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Advantages of biosensors based on surface enhanced Raman scattering (SERS) rely on improved sensitivity
and specificity, and suited reproducibility in detecting a target molecule that is localized in close proximity
to a SERS-active surface. Herein, a comprehensive study on the realization of a SERS biosensor designed for
detecting miRNA-183, a miRNA biomarker that is specific for chronic obstructive pulmonary disease
(COPD), is presented. The used strategy exploits a signal-off mechanism by means of a labelled
molecular beacon (MB) as the oligonucleotide biorecognition element immobilized on a 2D SERS
substrate, based on spot-on silver nanowires (AgNWs) and a multi-well low volume cell. The MB was
properly designed by following a dedicated protocol to recognize the chosen miRNA. A limit of
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Accepted 26th October 2023 detection down to femtomolar concentration (3 x 10 M) was achieved and the specificity of the
biosensor was proved. Furthermore, the possibility to regenerate the sensing system through a simple

DOI: 10.1039/d3ay01661g procedure is shown: with regeneration by using HCl 1 mM, two detection cycles were performed with
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1 Introduction

With the advancement in nanotechnology and metallic nano-
structured materials, surface-enhanced Raman scattering
(SERS) has opened exciting new routes for many biosensing
applications.’” Due to its high sensitivity, SERS has emerged as
a powerful technique for disease biomarker detection,
including oligonucleotide sequences (DNA, messenger RNA
(mRNA), microRNA (miRNA), etc.)*** and proteins.*>**

Among all biomarkers, scientists are paying increasing
attention to miRNAs, which are small (ca. 22 nucleotides in
length) non-coding regulatory RNAs with potential to impact
the development and progression of nearly all human diseases
through interactions with mRNA.">*® In fact, any single miRNA
can potentially target and repress hundreds of mRNAs by
a broad network of miRNA-mRNA interactions, therefore
affecting a broad range of cellular and biological processes.

In recent years, miRNAs have shown great promise as a novel
class of biomarkers for the detection of various diseases,
including cancer,” inflammatory chronic diseases'® and
others.” However, miRNAs have not yet been adopted into
clinical practice for diagnostics because of some technical
difficulties arising from their intrinsic characteristics, such as

Istituto di Fisica Applicata Nello Carrara — CNR, Via Madonna del Piano 10, Sesto F.no
(FI), Italy. E-mail: m.banchelli@ifac.cnr.it; s.tombelli@ifac.cnr.it

t Electronic ~ supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3ay01661g

1 Both A. G. and P. M. are to be considered as last authors.

This journal is © The Royal Society of Chemistry 2023

a good recovery of the initial MB signal (83%) and a reproducible signal after hybridization.

the short sequence length, low abundance, high sequence
similarity and a wide range of expression levels.

The target of this work is miRNA-183 (miR-183), that is
highly expressed in chronic obstructive pulmonary disease
(COPD), which is an inflammatory chronic respiratory disease
largely heterogeneous not only in clinical symptoms, but also in
the variable response to therapy.* miR-183 as well as miR-200b
and miR-200c were found in increased concentration in the
blood of patients affected by the disease.*** Over the past 10
years, miRNA research in COPD has studied the role that
miRNA may play in contributing to the phenotypic heteroge-
neity of COPD. Several studies on miRNA expression in lung
tissues, lung cells, and peripheral blood and immune cells have
associated a number of miRNAs with COPD* as well as with
COPD-related phenotypes, such as emphysema* and the
asthma-COPD overlap syndrome.>® COPD patients may display
a distinctive miRNA profile of their biological fluids depending
on the particular phenotype of the disease; therefore, miRNAs
in COPD hold great potential to serve as biomarkers not only for
early diagnosis, but also for the investigation of COPD
progression and treatment in relation to different phenotypes.

Currently, northern blotting, microarrays, and quantitative
RT-PCR are employed as conventional detection methods,
which involve elaborate, time-consuming and expensive steps
requiring special laboratory equipment.”® To overcome these
limitations, the research in this field is currently focused on the
detection capabilities of optical bio- and nanosensors, which
provide the required sensitivity and increased specificity and
offer significant advantages in cost and response time, making
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them suitable for high-throughput applications.**** Among
these, high sensitivity can be achieved by means of SERS-based
methods, and accordingly, different SERS nanosensors for
miRNA biosensing have been realized, in biofluids as well as
living cells.***® Most of them exploit the immobilization of
oligonucleotides on SERS nanoparticles to capture the target
miRNA and measure the signal of specific Raman-active probes
attached on the nanoparticle surface. However, the facile
fabrication of affordable and well-defined labelled nano-
structures to produce intense, stable, controllable, and differ-
entiable SERS signals remains challenging.’”* To achieve the
highly sensitive detection of miRNAs, various amplification
strategies, based on enzyme-assisted or enzyme-free amplifica-
tion methods, have been developed and combined with SERS
platforms; these strategies provided sensitive miRNA detection
methods with LOD values down to sub-femtomolar
concentrations.*"** However, the possibility of practical appli-
cation of these methods is hampered due to the complicated
manipulation of the sample target and the long times required
for the amplification procedures; in addition, all these ampli-
fication methods require a great amount of reagent consump-
tion with a consequent increase in analysis cost.

To overcome the issues connected to the need of multiple
steps for the application of the amplification methods, we
propose a promising strategy in sensitive SERS miRNA detec-
tion, that indeed does not require any amplification step, by
exploiting a signal-off mechanism by means of a labelled
molecular beacon (MB) as the oligonucleotide biorecognition
element immobilized on the SERS substrate: a MB tagged with
a Raman reporter is employed, and the distance between the
label and the SERS surface is distinctly changed upon hybrid-
ization with miRNA, resulting in a measurable SERS signal
variation. This approach has already been developed for the
sensitive detection of several miRNAs and gene fragments,
achieving a limit of detection (LOD) down to sub-femtomolar
concentrations.***

However, critical limitations for the use of this kind of SERS-
based biosensor in practical and clinical routines remain,
mainly related to the scarce reproducibility of the SERS system,
the high fabrication costs of SERS platforms and the unfeasi-
bility of these SERS systems in probing the target biomolecule
in their physiological state. Therefore, the primary issue in SERS
biosensing is to take advantage of SERS substrates that are
easily and cheaply manufactured; improvements in the
production methods of SERS nanosensors can lead to minimi-
zation of cost and enhancement in performance. For this
purpose, we recently invested considerable effort in imple-
menting low-cost SERS substrates based on silver nanowires
(AgNWs) showing superior capabilities as SERS sensing
platforms,*** in terms of robustness and reproducibility.

Herein, we try to go one step further by engineering a AgNW-
based SERS platform aimed at miR-183 detection by (1)
designing a specific MB as a biorecognition element to selec-
tively capture miR-183 on the SERS platform and related signal
generation; (2) optimizing a sensitive spot-on the AgNW
substrate through a rapid and simple procedure; (3) realizing
a multi-well cell for SERS inspection of microliter volumes of
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the target sample. This last feature, avoiding the drying step
frequently used in SERS systems,*”** guarantees the mainte-
nance of the adequate in-solution environment necessary for
the MB to adopt the right conformation, both in the absence
and in the presence of the target fragment.

The engineering of the multi-well cell and the in-depth
optimization of the SERS nanomaterials as well as of the MB
bio-interface, were carried out to enhance the sensitivity and to
achieve optimal selectivity for the target, leading to a LOD of 0.3
fM. Furthermore, two cycles of detection/regeneration were
performed with a recovery of 83% of the initial MB signal and
a reproducible signal after hybridization. More importantly, the
SERS platform was obtained by means of cost-effective mate-
rials and time-saving fabrication procedures without losing
reproducibility in the transduction response.

2 Experimental
2.1 Materials

Silver nanowires (AgNWs) 50 nm in diameter and 5-10 um in
length, were obtained from 3D-Nano (Krakéw, Poland). Hydro-
phobic PTFE filter membranes having 0.45 um pore size (25 mm
diameter x 80 um thickness) obtained from Sartorius GmbH
(Gottingen, Germany) were used. All the reagents for the
buffers, 6-mercaptohexanol (MCH), ethanol and HCl were
purchased from Merck (Milan, Italy). MB and target sequences
were purchased from TwinHelix (Milan, Italy). The sequences of
the different MBs and the target are reported in Table S1,}
where the MB used for the characterization in fluorescence is
indicated as MBy. The protocol used to design the MB specific
for miRNA-183 is described in detail in section S2 of the ESLt
miRNA-183 SERS biosensing was demonstrated by using a DNA
analogue with the same sequence as the miRNA target.

2.2 Molecular beacons in fluorescence and SERS approaches

According to the classical definition, a MB is a molecular
species undergoing the Forster resonance energy transfer
(FRET) phenomenon, i.e. capable of turning on by emitting light
upon interaction with its specific target.”® Fig. 1A shows the
operating scheme of a typical fluorescent MB, which is consti-
tuted by an oligonucleotide sequence of about 30-35 bases,
having the two side-end portions complementary to each other
(4-5 bases on the side), the so-called stem, and then able to
close form a circular part (the loop) with a structure defined as
a hairpin. The presence of a target species, complementary to
the central portion of the MB determines its opening and, in
turn, the generation of a fluorescence signal as a result of the
increased distance between a fluorophore and a quencher,
which are attached to the terminal ends of the MB.

On the other hand, in the case of the MB to be used in SERS,
a Raman tag attached on one MB end as well as a plasmonic
SERS support work as main elements controlling the switch on/
switch off of the MB (Fig. 1B).

2.2.1 Molecular beacon characterization in fluorescence.
The characterization of the MB; in fluorescence was performed
with a Cary Eclipse spectrofluorometer (Aexe = 635 nm, Aeyy, =

This journal is © The Royal Society of Chemistry 2023
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(A) MB structure and functionality: A MB labelled with a fluorophore (F) and a quencher (Q) for its use based on the detection of

a fluorescence emission; (B) MB fixed on the SERS substrate and labelled with a Raman reporter ROX (R).

655-710 nm) using 96-well microtiter plates. The buffer tris(h-
ydroxymethyl)Jaminomethane and magnesium chloride (Tris
MgCl,, 10 mM, pH = 8.0) was used for all the needed dilutions.
The volume used for the measurements was 200 pL for each well
and all the solutions (Tris MgCl,, MB¢ (200 nM), MB; (200 nM) +
target (0-500 nM), and MB¢ (200 nM) + random (100 nM)) were
tested in triplicates.

2.3 Fabrication of a SERS substrate and multi-well cell

The SERS substrate was obtained from spotted networks of
AgNWs, which were previously characterized in terms of optical
efficiency, hotspot density and performance in the direct
measurements of biomolecules.”® The initial suspension of
AgNWs (Ag 0.017 wt%) was diluted in ethanol to reach a 20-time

A B

PTFE top plate

00<—‘—.|.|

PTFE bottom plate

e

microwell for
sample
holding

final dilution. The diluted AgNWs were then subjected to
filtration under a mild pressure (350 mbar) through porous
PTFE membranes: an amount of 2 mL of solution was passed
through a PTFE membrane by using an Amicon Stirred cell
(Merck Millipore, Milan Italy) after initially wetting the
membrane with ethanol before its placement into the filter
holder. The substrate was then extensively washed in anhydrous
ethanol and there stored in a vacuum until further use.

The as-fabricated AgNW assembly on PTFE was finally
patterned in the form of dot arrays by using a laser engraving
technique. Four SERS-active spots 2 mm in diameter were ob-
tained by patterning the silver layer with a laser engraver (NEJE,
A = 405 nm, max power 3 W, spatial resolution 0.45 pm) in
a Petri dish filled with 1 ml of ethanol (Fig. 2A and B, S2 and
movie in the ESIf).

1—==(]ll

PTFE membrane

SERS-active AQNWs spot

L)
L) |
e

Fig. 2 Fabrication of the SERS substrate and of the multi-well cell (A): fabrication and assembly steps: engraving process of the AgNW layer on
the PTFE membrane in ethanol — 1, patterned substrate including 4 SERS-active spots — 2, multi-well cell containing 4 microwells including
a SERS-active spot at the bottom — 3 and 4; picture of the SERS multi-well cell under a Raman microscope with the highlighted schematic cell
assembly (bottom) and the mechanism of operation of the SERS MB-biosensor (right) (B).

This journal is © The Royal Society of Chemistry 2023
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A dedicated multi-well cell for the SERS measurements was
realized by sandwiching the AgNWs/PTFE substrate between two
adjoining PTFE plates as shown in Fig. 2. In detail, the substrate
was pressed in between 1 cm-thick bottom and top PTFE plates
stabbed with 4 holes 6 mm in diameter and centered at the 4 silver
spots of the SERS substrate, as shown in Fig. 2A. Afterwards, the
two PTFE plates were tightly assembled to produce 4 microwells,
each one containing a SERS-active spot at the bottom. Each
microwell was filled with a minimum of 20 pl to a maximum of 40
ul of solution and finally the SERS multi-well cell was placed under
a Raman microscope for SERS measurements (Fig. 2B).

2.3.1 MB-based measurements with the SERS substrate.
For the MB decoration of the SERS substrate, 40 uL of 1 uM MB
solution in PBS was incubated in the microwell for 2 h and
washed with PBS in order to remove any residual MB in the
solution. For a dedicated study, a further layer was added by
incubating the MB-decorated SERS substrate with MCH 1 mM
for 1 hour followed by washing. For the target analysis, 20 pL of
target solution was incubated for 1 hour on the MB-decorated
SERS substrate and washed before the SERS measurements
(inset of Fig. 2B). Regeneration was accomplished by treating
the SERS substrate after the target measurement with HCl 1 mM
for 1 minute and then washing with PBS in order to obtain the
closed MB ready again for a further interaction with the target.

2.4 Raman experimental setup

SERS spectra were acquired using a LabRam HR-Evo spec-
trometer (Horiba, France) working in backscattering geometry,
with an excitation wavelength of 633 nm, focused through a 50 x
objective (Olympus, 0.25 NA, ~2.5 um waist) and laser power of
0.5 mW at the sample. For each sample, a total of 25 spectra at
different positions within an area of 0.1 mm? (100 x 100 um?) of
the AgNW spot were collected. Each spectrum was acquired in
the range of 1100-1800 cm ™", illuminating the sample for 1 s of
integration time, dispersing the scattered light by using a 600
grooves per mm grating, and collecting it with a Peltier cooled
CCD detector (Sincerity OE, Horiba).

All the spectra were corrected for wavelength, by acquiring
the silicon signal of first Raman order (520.8 cm™ ') and cali-
brating the grating at the beginning of each measurement
session. Each SERS experiment was conducted in three replicas.
Spectral processing and fitting were performed by using Lab-
spec 6 software (Horiba) as follows: spectra were corrected for
cosmic ray spikes and baselined (polynomial fit); then Raman
bands of interest were fitted through Lorentzian functions to
obtain Raman intensity and area. Data fitting in the SERS cali-
bration plots of the MB biosensor with the target was performed
by the OriginPro 2022 software by means of a logistic sigmoidal
model.

Simulation of the electric field distribution in the near
proximity of the AgNWs was performed by using a commercial
finite element ,ethod (FEM) package, the wave optical module of
COMSOL Multiphysics (v 5.1), as previously reported.*®* The
local field enhancement factor was expressed as the fourth
power of the local normalized electric field intensity at the laser
wavelength.
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3 Results and discussion
3.1 Molecular beacon: design and characterization

A MB specific for the chosen miRNA, miR-183, was designed and
characterized in solution, by using a standard reference spectro-
fluorometer equipped with multi-well microtiter plates. In
particular, a dedicated protocol was followed based on general
rules which especially consider the length and base composition
of the stem and the loop (details in ESI, section S21). Two MB
sequences, MB1 and MB2, differing in the length of the loop
(Table S11) were designed and characterized by the software
UNAFold available online.** Considering the high energy involved
(AG, —2.96 kecal mol ') and the fact that the stem is very long
compared to the loop (9 bases with respect to the 5 hypothesized)
for the first MB sequence (MB1), a second MB, MB2, was taken
into account. For this sequence two possible conformations, A
and B, with a similar AG, and stem/loop length were proposed by
the UNAfold software (Fig. 3A and B).

The two conformations, A and B, have a stem of 5 and 6 base-
pairs with AG, values of —2.88 kcal mol ' and —2.70 kcal mol "
respectively, ultimately fulfilling the specific requirements lis-
ted in section S2.1 The latter sequence was then selected for the
hybridization study with the target sequence. Fig. 3C shows the
perfect complementarity between the target and the loop of the
MB, leaving the part of the decoupled stem at the two side-ends
and accounting for a hybridization energy of —21.39 kcal mol ™"
(about 10-fold compared to that of the closed MB).

The MB hybridization ability with the target sequence in
solution was verified through fluorescence experiments, by
introducing Cy5 as a fluorophore at the MB-5'end and BBQ as
a fluorescence quencher at the MB-3’end (sequence named MBg,
Table S1t). Different concentrations of the target were incu-
bated with the designed MB; and the fluorescence signal
generated was compared to the one corresponding to the MB¢
alone in buffer. A 3.5-fold increase in fluorescence was obtained
with the MB; and the target incubated at equal concentrations
(200 nM), with a good correlation among the MB; fluorescence
and the different tested concentrations (Fig. 3D). A negligible
signal, comparable to the one of the MB; in buffer without
a target, was obtained with a random oligonucleotide (not
complementary, Table S17t) tested at 100 nM (Fig. 3D), demon-
strating the high specificity of the interaction. For better char-
acterization of the MB we evaluated the dissociation constant
(Kq) value from the calibration shown in Fig. 3D: by using both
a 4 parameter logistic function and the similar Hill function, the
Ky value can be extracted and approximated to the EC50 value,
resulting for this interaction to be ~80 nM.

For MB immobilization on the SERS substrate, we designed
a probe containing the selected MB sequence for target recog-
nition and two different chemical functionalities at the oligo-
nucleotide ends, a HS—(CH,)e~ branch near the MB-3’end and
a ROX (carboxy-X-rhodamine) molecular tag at the MB-5'end
(sequence named MB, Table S11). The ROX molecule is non-
intercalative with DNA strands and is a very efficient Raman
tag in DNA SERS sensing, down to the single molecule SERS
detection.>

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Two conformations of the designed MB2 generated by the UNAfold software (A) and (B); conformation of the hybridized MB2/target
duplex by the UNAfold software (C); fluorescence characterization of MB; (200 nM) with different concentrations (0-500 nM) of the target and

a random sequence (100 nM). ¢y, = 665 nm (D).

3.2 SERS detection of the target sequence by the selected MB

To realize the MB-based SERS nanoprobe for the detection of
the short DNA mimicking miR-183, we exploited the SH func-
tion at the 3"-end of the MB for the biofunctionalization of the
AgNW SERS substrate through the S-Ag bond,*® while ROX
functionalization at the 5-end of the MB was used for moni-
toring the aperture and closure of the MB hairpin loop on the
SERS surface. The SERS signal-off relies on the effect that the
hybridization of the MB with the target induces on the distance
of the ROX moiety from the SERS surface. When the MB is

This journal is © The Royal Society of Chemistry 2023

immobilized on the AgNW surface in a non-hybridized confor-
mation, the oligonucleotide is suited to assume the most
favorable energetic conformation, that is the closed hairpin. In
this MB conformation, ROX signals are greatly amplified by the
localized plasmon resonances of the silver nanostructured
substrate underneath (signal-on). Upon addition of the target,
the MB hairpin opens forming a double strand helix, which in
turn brings the ROX moiety far away from the SERS surface and,
consequently, a decreased SERS enhancement (signal-off).

Anal. Methods, 2023, 15, 6165-6176 | 6169
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The immobilization of the MB was carried out by incubating
1 uM of the oligonucleotide on the SERS substrate in the
microwell. The incubation time of the MB was appropriately
fixed to allow the thiol modification to form a covalent-like
bond to the silver nanostructures. We chose a prolonged incu-
bation of 120 min to allow sufficient time for the formation of
a stable thiol-silver bond, which is the rate-limiting step in the
immobilization of thiolated DNA on gold and silver surfaces.**

As a second step, a passivation step of the SERS substrate
with a thiolated small molecule was realized. The use of small
thiolated molecules after immobilization of thiolated oligonu-
cleotides is a common procedure for surface passivation
adopted for biofunctionalized sensor surfaces, usually made of
gold (in ‘surface plasmon resonance’, SPR, or ‘quartz crystal
microbalance’, QCM, biosensors), to prevent unspecific binding
of different molecules to the metal surface and to lift up the
DNA probes, which could lie on the surface after immobiliza-
tion.*”® For the MB-decorated SERS biosensor in this work,
MCH was selected amongst the small molecules due to its
identical length to the Cé-spacer on the MB, which should
ensure complete functionality of the immobilized oligonucleo-
tide by forming a mixed monolayer.*”

Accordingly, we prepared two different MB-decorated SERS
biosensors, with a pure MB layer and with mixed MB-MCH layer,
that were first characterized by SERS and then both used for the
quantitative SERS detection of the miRNA target. The SERS
spectrum of the immobilized MB, in the absence and in the
presence of MCH, is shown in Fig. 4, while Raman assignment of
the main peaks is shown in Table 1.*°*% The A and T nucleobase
bands of the MB have the same intensity in the two spectra,
indicating that the conformation and surface density of the MB
are comparable in the pure MB and mixed MB-MCH monolayers.
More intense signals of CH deformations at 1300 cm ' and
1435 cm™ " are characteristic of the mixed MB-MCH system and
they originate from the MCH passivating layer. In both spectra,
two prominent SERS signals of ROX at 1503 cm " and 1646 cm
are present. For the SERS analysis with the target, we referred to
the 1646 cm ™' signal of the ROX molecule, which is located in

400+ o
2 — MB-MCH
c
=]
8 300+
2>
[
8 200-
£
c
]
E 100
14
0- T T T T T
1200 1300 1400 1500 1600

Raman shift (cm™)

Fig. 4 SERS spectrum of MB-decorated AgNWs: with only the MB
immobilized (red line) and in the presence of the mixed MB—MCH layer
(black line). The key ROX peak for SERS analysis is highlighted.
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Table1l Peakassignment of the MB and MB with MCH.3%¢° C, A, G, and
T indicate the DNA nucleobases

Position (em ™) MB MB-MCH

1230 C (MB) C (MB)

1300 A (MB) A, CH (MB, MCH)
1320 A (MB) A (MB)

1340 G (MB) G (MB)

1372 T (MB) T (MB)

1420 G (MB) G (MB)

1435 CH (MCH)

1448 C, G, T (MB) C, G, T (MB)
1457 CH (MCH)

1465 G (MB) G (MB)

1503 »(C-C)ring (ROX) »(C-C)ring (ROX)
1646 »(C-C)ring (ROX) »(C-C)ring (ROX)

a clean spectral region with respect to the ROX signal at 1503 cm ™

and to the MB and MCH signals. The 1503 cm ™' band of ROX,
although showing an optimal intensity for the SERS transduction
of the MB coupling with the target, is highly convoluted with the
C-H bending modes in the mixed MB-MCH spectrum, and it
cannot be as sensitive as the 1646 cm ™" band in quantitative
target detection (Fig. S3t).

ROX signals appear more intense when the MB stands alone
on the SERS surface (peak area at 1646 cm™ ', 9219 + 450 a.u.),
while the presence of the mixed MB-MCH layer causes a signal
reduction of ROX (peak area at 1646 cm™ ', 5640 + 450 a.u.). The
presence of the MCH backfilling layer could force the distancing
of the 5-end of the closed MB hairpin from the SERS surface
(scheme in Fig. 5A), thus resulting in significant changes in the
SERS intensity of the 5-end ROX signals.

Actually, the magnitude of the electromagnetic field outside
a SERS hot spot generated by a plasmonic nanosystem decays
rapidly, implying the existence of a finite sensing volume for
molecules in proximity to the SERS surface. In Fig. 5B the result of
FEM simulation depicts the enhancement factor in the region
between 0 nm and 5 nm from the silver surface.” When a 1 nm thiol
monolayer is deposited, it acts as a spacer layer that interposes
between the SERS surface and the ROX that is the Raman reporter.
If we assume that SERS signal is proportional to the 4th power of the
local electric field, we can estimate the average decrease in the
signal due to the increasing distance from the SERS surface. The
profile of the calculated enhancement factor (EF) shows that 1 nm
far from the SERS surface, the signal can be halved.

In addition, the passivation of the surface with MCH can
have a further effect of lifting up the MB eventually lying down
onto the nanowires; this latter configuration is coherent with
the hypothesis that DNA probes (the MB in this case) can
interact with the noble metal not only by the -SH group at one
end but also through nucleotide adsorption onto its surface.”
Further treatment with MCH can lead to a more homogeneous
surface by displacing the non-specifically adsorbed DNA,
resulting in a mixed monolayer of the probe (MB) and MCH.®* In
addition, when MCH is added, the MB adsorbed is lifted up,
forcing the MB-end carrying the ROX moiety to be at an
increased distance from the SERS active surface, inducing the
ROX signal decrease.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Scheme of the MB closed-hairpin configuration in the absence and in the presence of MCH (A); enhancement factor as calculated from
FEM simulations plotted versus the distance from AgNW nanostructures (B).
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To investigate the analytical performance of the two config-
urations of the SERS surface, with and without MCH, in both
the configurations, standard solutions containing concentra-
tion values of the target in the range between 10 ® and 10 '* M
were tested. The signal of ROX at 1646 cm " can be monitored
in the spectra as the target concentration increases from 10~ *°
to 107® M and it can be clearly observed that its intensity
gradually decreases (Fig. 6A).

Data analysis for the calculation of the analytical perfor-
mances of the MB and MB-MCH functionalized biosensor
(Fig. 6B and C) was performed as follows. Data fitting in the
calibration plots was performed by means of a logistic
sigmoidal model described by using the following equation
(four parameter logistic regression, eqn (1)), which has been
reported to be well correlated with biochemical phenomena:*

A — A4
y= ! 2p‘FAZ (1)
X
1+ ()
X0

where 4, is the estimated response at zero concentration, 4, is
the estimated response at infinite concentration, x, is the mid-
range concentration and p is the slope factor. The limit of
detection (LOD) was calculated by using the signal of the blank
(MB alone in our case) plus or minus three times its standard
deviation.

The calibration curves have very good relative fits to the used
sigmoidal model with 7* values of 0.990 for both the curves in
Fig. 6B and C. For this reason, the fitted curve could be confi-
dently used for the estimation of the LOD because of the
optimal correlation with the experimental data. We obtained
aLOD of 3 x 10~ "° M for the MB, while a higher LOD value, 2.4
x 107** M, was obtained in the case of the MCH-functionalized
MB. The interassay reproducibility in terms of the average
coefficient of variation (CV) was 5% (N = 3) and the intra-assay
CV was 4% (N = 3) on independent testing of the same
concentration of the target.

View Article Online
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3.3 Selectivity and regeneration of the SERS MB-biosensor

The selectivity of the MB SERS biosensor was investigated
against oligonucleotides with the same length and a similar
base content as the target. A single mismatch (SM) and
a random sequence (R), described in Table S1,} were used at
500 nM concentration for the SERS measurements. The SERS
intensity of the ROX band at 1646 cm ™" for SM and R oligo-
nucleotides is close to the intensity of the same band in the
blank MB spectrum, as shown in Fig. 7A. At the same time, the
target DNA, at the same concentration, induces a large
decrease in the SERS intensity of the ROX band, due to the full
hybridization with the MB causing the complete opening of
the beacon and the SERS switching-off effect. The evaluation
of statistically significant differences among data was per-
formed by one-way ANOVA with the Tukey comparison
method by using the app “Paired comparison plot” of the
OriginPro 2022 software. P < 0.05 was considered statistically
significant (Fig. 7B).

Finally, the regeneration of the SERS sensor was tested. As
oligonucleotides can be reversibly transformed between the
single and the double stranded form through appropriate
chemical treatment,* the behavior of the SERS sensor upon
acidic treatment with HCl 1 mM after target hybridization has
been investigated, in order to dissociate the duplex MB-target
and regenerate the target-free sensor surface (Fig. 8A). Inter-
estingly, under such acidic conditions, the AgNW substrate of
the sensor retains its SERS efficiency and stability, and the
characteristic SERS peak of ROX can be recovered in just 1
minute of HCI treatment. As shown in Fig. 8B and C, after the
first hybridization with the target, the regeneration of the
sensor by the HCI treatment led to the recovery of the MB
signal (83% of the initial value). Furthermore, it was
demonstrated that, after the first regeneration, the sensor was
still able to detect the target (200 nM, Fig. 8C) and to be
regenerated again with full recovery of the MB signal.

A B
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Fig. 7 SERS response of the MB-modified biosensor for the target against SM (single mismatch) and R (random) oligonucleotides (500 nM) (A);
histogram with peak area values of the four bands reported in (A) and statistical analysis across the different groups (B).
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detection; (C) area of the MB band at 1646 cm™* for the cycles of target detection shown in (B).

3.4 Discussion

In the realization of the MB-decorated SERS biosensor for the
quantitative detection of the short DNA mimicking miR-183, we
exploited the convenience of an optimized SERS substrate
based on AgNWs adapted to a multi-well cell for the study of
hybridization of the MB with the target DNA and its quantitative
detection. The substrate that was adopted for measuring the
SERS spectrum of the MB and the MB/target hybrid relies on
a spot-on plasmonic platform, which represents a convenient
option when a multi-sample and rapid analysis of microliter
volumes of sample is concerned.*® In order to maximize the
SERS signal while ensuring the advantages of a cost-effective
and practical assay, our strategy included a substrate specifi-
cally designed to increase the local molecular density at the
SERS hotspots produced from a network of AgNWs, which
previously proved successful in the sensitive label-free detection
of amyloids and of other biological species down to the
micromolar concentration.’®** The AgNW SERS substrate was
fabricated through a simple and rapid procedure and integrated
in a multi-well cell for in-liquid measurements. The stability of
the SERS substrate is guaranteed by the use of PVP-capped
AgNWs which have been demonstrated to be sufficiently
stable under different working conditions (pH, buffer compo-
sition, etc.) with respect to other Ag nanostructures.***

A MB specific for miR-183 was properly designed and first
tested free in a solution by a conventional fluorescence-based
approach, by exploiting the fluorophore/quencher resonance
energy transfer that is the standard working principle of MBs.
Then, we adopted the ROX-labelled MB for the decoration of the
SERS substrate to accomplish signal transduction through
a SERS signal-off mechanism. The engineered SERS platform
became highly reproducible upon MB immobilization with
a relative standard deviation < 8% in the MB signal intensity
(Fig. S37).

This journal is © The Royal Society of Chemistry 2023

Two different approaches for biosensor surface modification
were realized and compared: a first configuration contained
only a layer of the MB and a second configuration contained
a mixed MB-MCH probe layer. We hypothesized that the pres-
ence of the MCH passivating molecules on the SERS surface
could be beneficial for increasing the homogeneity of the
sensing surface and, at the same time, could negatively affect
the LOD of the SERS biosensor in target detection. We obtained
a LOD of 3 x 10~ '® M for the surface with only a MB, while
a higher LOD value, 2.4 x 10~ '> M, was obtained with the mixed
MB-MCH layer. These differences, related to the functionali-
zation of the SERS substrate, were partially explained by
considering a combination of factors influencing the immobi-
lized MB and the relative SERS signal; as discussed above, the
presence of MCH can increase the distance between ROX and
the SERS surface and, as reported elsewhere,*® MCH, commonly
optimal for surface passivation on gold, may be not equally
useful in the case of the Ag-based surfaces such as the proposed
AgNW SERS substrate. However, the treatment with MCH could
also lead to a more homogeneous MB coating by removing from
the SERS substrate those MBs which are only unspecifically
adsorbed or by lifting up the part of the MB adsorbed (Fig. S47).
This effect can explain the reduced sensitivity with MCH at very
low concentrations of the target, derived from the increased
distance of ROX from the surface in the more regular distri-
bution of a MB; at the same time, the same effect can contribute
to the increased sensitivity with MCH in the central part
(concentration range, 5 x 10~ to 1 x 107" M, maximum
sensitivity increase, 3.5 times) of the curves in Fig. 6A and B,
where a more homogeneous layer of probe can lead to a more
efficient interaction with the target molecules. These results
showed that the sensitivity and, in general, the analytical
performances of the MB SERS biosensor depend on how certain
factors, such as the MB surface chemistry and the MB/

Anal. Methods, 2023, 15, 6165-6176 | 6173
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Table 2 Signal-off MB-based SERS biosensors for DNA and miRNA detection
Detection
SERS substrate Target Probe and label Sensing conditions LOD (fM) time Ref.
Ag nanorod array miRNA, 22 bases MB, 38 bases, ROX, Wet 0.015 2h 44
Cy5 or FAM
AgNP-decorated DNA, 15 bases (p53 gene) MB, 25 bases, ROX Dry 1 2.5h 45
silicon wafer
AuNPs DNA, 300 bases (mecA gene) MB, 25 bases, ROX In a sensing chamber 8.5 x 10° 5 min 46
(sample volume 130 pL)
AuNP-decorated DNA, 15 bases (p21 gene) MB, 25 bases, Cy5  Dry 10 2h 47
silicon nanowire array
AgNWs DNA, 18 bases (miR-183 analogue) MB, 25 bases, ROX In a multi-well cell 0.3 1h This work

nanostructure mode of interaction, impact the SERS signal
transduction for target detection.

The simple MB-based signal-off detection method exploited
in this work, offers several advantages with respect to other
SERS systems requiring a signal amplification step.”*™* In
particular, the absence of amplification, both enzyme-based
and enzyme-free, leads to analysis time reduction, in the
order of 1-2 hours, due to the direct detection of the target
which only requires the hybridization step and to a decrease in
analysis cost due to a reduced amount of required reagents. The
method proposed in this work, based on AgNWs, reached
a comparable LOD in the sub-fM range with respect to that of
the other SERS biosensors based on MBs and a signal-off
mechanism for DNA and miRNA detection (Table 2) which
employed different SERS substrates, such as gold and silver
nanoparticles (AuNPs and AgNPs) and Ag nanorods.**” The use
of different sensing conditions (dry, wet and in cells) has been
reported, and the possibility of performing the SERS measure-
ment in a low volume multi-well cell, here presented, offers the
advantage of maintaining the correct environment for hybrid-
ization and MB function exploitation and makes the SERS
system more user friendly.

The LOD obtained in the detection of the target, which is
below fM levels, has great potential for diagnostic application in
COPD disease. Overall, significant improvements of the realized
MB SERS biosensor over conventional miRNA biosensing
techniques, include low costs (simple and rapid procedure for
SERS substrate and MB nanoprobe preparation), short time-to-
results (=1 hour) and enhanced reliability of measurements
(high reproducibility of the SERS substrate), together with
regeneration capability. The multiplexing potential of the MB
SERS biosensor to detect different miRNA targets in biological
samples will be further explored to realize a next-generation
miRNA biosensor, since understanding the complex role of
miRNA in a disease requires a multiplexed approach.

4 Conclusions

In this work, a MB-decorated SERS biosensor for the quantita-
tive detection of short DNAs, mimicking the miR-183 sequence,
was realized. A low-cost SERS substrate, adapted to a multi-well

6174 | Anal. Methods, 2023, 15, 6165-6176

(sample volume 20 pL)

cell for measuring pl-volumes of sample, was fabricated and the
metal/MB-analyte surface was optimized to achieve the highest
signal sensitivity and reliability. SERS signals correlated with
the concentration of the target over a range from 10" to
10'° M with a detection of limit of 3 x 107'° M. Besides the
high reproducibility of the SERS biosensing platform, its
selectivity was proved. Furthermore, the possibility to regen-
erate the sensing system through a simple procedure was
shown.

The biosensor here presented thus possesses great potential
for diagnostics, enabling sensitive detection of the miR-183
biomarker. Methods for trace detection of target nucleic acids
based on SERS sensing will be implemented in diagnostic and
clinical applications as technological advances in platform
design and smaller, portable and more robust instrumentation
continue to be developed. Moreover, as research is focusing on
the immediate diagnostic capabilities of biosensors, the intra-
cellular implementation of SERS biosensors decorated with
MBs could enable in vivo real-time monitoring and would pave
the way for advancements in delivery and treatment.
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