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In this work, we combined plasmon-enhanced fluorescence and electrochemical (PEF-EC) transduction mecha-
nisms to realize a highly sensitive dual-transducer aptasensor. To implement two traducers in one biosensor, a
novel large-scale nanoimprint lithography process was introduced to fabricate gold nanopit arrays (AuNpA) with
unique fringe structures. Light transmitting through the AuNpA samples exhibited a surface plasmon polariton
peak overlapping with the excitation peak of the C7 aptamer-associated fluorophore methylene blue (MB). We
observed a five and seven-times higher average fluorescence intensity over the AuNpA and fringe structure,
respectively, in comparison to a plane Au film. Furthermore, the MB fluorophore was simultaneously utilized as a
redox probe for electrochemical investigations and is described here as a dual transduction label for the first
time. The novel dual transducer system was deployed for the detection of SARS-CoV-2 Spike protein via a C7
aptamer in combination with a strand displacement protocol. The PEF transducer exhibited a detection range
from 1 fg/mL to 10 ng/mL with a detection limit of 0.07 fg/mL, while the EC traducer showed an extended
dynamic range from 1 fg/mL to 100 ng/mL with a detection limit of 0.15 fg/mL. This work provides insights into
an easy-to-perform, large-scale fabrication process for nanostructures enabling plasmon-enhanced fluorescence,
and the development of an advanced but universal aptasensor platform.

1. Introduction

COVID-19 is an acute respiratory disease caused by the highly
transmissible SARS-CoV-2 virus, a positive-sense single-segmented RNA
virus with a genome size of approximately 30 Kb, infected individuals
may exhibit symptoms like cough, fever, pneumonia, and complications,
with potentially fatal outcomes [1]. Some of the now commonly used
testing assays include computed tomography (CT) imaging, nucleic acid
tests, gene sequencing, lateral flow assays, and serological assays, while
the primary diagnostic method of COVID-19 is called reverse
transcription-polymerase chain reaction (RT-PCR) test [1-4] which
targets the viral genome in the nasal and nasopharyngeal samples. The
RT-PCR is considered the gold standard and is generally designed to
amplify one or more SARS-CoV-2 genes. Nonetheless, these technologies
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have some drawbacks, RT-PCR, for example, requires purified RNA,
sophisticated equipment, and expensive probes [5].

Given the mentioned constraints of the conventional approaches, a
rapid, cheap, and easily available system is needed to determine the
presence of the infection during the incubation period to provide enough
time for adapting the desirable treatment process and curb its high
spread rate. Biosensor technology can be precisely designed for spotting
SARS-CoV-2 by employing specific biorecognition elements like anti-
bodies, antigens, proteins, whole viruses, nucleic acids, and aptamers
[3]. Among them, aptamers have emerged as promising alternatives to
antibodies in biosensing and diagnostics, which are synthetic,
single-stranded oligonucleotides that bind to a specific target molecule
with high affinity and specificity. In addition, they possess high
robustness over temperature changes and chemical treatments,
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versatility regarding applications, and reproducibility in synthesis [6].
The SARS-CoV-2 Spike protein (S protein) has been established as a key
target in the rapid diagnosis of COVID-19 and the development of
innovative tests for detecting viral antigens [7]. This protein comprises
two critical domains: the receptor-binding domain (RBD), responsible
for binding to the human angiotensin-converting enzyme 2 (ACE2) re-
ceptor and facilitating the virus’s entry into host cells, and the fusion
domain, which mediates the fusion of host cell and viral membranes
through the C-terminal S2 subunit [8].

Many different types of transducers can be utilized for the imple-
mentation of the biosensor, including optical, electrical, mechanical
transducers, etc. There are advantages to each of these interrogation
schemes, for instance, when optical transducers are employed, the bio-
sensing procedure can be often monitored in real time, and while elec-
trochemical procedures are applied, high sensitivity can be expected.
More advanced, multi-transducer sensing concepts can be used allowing
the cross-verification of the readouts, minimizing the risk of false-
positive results, enhancing the detection range, or delivering more
comprehensive information about the analyzed biological target [9,10].
Many research works on multi-transducer systems focus on the combi-
nation of surface plasmon resonance (SPR) and electrochemical (EC)
techniques named SPR-EC [11]. The SPR empowers the monitoring of
changes in optical properties in the proximity of the gold surface, while
the same gold surface is used to record electrochemical processes within
the Helmholtz layer of the same gold sample [12]. The
Kretschmann-SPR configuration is known for its high refractive index
sensitivity via plasmonic wavelength shift [13,14]. However, its bulky,
prism-based optics make it challenging to merge with point-of-care
(POC) electrochemical systems. In contrast, gold
nanostructure-decorated substrates that facilitate extraordinary optical
transmission (EOT) are more suitable for POC setups due to easier
alignment and miniaturization, despite lower sensitivity [15,16]. One
strategy to harness nanostructure-decorated substrates is to take
advantage of the strong electric fields generated during surface plasmon
polariton (SPP) excitation to enhance fluorescence, thereby improving
plasmon-enhanced fluorescence (PEF) detection.

In this study, we introduce for the first time a novel approach of
combining plasmon-enhanced fluorescence and electrochemical detec-
tion (PEF-EC) to monitor the binding events between the S protein of
SARS-CoV-2 and the C7 aptamer receptor. This process is based on an
EOT configuration using gold nanopit arrays (AuNpA), where plasmonic
properties were exploited to enhance the fluorescence signal of methy-
lene blue (MB), which was attached to the C7 aptamer. MB is a well-
established redox reporter frequently utilized in electrochemical apta-
sensors [17]. Additionally, MB emits fluorescence light in the
near-infrared region after excitation with a wavelength of 668 nm [18].
Thus, MB can be utilized as both electrochemical and fluorescence
probe. However, only a few studies have explored these capabilities
simultaneously. Chang et al. [19] reported the synthesis of an
MB-encapsulated zeolitic imidazolate framework-90 (MB@ZIF-90) as a
dual-signal biosensor for adenosine triphosphate (ATP) detection, uti-
lizing fluorescence and electrochemical techniques. However, their
detection system did not involve PEF but relied on processes occurring in
bulk solution and a release of MB from MB@ZIF-90. In our experiment,
PEF was used in combination with electrochemical measurements to
implement a dual transducer aptasensor, which used the same probe for
both transduction principles. The MB was tagged to the C7 S protein
aptamer (referred to as S2_20T_MB) which was tethered to the gold
surface decorated with nanopit arrays. These AuNpA were designed
such that the SPP peak overlapped with the excitation wavelength of the
MB to enable strong coupling effects. In addition, AuNpA exhibited
fringe structures created through direct nanoimprint lithography (NIL)
processes. Noteworthy, such additional nanostructures can lead to even
stronger PEF processes. Besides the characterization of the fluorescence
of our aptasensor, we investigated its voltammetric redox properties. To
enable unambiguous sensor responses, we immobilized the aptamer to
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the gold surface via thiolated, partially complementary single-stranded
DNA (ssDNA) molecules (S1). S1 could form a stem-loop structure
following the dissociation of the S2_20T_ MB aptamer due to S protein
binding and its release from the AuNpA surface. The monitoring of
surface-associated binding processes by two independent transducer
systems may enhance the sensor performance and can provide a better
understanding of physicochemical processes at the solid-liquid
interface.

2. Experimental section

Details on reagents and chemicals, Au nanopit arrays fabrication, gel
electrophoresis experiment, NUPACK simulation, aptamer design,
Finite-Difference Time-Domain (FDTD) simulation for ideal and AFM
models, Fluorescence Lifetime Imaging (FLIM) characterization, Quartz
Crystal Microbalance (QCM) characterization, and Surface Plasmon
Resonance Microscopy (SPR-M) characterization are provided in the
Supporting Information.

2.1. Electrochemical and fluorescent measurements

The PEF-EC dual signal measurement setup is illustrated in Fig. S2.
Fluorescence microscopy images were captured using a ZEISS Axio
Imager Z1 equipped (Zeiss, Jena, Germany) with the following compo-
nents: a light source illuminator HXP120, a 63 x water immersion
objective (Plan-Achroplan, NA 1.0), Zeiss 50 filter sets (Excitation 640/
30 nm, beamsplitter: 660 nm, emission: 690/50 nm), an analy differ-
ential interference contrast (DIC) translight, and a digital CCD camera
(model AxioCam MR R3). The scaled image size is 142.10 ym x 106.48
um, featuring a 16-bit dynamic range and a scaling of 0.102 ym x 0.102
um per pixel. 500 ms exposure time was used for each fluorescence
image. Since the aptamer-target binding events occur homogeneously
across the entire AuNpA, we measured the arithmetic mean fluorescence
intensity of the whole image as a signal using ZEN Blue Edition 2012
software.

A portable EmStat potentiostat (PalmSens BV, GA Houten, The
Netherlands) was connected to a PC via PSTrace 5.9 software for elec-
trochemical data recording and processing. The reaction chamber was
3D printed using clear resin as the printing material. The central area of
the chamber was half-open, allowing the AuNpA to be easily mounted
and exposed to the microscopy objective lens in the vicinity. The non-
exposed area was connected to EmStat potentiostat as the working
electrode. The solution was introduced into the reaction chamber via a
pipette and then rinsed using a peristaltic pump. Two Pt wires were fixed
on the left and right central area of the chamber, respectively, and
connected to the EmStat potentiostat as pseudo-reference and counter
electrodes. The limited space in our portable electrochemical system
made the use of a small but less stable Pt pseudo reference electrode
necessary [20]. Square wave voltammetry (SWV) measurements were
performed in Tris buffer (10 mM Tris, 150 mM NaCl, 5 mM KCl, pH 7.4)
for electrochemical characterization of the sensor performance. SWV
scans were swept between —0.6 and —0.2 V with an equilibration time of
5 s, potential steps of 0.005 V, amplitude of 0.02 V, and a frequency of 5
Hz.

2.2. Aptasensor preparation

Before incubation, the AuNpA was firstly cleaned by oxygen plasma
(Diener electronic GmbH, Ebhausen, Germany) at 0.5 mPa for 3 min to
remove any residues on the Au surface. Then the AuNpA was immersed
in ethanol for 5 min to reduce the generated gold oxides and afterwards
rinsed with Milli-Q water. The S1 solution was pretreated by incubating
10 mM TCEP (tris(2-carboxyethyl)phosphine) for 1 h to cleave the di-
sulfide bond of the aptamer receptors in a high-salt Tris buffer (NaCl 1.0
M, MgCl, 1 mM, Tris 10 mM, pH 7.4). The nanostructured samples were
incubated with the above solution for 16 h at room temperature to
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immobilize the molecules on the surface through thiol-gold bonds. Then,
the samples were thoroughly rinsed with the Tris buffer (NaCl 0.15 M,
KCl 5 mM, Tris 10 mM, pH 7.4) to remove the non-bonded aptamer.
Subsequently, the as-prepared samples were incubated with 0.5 mM 6-
MCH (6-mercapto-1-hexanol) ethanol solution for 0.5 h to obtain a
compact, self-assembled receptor layer by blocking the unmodified sites
and suppressing unspecific binding. The excess 6-MCH molecules were
removed by rinsing the AuNpA separately with ethanol for 3 times and
consecutively with 10 mM Tris buffer for another 3 times. Lastly, S2
strands were incubated on the surface for 2 h at room temperature to
hybridize with the S1 strand. The various C7 aptamer strands used in our
experiments were purchased from Sangon Biotech including all modi-
fications with covalently attached thiol linker and MB-redox tags, see
the Supporting Information. For the S protein assay, the aptasensor was
incubated in various concentrations of the analyte molecules for 30 min.
After incubation, the nanostructured Au samples were rinsed with the
Tris buffer to remove excess S protein molecules that were not specif-
ically adsorbed.

3. Results and discussion
3.1. Unexpected fringe structures

To solve the discrepancy in the momenta of incident photons in free
space and SPP at identical frequencies, several momentum-
compensation coupling mechanisms have been devised, including
prism and grating coupling, with the purpose of augmenting the wave
vector of incident light within the dielectric medium. This augmentation
is essential to establish the requisite matching conditions for exciting
SPP. However, the utilization of a prism coupler for SPP excitation poses
challenges in the context of on-chip integration, despite its remarkable
performance. Consequently, employing diffraction to couple light to SPP
modes through a diffraction grating represents a more favorable choice
for integration with the PEF effect. In this scenario, incident light is
diffracted into a series of beams described by kg = ky + mG, where kg
signifies the propagation constant of the diffracted light, k, denotes the
propagation constant of the incident light (k, = kongsind), G represents
the wavenumber associated with the grating (G = 27/A), with m taking
on values of 0, +1, +2, and so forth, corresponding to the diffraction
orders and the period length of the grating (A). Additionally, ng char-
acterizes the refractive index of the dielectric medium. The wavevector
matching condition in this case becomes [21,22].

Eméd
Em + &4

(€Y

2
kongsin 6 + Kﬂm =ko

where ¢, and ¢4 are the dielectric constants of the metal and dielectric
layer.

In electrochemical sensing, a connected gold surface with a high
electrochemical surface area is important for the immobilization of a
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large number of receptor molecules and to achieve a low limit of
detection. Herein, the 3D AuNpA was chosen as substrate for both the
PEF and the EC transducer. We aimed to streamline the fabrication
process of AuNpA by employing a direct NIL process on resist (Fig. 1), as
an alternative to the time-consuming fabrication involving a Cr-based
hard mask from our previous work [16]. The resulting nanoimprinted
AuNpA sample exhibited a hexagonally closed-packed (hcp) pit struc-
ture with an average diameter of 177 nm and a lattice constant of 501
nm in SEM images at 100 k magnification (Fig. 2a). While at 5 k
magnification, the fringe structures were clearly present with aniso-
tropic directionality, superimposed on the pit array on a larger scale
(Fig. 2b). To gain deeper insights into the morphology and character-
istics of these fringe structures, we utilized atomic force microscopy
(AFM) and focused ion beam (FIB) sectioning (Fig. 2f and c). The AFM
analysis indicated that the height of the fringe structures was approxi-
mately 80 nm, while the pits possessed a depth of around 50 nm. The
cross-sectional views of the FIB images disclosed that the fringed
structure was correlated with variations in the thickness of the
mr-NIL200 resist. Differential interference contrast (DIC) microscopy
images confirmed the presence of the fringe structures (Fig. 2d), while
the DIC surface image of samples [16] with pit arrays at a lattice con-
stant of 600 nm fabricated by using Cr as a hard mask was uniform
(Fig. S3). Interestingly, even the unpatterned regions of the AuNpA
samples exhibited irregular surface corrugations in AFM and SEM in-
vestigations (Fig. 2g and e).

In order to elucidate the underlying causes of these fringe structures,
we conducted a comparative analysis involving an Au film deposited on
the same sample stack (Quartz/mr-NIL200/Ti/Au) but without under-
going the NIL process. As illustrated in Fig. 2h, the imprint-free resist/Au
film exhibited a noticeably smoother topography than the imprinted
sample (Fig. 2e). Further investigations were performed including the
SEM of the master mold (Fig. S4) and AFM of the Ormostamp mold,
Fig. S5. These experiments showed that the master mold surface was
smooth and homogeneous, while the Ormostamp mold, which was used
for the actual imprint, showed some irregular structure presumably
contributing to the formation of the fringes. These observations suggest
that the recurring fringe structures are a result of the NIL process. We
suspect that the additional fringe structure originates from inherent
material properties of the resist in combination with the imprint process,
due to the anisotropy and boundary conditions of the pattern. However,
further investigations are needed to comprehensively understand the
mechanisms at play and to devise strategies to mitigate or harness these
fringe structures for potential applications.

3.2. Feasibility analysis of the PEF effect

Another critical aspect of establishing strong PEF effects is the dis-
tance between the fluorophore and the metal surface. It is perceived that
PEF occurs when fluorophores are excited near the metal surface, typi-

_ Ormostamp working mold

—— UV-sensitive resisit (mr-NIL200)

wafer

lNIL

wafer

lMetaIization Ti/Au

wafer

-

Fig. 1. Left: schematic view of the fabrication process, including the NIL process between the Ormostamp working mold and UV-sensitive resist, and the metalli-
zation process of 20 nm Ti and 40 nm Au layers. Right: a digital photograph of the AuNpA (diameter of the patterned area is 1 cm).
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Comparison

Fig. 2. SEM images of the fabricated AuNpA at 100 k magnification with scale bar of 200 nm (a) and at 5 k magnification with scale bar of 2 ym (b), FIB cross-section
image (c) and DIC image (d) of the AuNpA with fringe structure, SEM image of unpatterned area after NIL (e), AFM image of the AuNpA on patterned area (f) and
unpatterned area (g), SEM image of Au film without NIL for comparison (h). The central sketch of AuNpA is placed for illustrative purposes.

cally within a range of 5-20 nm leading to an enhanced quantum yield,
reduced fluorescence lifetimes, and increased photo-stability. This
phenomenon can be thought of as the metallic nanostructure func-
tioning as an optical antenna, facilitating the conversion of propagating
radiation into near-field energy. The quantum yield in free space (Q)
can be quantified mathematically through the well-established formula
[23,24]:

Iy

oty @

Qo

Equation (2) describes the quantum yield for an isolated fluorophore,
where Iy is the radiative rate and kp, represents the non-radiative rate.
In the presence of the optical antenna, the radiative rate is altered. The
modified quantum yield (Q) can be expressed as [25]:

I'o+1Tn

Q=

From the above equations, a significant conclusion can be drawn: the
additionally introduced radiation decay rate Iy, competes with the non-
radiation decay rate Iy, thereby leading to either a fluorescence
enhancement or a quenching. It is important to note that direct contact
or very close proximity (less than 5 nm) to the metallic surface can lead
to quenching of the fluorophores [23,24]. For our study, it is of impor-
tance that the maximum SPP peak was located at approximately 666 nm,
while the MB fluorophore’s excitation was at 668 nm, Fig. 3. The strong
overlap observed between the SPP peak and the excitation peak of MB
facilitates an enhancement of the excitation rate of the fluorophore
compared to its value in free space. This enhancement arises due to
Forster resonance energy transfer (FRET) at short distances between the
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Fig. 3. SPP transmittance (dashed blue line) spectrum of AuNpA, excitation
(blue line), and emission spectrum (yellow line) of 1 yM S1/52_20T_MB in
Tris buffer.

nanostructure and fluorophore (typically within approximately 15 nm),
and the Purcell effect at more extended distances (in the range of 10-50
nm). The Purcell enhancement pertaining to plasmon radiation is usu-
ally of negligible significance, as the local density of optical states
(LDOS) at substantial distances from the fluorophore is minimal. Owing
to the trade-off between FRET and the Purcell effect, even slight varia-
tions in distance within the length of surface tethered aptamers (<15
nm) significantly influence excitation enhancement. Consequently, this
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characteristic can be exploited for the construction of highly responsive
sensors, which can detect minimal changes in the local environment of
the electrode surface [24,26,27].

Hence, the precise determination of the optimal distance between
the metallic surface and fluorophores is of critical importance. The
concept underlying our aptasensor design is based on a two-strand
oligonucleotide. The first strand S1 is 20 nucleotides long, designated
to form a stem loop, and possesses a dithiol group with two thiol units to
facilitate a strong binding to the gold surface. The second strand is
complementary to S1, contains the C7 S protein aptamer and MB as
fluorescence/redox probe. This strand is in total 39 nucleotides long,
and is denoted as S2_MB. The third strand is identical to S2_MB but
contains a thymine spacer. This ssDNA strand is in total 59 nucleotides
long and denoted as S2_20T_MB. The inclusion of 20 thymine nucleo-
tides serves as an extension to increase the distance between the gold
surface and the fluorophore. The choice for thymine is based on the
observation that nucleotide affinities for gold surface decline in the
following order: A > G =~ C> T [28,29]. In our experimental design, the
maximum surface distance of the label is constrained by the length of the
double helix, which is approximately 20 nm for a 59-base pair construct
if we don’t take the DNA tilt into account. However, Lev et al. estimated
the conformation of coiled single-stranded DNA and the average tilt of
double-stranded DNA strands of varying lengths using spectral
self-interference fluorescence microscopy. It was found that a 50-mer
double-stranded DNA exhibits an estimated height of around 10.5 nm
[30]. Therefore, in a simplified scenario of a rod hinged to the surface,
where we employ relatively short stem-loop S1 strand as rigid rods
attached to hinges, the average height of the distal label, assuming free
rotation for half of its length, is characterized by an average tilt angle of
60° from the normal. Additionally, it should be noted that free rotation
may be restricted due to steric constraints arising from nearby DNA
molecules and interactions with the surface. As a result, we estimate the
distance between the fluorophore and the gold surface for the long
S$1/S2_20T_MB configuration to be approximately 13 nm. It is essential
to ensure such an adequate distance to prevent quenching effects. For
comparison, a shorter S1/S2_MB conjugate without the additional 20
thymines is estimated to be around 9 nm in length.

To validate the hybridization of the two strands (S1 and S2_20T),
NUPACK simulation and gel electrophoresis experiments were per-
formed. The simulated secondary structure of the S1 + S2_20T complex
possessed a calculated free energy of —26 kcal/mol, see Fig. S6a.
Table S1 provides further insights into the simulation results, revealing
that the complex formation of S1 + S2_20T has a yield of 99.9 %. This
high percentage underscores the efficiency and stability of the hybridi-
zation process. For further confirmation of the hybridization, gel elec-
trophoresis characterization was conducted, as illustrated in Fig. S6b.
Lane 1 contains pure S1, while lane 2 holds S2_20T_MB. Significantly, in
lane 3, a conspicuous presence of longer duplexes was observed when
these components were mixed at room temperature for 2 h. This process
separated the unhybridized S1 and S2 20T_MB fragments from their
potentially hybridized form. After electrophoresis, we visualized and
documented the gel using a Bio-Rad ChemiDoc Imaging System (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany). We observed a distinct
band with lower migration mobility, which corresponded to the hy-
bridized product of S1 and S2_20T_MB, thus confirming the success of
the hybridization process.

The presence of plasmons also significantly influences the fluores-
cence lifetime, and in the context of a coupled system, the original
lifetime 7 undergoes a change to 7, which is given by the following
expressions [25]:

1

ot kn @
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1
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Therefore, FLIM measurements (with two-photon excitation at 925 nm)
were employed to evaluate the kinetics of the excited-state decay as
shown in Fig. S7.

To validate the PEF effect, we further conducted a series of direct
fluorescence microscopy experiments, varying both the spatial locations
and the choice of two distinct substrates. The obtained fluorescence
microscopy images, accompanied by their corresponding intensity his-
tograms, offer a comprehensive depiction of the optical characteristics
of the respective sample. The analysis was applied to the specific areas of
interest, which include the edge region between AuNpA and surround-
ing gold, the plasmonic AuNpA region, and only the plain Au film. The
enhancement factor is determined according to Equation (6) [31,32]:

EF = IMB‘Q‘AHNPA - IAuNpA (6)
IMBI(iAuﬁlm - IAuﬁlm

where Iyp@aunpa is the fluorescence intensity of MB from the substrate
of AuNpA, Iyp@aufim is the fluorescence intensity from the referenced
substrate of Au film, Ia,npa and Iysm are the background intensity of the
pure AuNpA and Au film without fluorophore, respectively.

For the edge region, the AuNpA area and the surrounding gold can be
clearly distinguished by low fluorescence intensities for the surrounding
gold and high intensities with strong local variations for the nano-
patterned area, all modified with the S1/S2_20T_MB, Fig. 4a. In the plot
of the intensity distribution, three distinct peaks can be identified
attributed to the unpatterened area, nanopits, and fringe area from left
to right, each associated with varying levels of fluorescence intensity,
Fig. 4b. This interpretation is confirmed by Fig. 4c and d, which show a
similar surface with the same S1/52_20T MB modification but without
the unpatterened area. In the intensity distribution plot, the low-
intensity peak vanished while the high-intensity peaks persisted.
Investigating the plasmonic fringe region after modification with the
short DNA construct S1/S2_MB revealed a similar optical response but
with lower overall intensity compared to the longer S1/S2_20T_MB
hybrid, Fig. 4e and f. This observation suggests that the fluorophore of
the longer dsDNA construct was located closer to the optimal MB-Au
distance (PEF). Lastly, the fluorescence microscopy data obtained for
the plane Au film modified with S1/S2_MB served as a reference, Fig. 4g
and h. Here it becomes apparent that a distinct PEF effect was only
observed within the plasmonic nanopit area. When compared to the Au
film, the average enhancement factor for MB in the S1/S2 20T MB
hybrid was determined to be 5.33 and 7.60 for the AuNpA and the fringe
structures, respectively, whereas, for the short S1/S2_MB configuration,
the intensity was only 61.9 % compared to the S1/S2_20T_MB
configuration.

In addition to the dual transduction probe MB, we also tested a
combination of cyanine5.5 (Cy5.5) and ferrocene (Fc) as fluorescence
and redox labels, which were attached to S2_20T and S1 terminals,
respectively. The cyanine dyes as near-infrared (NIR) fluorophores
(650-900 nm) are widely used as fluorescent probes for bioimaging
because of their wide dynamic range, minimal background fluorescence,
and high sensitivity [33]. The excitation (687 nm) and emission spec-
trum (708 nm) of S2_20T_Cy5.5 showed an enhancement factor of 53 to
the Au film substrate, Fig. S8. This is distinctly higher than the
enhancement observed for MB, however, we encountered a dramatic
decrease in fluorescence intensity after 5 continuous electrochemical
scanning. On the other hand, when we opted for MB as dual transduction
label and conducted the potential cycling as depicted in Fig. S9, no
electrochemical-induced quenching was observed. Apparently, the uti-
lization of MB as dual transduction probe MB is better suited for our
combined PEF-EC sensing approach, than a splitting of its function onto
two separate probes one for PEF sensing (Cy5.5) and one for electro-
chemical detection (Fc). The intriguing phenomenon of electrochemical
quenching, described here for the first time, deserves further in-depth
investigation.



R. Zhu et al.

(a)

S1/S2_20T_MB on edge region

e

(©

S1/S2_20T_MB on AuNpA

]

(e

S1/S2_MB on AuNpA

2

(2

S$1/S2_20T_MB on Au film

&

Talanta 281 (2025) 126760

(b)

200000 —e— S1/S2_20T_MB on edge region

>, 150000
o
c

g 100000
o
e
L

50000

0

0 200 400 600 800
Intensity

(a)

200000 —— S1/2_20T_MB on AuNpA
> 150000
o
c
S
2 100000
(4]
—
-
50000
0
0 200 400 600 800
Intensity

®

300000 —e— S1and S2_MB on AuNpA
250000
200000
150000

100000

Frequency

50000

0
0 200 400 600 800
Intensity

(h)

1200000 —e— S1/S2_20T_MB on AuFilm
1000000
800000

600000

Frequency

400000
200000
0

0 200 400 600 800
Intensity

Fig. 4. Fluorescence microscopy images (all the images are adjusted using best fit to optimize display ranges) and intensity histogram of AuNpA edge region with
long S1/S2_20T_MB (a, b), AuNpA plasmonic area with long S1/S2_20T_MB (c, d), AuNpA plasmonic area with short S1/S2_MB (e, f), Au film with long S1/S2_MB

(g, h).
3.3. EDTD simulation

The transmittance spectra were modeled by FDTD simulations based
on two distinct concepts reflecting the experimentally investigated
samples: idealized fringe structures derived from geometric patterns and
a more realistic framework based on AFM data obtained from a real
sample containing the fringe structures, Fig. 5a. Although the experi-
mental and simulated spectra did not display perfect congruence, the
peak patterns exhibited a fundamental resemblance. Noteworthy, the
AFM data included imaging artifacts in particular due to the super-
position of sample topography and tip shape, which can be recognized

when comparing FIB-SEM and AFM images, Fig. 2¢c and f. Nevertheless,
the simulation derived from AFM data reflects the experimental trans-
mission curve better than the idealized geometric model. The improved
congruence can be attributed to the inclusion of fringe structures and the
associated surface roughness, which collectively contribute to a more
realistic representation of the experimental conditions.

The difference in enhancement factor between fringe and pit regions
is associated with the amplification of the electric fields at those struc-
tural features. We further utilized FDTD simulation including the AFM
data to investigate the cross-sectional distribution of the electric field,
Fig. 5b and c. The electric field distribution in this model exhibited
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Fig. 5. Real transmittance spectrum of AuNpA and simulated transmittance from AFM and idea case (a), cross-sectional electric field distribution for AFM imported
surface model (b), and z-component of the electric field with four decay channels (c).

distinct disparities between the elevated fringe structures and hole
structures. Notably, the cross-sectional asymmetry resulted in four
distinct electric field decay channels, labeled fringe 1, fringe 2, pit 1, and
pit 2, Fig. 5b. For each decay channel, we analyzed the z-component of
the electric field distribution (Fig. 5c¢) and identified the maximum
electric enhancement (E/Ep) to be 5.3, 6.1, 4.6, and 5.4, with decay
lengths of 177 nm, 176 nm, 252 nm, and 205 nm, respectively. The
observed variations and asymmetry in both fringe and pit regions in the
electric field enhancement and the decay length are noteworthy aspects
of the PEF effect.

Regarding the fluorescence enhancement at the fringe structures,
two hypotheses can be used to elucidate this phenomenon. Firstly, the
prominent fringe structures may function as focusing elements due to
the higher distance of the Au from the surface in comparison to the
overall pit arrays [34,35]. Secondly, the discrepancy in decay length, as
determined from FDTD simulations, could potentially result in varying
optimal enhancement distances. It is hypothesized that S1/S2_20T MB
may be located closer to the optimal optical enhancement distance
within the fringe structures, contributing to the observed effects.

3.4. Aptasensor performance

For the implementation of the PEF-EC aptasensor, the assembly
process and the associated stepwise immobilization of the molecules on
the electrode surface were investigated using a QCM instrument
equipped with a fluidic system. The observed frequency change was
proportional to the increase in mass when molecules bind to the sensor
surface, Fig. S10. This corroborates the occurrence of a dissociation
process via the binding between the S2_20T_MB and the S protein, fol-
lowed by detachment from the gold surface beside the stepwise immo-
bilization of the receptor layer.

Before utilizing AuNpA, the immobilization process was additionally
evaluated by surface plasmon resonance microscopy (SPR-M) employing
a plane gold surface. As presented in Fig. S11, an increase in molecular
layer thickness was observed after the addition of S1, 6-MCH, and
S2_20T_MB representing the assembly of the receptor layer. The median
value of the thickness of the molecular layer exhibited a noticeable
decrease with the addition of 10 fg/mL of S protein (from 18.40 nm to
11.75 nm). A higher concentration of the S protein (1 pg/mL)
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experienced a subsequent decrease (from 11.75 nm to 8.40 nm). These
measurements corroborate the QCM data via a complementary surface
plasmon-based technique. The entire procedure was recorded in video
format, accessible as an attachment (SPR-M process.mp4).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.talanta.2024.126760

For the real sensor, we utilized the AuNpA as a substrate for both PEF
and EC signal monitoring. Upon interaction with the S protein, the
S2 20T_MB strand dissociated the hybridization with S1 and detached
from the gold surface, Fig. 6a. Simultaneously, the surface tethered
strand S1 is forcing into the formation of a stem-loop structure, which
further supports the dissociation of the hybridization with S2_20T_MB.
The release of the MB labeled S2-strand into the bulk medium leads to a
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drop of both sensor signals. These concentration-dependent alterations
of the redox current and the enhanced fluorescence are exploited as dual
sensor signals. The PEF transducer exhibited a distinct decrease in the
fluorescence intensity, Fig. 6b-k. The corresponding DIC images are
presented in Fig. S12. Plotting the overall fluorescence intensity of the
image versus the concentration resulted in a calibration curve with a
linear relation in a semi-logarithmic presentation, spanning a concen-
tration range from 1 fg/mL to 10 ng/mL, Fig. 61. The resulting calibra-
tion formula, AF/Fy = 0.051gC - 0.07, possessed a correlation coefficient
of 0.98. Notably, the sensor achieved a limit of detection (LOD) of 0.07
fg/mL, determined according to the International Union of Pure and
Applied Chemistry definition (IUPAC, 1997) as X; = Xg + 3Xp, where Xp
is the average value of blank measurement, and Sp is the standard
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Fig. 6. Schematic illustration of the working principle for SARS-CoV-2 S protein detection based on AuNpA as substrate (a), fluorescence microscopy images of our
aptasensor with different S protein concentrations from 0 to 100 ng/mL (b-k) and corresponding calibration curve (1), the normalized SWV current responses (m) and
current change calibration curve (n) versus the logarithm of different S protein concentrations from 0 to 100 ng/mL.
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deviation of the blank sample signal, and 3 is the numerical factor
chosen according to the confidence level desired (95 %). The logarith-
mic relation of the concentration is based on the nature of the response
curves observed in our experiments. The calibration curve practically
represents an adsorption isotherm according to a Langmuir or a
Langmuir-Freundlich model since the aptamer receptors are immobi-
lized on the electrode and represent a defined number of adsorption sites
on its surface. The occupation of these adsorption sites as a function of
the analyte concentration gives the coverage, which is at first approxi-
mation proportional to the sensor signal [36,37]. To further evaluate the
respective contribution influence of the fringe structure and the pit ar-
rays on the sensor signal, an additional analysis was performed
regarding the alterations in intensity values of the main peak (fringe
structure) and minor peak (pit arrays) in relation to the S-protein con-
centration, Fig. S13. The resemblance in trends for both surface struc-
tures indicates that fringe structure and pit arrays contribute similarly to
the overall PEF signal.

During the electrochemical detection, the SWV current response
exhibited a decrease upon the addition of the S protein, Fig. 6m. Note-
worthy, the peak position was corrected to a center position of —0.49 V
to better recognize the drop in the peak height, since there was a sto-
chastic potential shift of the redox peak. This was caused by the utili-
zation of the Pt-wire pseudo reference electrode in this work, which was
required to make it fit into the fluidic cell of this combined EC and
fluorescence setup. The uncorrected SWV curves are displayed for
comparison in Fig. S14. Also here, the AI/I, response showed a semi-
logarithmic dependence on S protein concentration, but with a wider
concentration range spanning from 1 fg/mL to 100 ng/mL. The resulting
calibration curve can be represented by the equation Al/I, = 0.08 1gC -
0.18, with a correlation coefficient of 0.99, Fig. 6n. The corresponding
detection threshold was 0.15 fg/mL. Thus, both transducers showed
similar but not identical sensor characteristics, although both reported
on the same binding event and even exploited the same MB-signal probe.
The PEF sensor possessed a lower detection threshold, while the EC
sensor was distinguished by a wider concentration range and higher
sensitivity (slope of the calibration curve).

The selectivity for the aptasensors was analyzed by comparing the
response to biomarkers of different viruses, which also befall the res-
piratory system, Fig. S15. Therefore, the aptasensor was exposed to
solutions containing the Hemagglutinin/HA1 protein of the Influenza A
HIN1, the response against glycoprotein G/RSV-G protein of the human
respiratory syncytial virus (RSV), and the Spike protein of the middle
eastern respiratory coronavirus (MERS). The used concentration for
each biomarker of the respective viruses was 1 ng/mL. As a reference for
comparison, we used the signals for the SARS-CoV-2 S protein also at 1
ng/mL, which were —33.71 % and —69.65 % for the PEF and EC
transducer, respectively. The responses against the Influenza A
biomarker were —0.56 % and 17.95 %, respectively, clearly lower than
the responses for the actual analyte. Similarly, the response against the
biomarker for the RSV virus was —8.72 % and 4.65 % again for PEF and
EC transducer, respectively. Furthermore, against the MERS virus
biomarker, the responses were —2.93 % and 21.92 %, respectively. All
the PEF responses were considerably lower than the response to SARS-
CoV-2 S protein. Noteworthy, the EC responses exhibited an inverse
signal change resulting in increasing EC signals. This observation can be
attributed to the non-specific association of these proteins to the
aptamer, which may alter the S1/S2_20T_MB hybrid conformation. The
unspecific binding did not induce dissociation of the protein-S2 complex
but distorted the MB conformation and thus caused a shorter distance
between redox probe and electrode resulting in enhanced redox cur-
rents. However, these interfering interactions and the associated current
increases facilitate an easy and unambiguous differentiation between
corresponding nonspecific, positive signal alterations and specific,
negative signal changes due to S protein binding.

To further assess the practical performance and the robustness of the
PEF-EC aptasensor in biological fluids, control experiments were
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conducted using a diluted 10 % human saliva matrix spiked with the S
protein, employing the standard addition method (Table S2). The re-
covery values ranged from 102.3 % to 128.3 %, with relative standard
deviation (RSD) values falling within the range of 2.0 %-17.7 % for PEF.
For the EC transducer, the signal recovery was between 100.2 % and
110.7 %, with RSD values in a range between 2.5 % and 6.8 %. This
suggests that the biosensor experienced minimal interference from
human saliva, demonstrating a reliable robustness. The reproducibility
was investigated by freshly preparing 3 samples modified with the same
S1/S2_20T_MB. All electrodes exhibited a similar PEF and electro-
chemical response, and the RSD values were 8.43 % and 15.81 %
respectively, demonstrating a satisfying reproducibility of the proposed
biosensor. Furthermore, we tested the stability of the biosensor over 3
days. Fig. S16 shows the storage stability of the aptasensor after seating
it in Tris buffer at 4 °C. After 3 days of storage, the PEF intensity didn’t
change much, and the current intensity stands around 75 % of its orig-
inal intensity, which suggests the aptasensor is sufficiently stable for a
single use detection, however, further optimization of the storing con-
ditions need to be considered for long term storage. The characteristics
of some previous studies for the quantitative analysis of S protein are
presented in Table S3. The analytical parameters, including the detec-
tion limit and the linear range, are comparable to or better than in most
other reports. Based on the recovery values obtained, we conclude that
the assay performance of the PEF-EC aptasensor proves their potential
for real diagnostic application.

In our previous study, we utilized a dual sensor where EOT and EC
were combined [16]. In that sensor, the EC transducer showed a
significantly lower LOD than the EOT transducer. In the present study,
the optical PEF transducer exhibited a similar LOD as the EC transducer,
suggesting that the utilization of the plasmons to enhance the fluores-
cence facilitates better sensor performances with lower LOD and wider
concentration ranges than EOT transducers. The reason for this differ-
ence presumably is the surface confinement of the PEF, which is sensi-
tive to minute changes of the fluorophore/substrate distance as a
trade-off between FRET/quenching/Purcell effects with an optimal
distance from the surface in the range of 10-15 nm [38]. Presumably, for
the longer S1/S2_20T_MB conjugate, which is approximately 13 nm in
length, the fluorophore is located at an optimal enhancement distance,
while the shorter S1/S2_MB configuration (around 9 nm) without the
additional 20 thymines, remains slightly below this optimal enhance-
ment range. In contrast, the EOT sensor probes the entire attenuation
length of the surface plasmon at the metal/liquid interface based on the
overall refractive index change. As the refractive index of the DNA (n =
1.58 [39]) is similar to that of the proteins (e.g., bovine serum albumin
with n = 1.60 [40]), the resultant signal generally may be less pro-
nounced. Consequently, the EOT of periodic nanostructure arrays can be
harnessed either by implementing easy to construct and operate but less
sensitive sensor concepts, recording the peak shift of the transmitted
light or by utilizing PEF, which facilitates low detection limits and wide
detection ranges. In either case, the nanopit array facilitates comple-
mentary electrochemical and optical recordings to achieve reliable and
redundant sensor signals.

4. Conclusions

This study reports on four main achievements: the fabrication of a
large-scale AuNpA through an easy-to-perform nanoimprint lithography
process, an enhancement of the PEF effect by fringe structures, the uti-
lization of methylene blue as a dual-transduction label that facilitates
the recording of fluorescence and electrochemical signals simulta-
neously, and the exploitation of this label for the development of a PEF-
EC aptasensor for detecting the S proteins through simulations and ex-
periments. The electric field distribution obtained from FDTD simula-
tions and experimental transmittance spectra revealed a strong overlap
between the SPP peak and the excitation peak of MB enabling a plasmon
enhancement of the MB fluorescence by a factor of 5.33 on the AuNpA
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and 7.60 for the fringe structures. Correspondingly, the enhancement
from the fringe structure was higher than that of the underlying gold
nanopit array. These AuNpA electrodes were used to develop an apta-
sensor for the specific detection of the SARS-CoV-2 S protein. The sensor
showed similar detection characteristics with a detection threshold of
0.07 fg/mL and 0.15 fg/mL for PEF and EC transducer, respectively,
covering the requirements for SARS-CoV-2 testing assays. Noteworthy,
the plasmon facilitated fluorescence sensor was more sensitive than
plasmonic sensors based on extraordinary transmission peak shifts. In
summary, the findings of this work reveal a new strategy for the fabri-
cation of plasmonic sensors based on arrays of nanostructures, the
establishment of highly sensitive and redundant dual transducer sensors,
the utilization of the same probe for fluorescence and electrochemical
transduction, and an optimized competitive aptamer binding assay to
advance current sensing technology of SARS-CoV-2 S protein detection
which can be transferred to other sensor applications.
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