiolated capture probe (CP) solution
mixed with the selected diluent (HDT, DTT, MPAA, MUD, or MUDA) at
variable concentrations were deposited onto the working electrode and
incubated overnight in a humidified chamber. After incubation, the
electrode was rinsed with 2 x SSPE buffer and dried under a gentle
nitrogen stream. Subsequently, 15 pL of 0.5 mM MCH were added and
incubated for 30 min to form the ternary monolayer interfaces. Finally,
the sensors were rinsed with Milli-Q water and dried under nitrogen.

The hybridization assay was carried out in a sandwich format, which
involved two sequential steps: an initial homogeneous hybridization in
solution, followed by a heterogeneous hybridization on the electrode
surface. In the first step, the homogeneous hybridization reaction be-
tween the signaling probe and the target DNA was performed in 2xSPEE
buffer(Fig. 1D). To ensure efficient denaturation and subsequent rena-
turation, the solution was heated to 95 °C for 5 min, rapidly cooled in an
ice-water bath for 5 min, and then incubated at 25 °C for a defined
period of time to promote hybrid formation. Immediately after this step,
15 pL of the hybridization mixture was applied onto the modified
electrode and incubated at room temperature, allowing the target-probe
complex to specifically hybridize with the capture probe (Fig. 1E). After
heterogeneous hybridization, the working electrode was carefully rinsed
with 2xSPEE buffer to remove non-specifically adsorbed DNA se-
quences, ensuring a selective recognition event at the sensing interface.

Importantly, performing the assay in a sandwich-type format—-
where the capture probe attached to the electroe anchors the target, and
a signaling probe binds to a different region of the same sequence—-
provides an additional level of specificity and produce signal amplifi-
cation that significantly enhances the electrochemical response [35,36].
This dual recognition strategy not only reduces background signals
arising from non-specific adsorption but also amplifies the detectable
signal through the subsequent binding of reporter molecules.

Electrochemical detection was performed using a label-free
approach, in which the ferri/ferrocyanide redox couple served as an
external probe (Fig. 1F). Upon hybridization with the target, a complete
DNA duplex was formed on the electrode surface, thereby creating a
physical and electrostatic barrier to electron transfer. The consequent
modulation of the redox signal provided an indirect yet reliable measure
of DNA recognition events.

2.2. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were employed to study the interface properties of the
modified electrode surface during the fabrication procedure of the
genosensor. Square wave voltammetry (SWV) was used for quantitative
analysis.

CV experiments were performed in 5 mM [Fe(CN)s prepared in
0.1 M KCl, within a potential window of —0.10 to +0.60 V at a scan rate
of 50 mV s~!. EIS measurements were conducted using the same redox
probe, starting at the open circuit potential (OCP) with a sinusoidal
perturbation of 5 mV (peak-to-peak) over a frequency range from 10° to
0.1 Hz. The resulting spectra were fitted to a Randles equivalent circuit
to extract the values of the circuit component, including charge transfer
resistance (Rcy), solution resistance (RQ), the constant phase element
(CPE) associated with double-layer capacitance, and Warburg imped-
ance (Zw). The Nyquist plots exhibited a high-frequency semicircle,
characteristic of electron-transfer kinetics, followed by a low-frequency
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linear region indicative of diffusion-controlled processes. The semicircle
diameter provided a direct measure of R.;. The increased R values were
consistent with successful assembly of different compounds onto the
sensor surface. SWV was conducted at a scan rate of 25 mV s}, with a
modulation amplitude of 50 mV and frequency of 25 Hz. The current
response in 5 mM [Fe(CN)e]3’/ 4 (0.1 M KCIl) was monitored, and vari-
ations in the cathodic peak current were quantitatively correlated with
the target analyte concentration.

3. Results and discussion
3.1. Electrochemical characterization of biosensor fabrication steps

The interfacial properties of the electrode surface during fabrication
were investigated by EIS using [Fe(CN)5]3’/4’ as the redox probe, a
technique highly sensitive to biorecognition events at the surface-
—electrolyte interface. An additional study using hexamine ruthenium
(Ru(NHs)s> /%) as a redox probe was attempted; however, a well-
defined semicircle in the Nyquist plot was not observed in the experi-
ences, likely due to electrostatic interactions between the positively
charged Ru complex at pH 7.4 and the negatively charged DNA layer.
Overall, [Fe(CN)e]® /4~ proved to be the most suitable redox probe for
both EIS-based optimization.

A bare screen-printed carbon electrode (SPCE) exhibited a charge
transfer resistance (Rt of 752 Q) as shown by the semicircle in the
Nyquist plot (Fig. 2A, black curve). As expected, modification of the
electrode surface with gold nanoparticles (AuNPs-SPCE) resulted in a
decrease in R to 485 Q (yellow curve), indicating enhanced accessi-
bility of the redox probe due to the higher conductivity and large surface
area of the modified electrode.

The immobilization of the capture probe onto the gold-modified
surface (CP-AuNPs-SCPE) occurred through the stable anchoring of
the biomolecule to the electrode via covalent S—Au bond formation,
requiring the prior assembly of a self-assembled monolayer (SAM) with
a blocking agent. This step ensured the vertical orientation of the cap-
ture probe, favoring efficient hybridization with the target sequence. As
observed in the Nyquist plot, SAM formation (MCH-CP-AuNPs-SCPE) in
the electrode surface increased R to 1425 Q, confirming the successful
immobilization of the DNA strand. Subsequent addition of the Ara h2-SP
hybrid led to a further increase in Rt to 1874 Q, verifying the specific
binding of the analyte to the capture probe and the formation of the
complete duplex.

To investigate the specificity of the CP-Ara h2 hybridization, two
control experiments were carried out (inset Fig. 2A). In the first, the
electrochemical response of a bio-platform prepared without capture
probe (SP-Ara h2-MCH-AuNPs-SCPE, control a, grey line) was compared
with that of MCH-AuNPs-SCPE alone (red line). Both platforms dis-
played very similar charge transfer resistance values (Rt 875 Q vs. 780
Q), confirming that the binding of the analyte (Ara h2 probe) occurs
exclusively in the presence of the immobilized capture probe on the
electrode surface. A second control experiment was performed using a
biosensor constructed in the absence of analyte, SP-MCH-CP-AuNPs-
SCPE (control b, purple line). In this case, the electrochemical
response was comparable to MCH-CP-AuNPs-SCPE platform (green line)
with R values of 1430 and R 1370 Q, respectively, supporting that SP
not binding in the electrode surface in absence of Ara h2. These results
demonstrate that specific Ara h2 recognition takes place only when CP,
SP and analyte are present and the small differences observed in the
control measurements can be attributed to minor non-specific adsorp-
tion events at the electrode surface. Such non-specific effects, although
limited, will be further addressed in the following sections.

Cyclic voltammetry (CV) measurements were also conducted to
validate the EIS results (Fig. 2B). The bare SPCE displayed a typical
reversible redox process with a peak current of 85.5 pA and a AEp of
0.13 V. After AuNPs modification, the electrode exhibited an enhanced
electrochemical response due to increased conductivity, with a peak
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Fig. 2. Nyquist plots (A) and cyclic voltammograms (B) of 5 mM [Fe(CN)s]®>~/*~ in 0.1 M KCL. SPCE (a, black line), AuNPs-SPCE (b, yellow line), MCH-CP-AuNPs-
SPCE (c, green line) and SP-Ara h 2-MCH-CP-AuNPs-SCPE (d, blue line). Inlet: MCH-AuNPs-SCPE (e, red line), SP-Ara h 2-MCH-AuNPs-SCPE (f, grey line), SP-MCH-
CP-AuNPs-SCPE (g, purple line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

current of 105 pA and a AEp of 0.09 V. These improvements indicate
higher redox reversibility and more efficient electron transfer in the
AuNP-SPCE, consistent with enhanced overall electrochemical activity.
This result correlates with that obtained by EIS, where the R decreased
from 752 to 485 Q upon the addition of AuNPs onto the bare SPCE. The
formation of  the CP-MCH self-assembled monolayer
(MCH-CP-AuNPs-SPCE) on the electrode surface led to a decrease in
the cyclic voltammetry parameters (Ip = 80 pA and AEp = 0.23 V),
which correlates with the increase in R observed in EIS measurements,
confirming the successful immobilization of the CP strand. Furthermore,
upon addition of the Ara h2-SP hybrid, a pronounced decrease in peak
current (Ip = 50 pA) and a broader AEp (0.35 V) were observed, indi-
cating the formation of a duplex structure between the three DNA
probes.

A second CP immobilization strategy was evaluated using SPEAu,
where thiolated DNA capture probes were directly deposited onto the
electrodes, exploiting the strong thiol-gold affinity. The resulting SAM
(MCH-CP-SPEAu) showed an R of 1057 Q, lower than that obtained
with the AuNPs-modified electrodes (MCH-CP-AuNPs-SPCE, R =
1425 Q). The higher Ry in the latter indicates more extensive CP
immobilization, as increased DNA coverage hinders electron transfer,
confirming that gold nanoparticle incorporation enhances probe loading
by enlarging the electrode surface area and the number of active sites.
Comparison of the impedimetric response to Ara h2, expressed as the
signal-to-background (S/N) ratio, showed values of 1.15 for SPEAu and
1.53 for AuNPs-SCPE, indicating more sensitive response in the last case.
Accordingly, AuNPs-modified SCPEs were selected as the electro-
chemical bio-platform for subsequent experiments.

3.2. Study of different self-assembled monolayers as sensing phase

In this study, a range of short- and long-chain thiol-based diluents,
including mono- and dithiols as well as aromatic and aliphatic struc-
tures, with or without additional functional groups (hydroxyl or
carboxyl), were evaluated as blocking component in SAM formation.
Specifically, three short-chain thiols with 3C/6C alkane backbones were
tested: two aliphatic diluents—mercaptohexanol (MCH) and 1,6-hexa-
nedithiol (HDT)—bearing one or two thiol groups with and without
hydroxyl functionalities, respectively and one aromatic diluent, mer-
captophenylacetic acid (MPAA) that contain one thiol and carboxyl
groups (Fig. 1). In addition, long-chain monothiols with 11C alkane

chains, namely MUD and MUDA, bearing hydroxyl and carboxyl groups,
respectively, were investigated. Both binary and ternary self-assembled
monolayers (SAMs) were prepared. Binary SAMs consisted of the cap-
ture probe (CP) and one of the above mentioned diluents. Ternary in-
terfaces were prepared through a two-step process: CP/diluent layers
were first assembled on electrode surface, followed by other blocking
agent addition. Since MCH has been reported as an efficient secondary
spacer in ternary layers [10], MCH + third-component-CP monolayers
were designed.

The analytical performance of the genosensor was assessed based on
two key parameters: the signal arising from specific hybridization with
the complementary target, and the background signal resulting from
non-specific adsorption, collectively expressed as signal to noise ratio
(S/N). This is calculated as the ratio of R in the presence of the analyte
to Re in its absence. Assays were conducted using 1 nM of Ara h2 to
measure the specific response, while control experiments were per-
formed under identical conditions in the absence of the target served to
determine the blank signal. All experiments were carried out in triplicate
to evaluate reproducibility and assess data variability. The concentra-
tion of the diluents used depends on whether a monothiol or a dithiol is
employed, as previous studies have demonstrated that dithiols, due to
the higher number of surface-binding thiol groups compared to mono-
thiols, require lower concentrations for effective monolayer formation
[37,38]. Specifically, a concentration of 1 mM was used for monothiols,
whereas 1 pM was employed for dithiols. In all case, a concentration of 1
uM of CP was used.

In binary SAMs, dithiol compounds (HDT and DTT) yielded higher S/
N ratios than their monothiol counterparts (Fig. 3A). The bridge-like
configuration formed on the electrode surface, owing to the presence
of two thiol groups, affords greater surface coverage and thereby min-
imises non-specific molecular adsorption. This is evidenced by the low
background signals observed in the absence of the analyte. Furthermore,
the dual anchoring points promote a spacing effect between immobi-
lized DNA probes, which reduces steric hindrance and facilitates the
hybridization process, as reflected in the higher signal intensities
recorded in the presence of the target. Among the two dithiols evalu-
ated, DTT yielded superior results (S/N of 3.86 for DTT-CP SAM vs 3.21
for HDT-CP SAM). This diluent contains two hydroxyl groups capable of
forming intermolecular hydrogen bonds, potentially giving rise to a
pseudo-layer that enhances hybridization efficiency by promoting a
more ordered spatial arrangement of the probe layer. Short-chain
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diluents containing one thiol group (MCH and MPAA) exhibited poorer
S/N ratios, with reductions of approximately 2.4-fold for MCH and 2.2-
fold for MPAA compared to the DTT-CP SAM (Fig. 3A). Although MPAA
contains an aromatic ring that could contribute to greater rigidity and a
favourable orientation for probe exposure, no improvement in analyte
signal was observed with this diluent. This may be attributed to possible
electrostatic repulsion between the negatively charged carboxylic
groups of MPAA and the phosphate backbone of the DNA thereby
reducing hybridization efficiency. In contrast, MCH, a diluent bearing a
hydroxyl group, is more neutral and less electrostatically interactive,
which may enhance target recognition by reducing stacking interactions
and facilitating probe accessibility showing signal in presence of Ara h2
higher to MPAA-based SAMs However, this monolayer resulted in a
larger background current, indicative of a greater susceptibility to
nonspecific adsorption.

On the other hand, self-assembled monolayers (SAMs) prepared
using two long-chain monothiol diluents — MUD (bearing a hydroxyl
group) and MUDA (with a carboxyl group) were also evaluated. How-
ever, these diluents proved unsuitable for this purpose. While their
longer alkyl chains (C11) promote molecular ordering and result in a
more hydrophobic environment near the electrode surface, leading to a
more compact monolayer that effectively suppresses nonspecific signals
and reduces background current comparing C6 short-chain monothiol
diluents (e.g., Ret = 635 Q for MUD vs Ry = 1200 Q for MCH), they also
hinder probe accessibility. Specifically, the 11-carbon alkyl chains of
these diluents exceed the length of the CP spacer, potentially allowing
the diluent molecules to encounter the first bases of the immobilized
capture probes. Since hybridization initiates at the 5’ end of the CP — the
region closest to the electrode — this spatial obstruction is likely to
reduce the accessibility of the target sequence to the probe, resulting in
diminished analyte signals in MUD- or MUDA-based CP-AuNPs-SCPE
platforms. Furthermore, as observed with MPAA, MUDA contains
deprotonated carboxyl groups under the working pH conditions, which
may introduce additional electrostatic repulsion with the negatively
charged phosphate backbone of the target DNA strand, further impairing
hybridization efficiency (S/N of 1.23 for MUDA/CP SAM and S/N of
1.33 for MUD).

Ternary self-assembled monolayers (SAMs) were evaluated using
mercaptohexanol (MCH) as a secondary diluent alongside either hex-
anedithiol (HDT), dithiothreitol (DTT), or mercaptophenylacetic acid
(MPAA) (Fig. 3B). The use of long-chain diluents was excluded due to
their poor performance in binary SAM systems. Among the three ternary
configurations, the system incorporating HDT exhibited the highest S/N
ratio (3.16), indicative of enhanced hybridization efficiency and
reduced non-specific adsorption. This superior performance can be

attributed to the linear and flexible aliphatic structure of HDT, which,
owing to its two anchoring points, promotes the formation of a more
homogeneous and densely packed monolayer when co-assembled with
MCH. Consequently, the background signal is reduced compared with
the corresponding binary monolayers (R = 477 Q for MCH + HDT-CP
vs. Rt = 634 Q for HDT-CP and R = 1200 Q for MCH-CP). However, a
clear decrease in the analyte-derived signal was observed, resulting in a
reduction in the S/N ratio compared to the HDT-CP SAM. Conversely,
although DTT yielded the best response in binary SAMs, it did not
translate to improved performance in MCH + DTT-CP ternary systems.
The presence of hydroxyl groups in both diluents likely introduces steric
hindrance and extensive hydrogen bonding, disrupting SAM organisa-
tion and consequently reducing assay sensitivity (S/N = 2.4). In the case
of MCH + MPAA-CP SAMs, the analyte signal was substantially reduced,
consistent with previous observations for MPAA-CP binary monolayers.
This diminished response is most likely the result of unfavourable
intermolecular interactions between the negatively charged carboxylate
(—COO07) groups of MPAA and the hydroxyl (-OH) groups of MCH that
induce surface heterogeneity. Such structural irregularities may impede
hybridization efficiency by restricting probe accessibility and enhancing
non-specific adsorption, thereby undermining the overall analytical
performance of the sensing interface (S/N = 1.23).

3.3. Optimization of the experimental variables

To develop a highly sensitive bioplatform, an optimisation study was
conducted to evaluate diferent experimental variables, includinn re-
agent concentrations and incubation times, with the conditions
employed in Fig. 3 as the starting point. The initial optimization focused
on the immobilitazion of the capture probe onto the AuNPs-SCPE sur-
face, with particular attention to the influence of incubation time, probe
concentration, and ionic strength. Incubation times between 30 and 90
min were investigated, with the optimal performance observed at 60
min, yielding an S/N ratio of 3.80 (Fig. 4A). Shorter incubation periods
resulted in incomplete immobilitazion of the capture probe, leading to
reduced hybridization efficiency and consequently lower electro-
chemical signals. In contrast, extending the incubation beyond 60 min
did not produce a noticeable improvement in the response, indicating
that surface saturation had already been reached. The concentration of
the capture probe was evaluated within the range of 0.5 to 4 pM, with
the best performance achieved at 2 pM (Fig. 4B). At lower concentra-
tions, the surface coverage was insufficient, limiting the number of
available hybridisation sites and resulting in reduced analytical signals,
while also slightly increasing the blank response due to a higher relative
contribution of non-specific interactions. Conversely, concentrations
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above 2 pM did not improve the hybridization efficiency that can be
attributed to steric hindrance and increased surface saturation, which
reduce the accessibility of the probes for target binding. The influence of
ionic strength during the immobilitazion of the capture probe on the
electrode was evaluated by varying the NaCl concentration in 2x SSPE
buffer from 300 to 1000 mM. The highest S/N ratio was achieved at an
ionic strength of 900 mM (S/N = 4.6). At lower ionic strengths, stronger
electrostatic repulsion between the negatively charged DNA strands led
to a less organised monolayer and increased susceptibility to non-
specific adsorption. In contrast, at higher ionic strengths, cations effec-
tively screened the negative charges of the strands, promoting the for-
mation of a denser and more ordered probe layer, which enhanced

target accessibility while minimising background signals.

The optimisation of the binary SAM formation through the addition
of dithiothreitol onto the CP~AuNPs-SCPE surface was also investigated,
focusing on both incubation time and DTT concentration. Incubation
times ranging from 15 to 60 min were studied, with the optimal response
observed at 45 min (Fig. 4C). Shorter incubation times yielded incom-
plete monolayers with limited surface coverage, reduced probe protec-
tion, and higher blank responses from non-specific adsorption, lowering
S/N. Incubation beyond 45 min may led to slight monolayer reorgan-
isation, hindering analyte access, as reflected by the decrease in the
specific signal. Similarly, DTT concentrations from 0.5 to 4 pM were
evaluated, with 2 pM providing the best S/N ratio (Fig. 4D). At lower
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concentrations, surface coverage was insufficient, limiting protection
against non-specific adsorption and consequently increasing the back-
ground signal. Conversely, higher concentrations may facilitate the
formation of a denser or multilayered film, inducing steric hindrance,
with probes positioned too closely, reducing the accessibility of the
target DNA and diminishing the specific signal (Rt 2260 Q for 2 pM vs
Ret 1729 Q for 4 pM).

In the homogeneous hybridization process, the effects of signaling
probe concentration (0.5-3 pM) and hybridization time (5-45 min) on
Ara h2-SP duplex formation were evaluated. The maximum signal was
achieved at 1 pM probe concentration with a hybridization period of 15
min (data not shown).Lower SP concentrations resulted in reduced hy-
bridization efficiency due to fewer probe-target interactions, yielding
weaker analytical signals, whereas higher concentrations did not further
enhance the signal(i.e. S/N = 5.5 for 0.5 pM, 6.3 for 1 pM, and 5.8 for 2
pM). The optimal hybridization time was determined to be 15 min, with
no significant changes in S/N observed upon longer incubation, indi-
cating that hybridization reached equilibrium under these conditions.
The influence of ionic strength during homogeneous hybridization was
also assessed (300-1000 mM), showing trends similar to those observed
during capture probe immobilitazion. Hybridization efficiency
improved with increasing ionic strength, as electrostatic repulsion be-
tween complementary strands was mitigated, facilitating duplex for-
mation in solution. Optimal performance was achieved at 900 mM,
yielding the highest analytical signal and an S/N ratio of 6.9.

The optimisation of the heterogeneous hybridization, occurring at
the electrode surface, was carried out by varying the incubation time of
Ara h2-SP duplex from 15 to 75 min (Fig. 4E). The optimal response was
observed at 1 h (S/N =7.0). Incubation beyond 1 h did not enhance S/N,
while shorter times caused incomplete hybridization, reducing analyt-
ical signals.

Table 1 summarized the variable studied and the optimal values for
yielded the best analytical performance.

3.4. Analytical characteristics of the genosensor

To obtain a highly sensitive label-free DNA sensor, Ara h2 quantifi-
cation study was performed using square wave voltammetry (SWV) in
the presence of [Fe(CN)s]3’/4’ under the optimized conditions. While
EIS was valuable for characterizing the electrode interface and opti-
mizing surface modifications, in this case it did not provide sufficient
sensitivity for quantitative analysis. Therefore, SWV was selectred as the
preferred technique for the determination of analytical parameters.

Fig. 5A displays the electrochemical responses obtained for different
target concentrations, while the corresponding calibration plot is pre-
sented in Fig. 5B. Under optimized conditions, the genosensor exhibited
a well-defined linear response in the concentration range of 0.025-10
nM, described by the regression equation I (pA) = (8.37 + 0.45) C (nM)
+ (0.61 & 0.05), with an excellent correlation coefficient (R = 0.9991).
The detection (LOD) and quantification (LOQ) limits were calculated
according to the conventional criterion (x B + 36Bandx B + 106B, N =
10, respectively). On this basis, the LOD was estimated at 0.02 nM and
the LOQ at 0.07 nM, confirming the high sensitivity of the developed

Table 1
Optimization of the Variables Involved in the Ara h2 DNA biosensor.

Variable Tested range Selected value

CP incubation time (min) 30-90 60
CP concentration (uM) 0.5-4 2

CP immobilization ionic strength (mM) 300-1000 900
DTT incubation time (min) 15-60 45
DTT concentration (pM) 0.5-4 2

SP concentration (pM) 0.5-3 1

Homogeneous hybridization time (min) 5-45 15
Homogeneous hybridization ionic strength (mM) 300-1000 900
Heterogeneous incubation time (min) 15-75 60
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genosensor for Ara h2 DNA detection.

The precision of the biosensor was assessed at three concentration
levels of Ara h2 (0.05, 1, and 10 nM), in terms of both intra-assay pre-
cision (ten measurements on the same day) and intermediary precision
(eight independently fabricated DNA sensors). As shown Table 2, the
RSD was in all case lower than 8 %, demonstrated the good precision of
the bio-platform.

To evaluate the stability of the self-assembled monolayer (SAM),
electrodes were prepared by immobilising the capture probe (1 h, 2 pM)
followed by treatment with DTT (45 min, 2 pM). The electrodes were
then rinsed with 2 x SSPE buffer and stored at 4 °C. The S/N ratio
remained stable for up to 10 days, with decreases of approximately 15 %
after 15 days and 35 % after 20 days of storage. Comparable results have
been reported by other authors, Ricci et al. observed an ~50 % loss of
the initial signal after three weeks in CP + MCH SAMs [39], while
Dharuman et al. reported a 62 % reduction in the S/N ratio for CP +
MUA + MCH SAMs after 45 days [40]. To investigate whether the
observed loss of stability was related to the displacement of CP by DTT
over time, or to the oxidation of the thiolated headgroup leading to its
desorption from the gold surface, as other authors suggested [40], an
impedimetric study was performed. The EIS analysis of SAMs after 20
days of storage revealed a markedly lower R value compared with day
one, closely resembling that of electrodes modified exclusively with DTT
(Au-NPs-DTT). These results indicate that the loss of stability is pri-
marily attributable to the release of the capture probe from the electrode
surface. Por otro lado, due to the specific binding of the analyte and the
fragile nature of the functionalized SAM layer, the immunosensor is
single-use and cannot be reused. Due to the specificity nature of the DNA
hybridization process and the inherent fragility of the self-assembled
monolayer (SAM), the genosensor has been conceived as a single-use
device to ensure reliable and reproducible performance.

3.5. Selectivity and analytical accuracy in real matrices

Selectivity was assessed by comparing the responses to 1 nM of the
target DNA, 1 nM of a non-complementary sequence (nC), and 1 nM of a
three-base mismatched sequence (nC-3) (Table S1 — Appendix). Negli-
gible signals were observed for the nC sequence, while the nC-3
sequence produced only 16 % of the signal registered for the target,
demonstrating the high selectivity of the system for specific DNA
recognition of the genosensor.

The accuracy of the method, as well as its indirect assessment of
matrix-related effects, was evaluated through the analysis of spiked
commercial soy-based beverage and low-fat cow’s milk samples. Firstly,
as an additional study, a comparison between calibration curves ob-
tained using standard solutions prepared in buffer and those prepared in
soy-based beverage matrix was performed. The use of matrix-based
standards showed no significant effect on the slope, considering the
associated standard deviation. In the recovery study, the samples were
fortified with a range of peanut Ara h2 DNA concentrations. All exper-
iments were performed in triplicate, following the SVW protocol. As
shown in Table 3, quantitative recovery values ranged from 95 % to
105.5 %, indicating that the method is both accurate and reliable, and
therefore suitable for application to real samples analysis.

Enzyme-linked immunosorbent assays (ELISA), mass spectrometry,
and polymerase chain reaction (PCR) are among the most widely
implemented techniques for allergen detection, offering high sensitivity
and specificity [11,41,42]. However, these approaches often require
expensive equipment, time-consuming protocols, and specialized
personnel, limiting their routine application in food control. Electro-
chemical biosensors have emerged as promising alternatives due to their
miniaturization, cost-effectiveness, rapid response, and potential for on-
site analysis [14,15]. Most reported electrochemical devices for peanut
allergen detection are immunosensors or aptasensors, which rely on
antibodies or aptamers as recognition elements. Immunosensors provide
high affinity and selectivity, but may be costly and sensitive to protein
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Table 2
Precision study of the Ara h 2 genosensor.

Concentration assayed Intra-assay precision Intermediary precision

(nM) (RSD, %) (RSD, %)
0.05 6.5 7.2
1 5.3 6.8
10 4.5 5.3

Table 3

Recovery Studies of Ara h 2 DNA in Commercial Food Samples.
Real samples DNA Ara h 2 DNA Ara h 2 Recovery RSD
add (nM) found (nM) (%) (%)
Soy-based 0.1 0.095 + 0.006 95.0 6.0
l})]evera e 1 1.055 + 0.033 105.5 3.1
g 10 9.870 + 0.875 98.7 8.8
Low-fat cow’s 0.1 0.104 + 0.009 104.0 8.6
milk 1.045 £ 0.064 104.5 6.1
10 9.765 + 0.562 97.7 5.7

denaturation, while aptasensors are stable, easy to synthesize and
generally less expensive [43,44]. Nevertheless, thermal or high-pressure
food processing can alter protein conformation and immunoreactivity,
potentially compromising protein-based assays [22]. This challenge has
encouraged the development of DNA-based detection strategies. In this
context, the genosensor developed in this work uses DNA as a bio-
recognition element, offering high specificity through complementary
hybridization, robust stability and label-free detection. These combined
features simplify fabrication, reduce costs, and minimize potential in-
terferences, making DNA-based electrochemical detection a competitive
alternative for rapid and sensitive allergen analysis.

In a revision of the literature, only a limited number of DNA-based
biosensors have been reported for the detection of peanut allergens.
An impedimetric genosensor employing a stem-loop probe was devel-
oped for the detection of a DNA sequence specific to Ara hl. This system
exploits conformational changes of the probe upon hybridization,
enabling highly sensitive and selective detection, and was successfully
applied to peanut-derived food samples [24]. In 2015, the same group
proposed two further strategies to enhance DNA biosensor performance.
One involved a multilayer graphene-gold nanocomposite on a glassy
carbon electrode, providing high conductivity and large surface area,

resulting in improved sensitivity and stability [26]. The other employed
a chitosan-multiwalled carbon nanotube composite with a spongy gold
film, increasing the effective surface area and sensitivity; additionally,
enzyme amplification via biotin-streptavidin HRP enabled specific
target DNA detection through electrochemical measurement of enzy-
matic products [25]. A voltametric electrochemical immunosensor
based on gold nanoparticle-modified screen-printed carbon electrodes
was developed for Ara h 6. Using a two-monoclonal antibody sandwich
format and silver-based electrochemical detection, the sensor exhibited
a linear range of 1-100 ng/mL, and LOD of 0.27 ng/mL [27]. The spe-
cific detection of Ara h2 is particularly important due to its high clinical
relevance. Ara h2 is recognized as one of the most potent peanut aller-
gens and is strongly associated with severe allergic reactions, including
anaphylaxis, in sensitized individuals.

To our knowledge, only two DNA-based biosensors have been re-
ported for Ara h2 detection, both relying on self-assembled monolayers
(SAMs) and enzymatic amplification [26,27]. Although effective, these
strategies involve additional labeling steps, which increase assay
complexity, and neither has been validated in real food matrices. The
first approach implemented a selective electrochemical genosensor
using a sandwich format on gold electrodes with ALP-streptavidin la-
beling and 1-naphthyl phosphate as substrate, monitoring the enzy-
matically generated 1-naphthol via differential pulse voltammetry [26].
Subsequently, a ternary SAM-based sensor employed anti-fluorescein
peroxidase and TMB as substrate, detecting the enzymatically oxidized
TMB by chronoamperometry for indirect Ara h2 quantification [27].
This new DNA-sensor employs a label-free configuration combined with
gold nanoparticles for SAM preparation, resulting in a highly sensitive
and selective biosensor. Unlike previous methods [26,27], it does not
require enzymatic labels, additional substrates, or complex labeling
steps, which significantly reduces assay time and lowers the overall cost.
Furthermore, this strategy is directly applicable to real food samples,
offering a practical advantage for rapid and selective Ara h2 detection.

Although the biosensor’s performance was successfully demon-
strated in spiked soy-based beverages and cow’s milk, the complexity
and variability of real food matrices may still influence its behavior in
large-scale applications. To fully validate the robustness and practical
applicability of the biosensor, future studies should include a broader
range of food products, particularly complex matrices with high fat or
protein content, as these components can interfere with the hybridiza-
tion process and the electrochemical response. Therefore, evaluating the
biosensor’s performance in such complex matrices is essential to ensure
its reliability under real-world conditions. In this study, recovery
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experiments were performed by directly adding Ara h2 DNA to the
samples. However, for the quantification of naturally occurring allergen
DNA in food products, a preliminary DNA extraction and purification
step would be necessary prior to analysis.

4. Conclusions

This study reports the successful development of a label-free elec-
trochemical genosensor for the detection of Ara h2, one of the major
peanut allergens, employing mixed self-assembled monolayers (SAMs)
for efficient DNA immobilization. Evaluation of two immobilization
strategies—direct deposition of thiolated capture probe onto SPEAu and
CP immobilization on AuNPs-modified SPCE—showed that gold nano-
particles enhance CP binding by increasing electrode surface area and
active site density, thereby improving the sensitivity and performance of
the bioplatform. A sandwich format strategy, combined with AuNPs-
SPCE enabled the construction of a highly sensitive and reliable bio-
platform. Among the configurations tested for sensing phase, the CP-
DTT-AuNPs-SPCE system provided the best signal-to-noise ratio. The
genosensor exhibited a wide dynamic range (0.025-10 nM), achieving a
remarkably low limit of detection, while precision studies yielded
relative standard deviations below 8 %, demonstrating robust repro-
ducibility. Selectivity assays demonstrated negligible responses to non-
complementary sequences, confirming the specificity of the system.
Importantly, the method was also validated in food matrices, with
satisfactory recovery values between 95 % and 105.5 %, in spiked soy-
based beverages and cow’s milk, supporting its applicability to food
safety monitoring. However, the variability of real food matrices could
affect sensor performance, so broader studies with more complex sam-
ples are needed to confirm the robustness of the platform under practical
conditions. Furthermore, direct quantification of Ara h2 DNA in natural
samples would require a prior DNA extraction step.
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