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ARTICLE INFO ABSTRACT
Keywords: The accurate design of labelled oligo probes for the detection of miRNA biomarkers by Surface Enhanced Raman
Su_rface Enhanced Raman Scattering Scattering (SERS) may improve the exploitation of the plasmonic enhancement. This work, thus, critically in-
miRNAs vestigates the role of probe labelling configuration on the performance of SERS-based bioassays for miRNA
EZT:nolt:porters quantitation. To this aim, highly efficient SERS substrates based on Ag-decorated porous silicon/PDMS mem-
orsp . . branes are functionalized according to bioassays relying on a one-step or two-step hybridization of the target
Distance-dependent near field coupling N X i N > X K .
Biosensors miRNA with DNA probes. Then, the detection configuration is varied to evaluate the impact of different Raman

Metal-dielectric plasmonic nanostructures reporters and their labelling position along the oligo sequence on bioassay sensitivity. At high miRNA concen-
tration (100-10 nM), a significantly increased SERS intensity is detected when the reporters are located closer to
the plasmonic surface compared to farther probe labelling positions. Counterintuitively, a levelling-off of the
SERS intensity from the different configurations is recorded at low miRNA concentration. Such effect is attrib-
uted to the increased relative contribution of Raman hot-spots to the whole SERS signal, in line with the electric
near field distribution simulated for a simplified model of the Ag nanostructures. However, the beneficial effect
of reducing the reporter-to-surface distance is partially retained for a two-step hybridization assay thanks to the
less sterically hindered environment in which the second hybridization occurs. The study thus demonstrates an
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improvement of the detection limit of the two-step assay by tuning the probe labelling position, but sheds at the
same time light on the multiple factors affecting the sensitivity of SERS-based bioassays.

1. Introduction

Surface Enhanced Raman Scattering (SERS) based sensors provide
excellent results in the detection of biomolecules aimed to the easy and
rapid diagnostics and follow-up monitoring of biomarkers [1]. Besides
the development of tailored SERS active platforms, thanks to the
improved knowledge on the SERS enhancement mechanisms and to the
increased availability of synthetic procedures for Raman hot-spot engi-
neering, the relevance of the functionalization strategy of the plasmonic
nanostructures to enhance the sensitivity and the specificity of the
detection has been fully recognized [2]. Actually, the use of specific
capture probes anchored to the nanoparticles (NPs) surface is a widely
adopted approach for biomarker detection, especially moving towards
their analysis in complex mixtures such as biofluids or food extracts
[3,4]. In such a framework, the direct detection of the analyte requires
the processing of the complex spectral profiles by chemometric/machine
learning tools [5] and is often challenging if very low concentrations
need to be addressed. Moreover, the use of multiple probes in sandwich
or competitive assays allowed introducing Raman reporters with a
distinctive and intense Raman fingerprint [4,6,7]. The target biomole-
cule could thus be detected without the need of chemical modifications,
but with an improved sensitivity thanks to the very high Raman cross
section of the reporter, possibly excited in electronic resonance Raman
conditions.

Among the multitude of interesting applications in biomedicine,
microRNA (miRNAs) detection strategies are being deeply investigated
[8]. Such short non-coding RNA strands regulate several biological
processes through the control of gene expression and their dysregulation
has been related to the onset of cancer [9]. Thus, miRNA profiling has a
great potential for early tumour diagnosis, so that various approaches
have been developed [10]. In such framework, SERS sensors provide
good sensitivity, specificity, wide dynamic ranges and multiplexing
capability at lower cost and in shorter time compared to traditional
analytical techniques [7,11,12]. To this aim, complementary DNA
probes are usually grafted on plasmonic nanostructures. Recently, new
protocols combined SERS with in situ amplification steps relying on the
use of DNA cleaving or replicating enzymes or with on chip PCR [13].
Other works reported enzyme-free approaches [14], even based on HCR
(Hybridization Chain Reaction) amplification [11] or the use of SERS
tags able to bind the captured miRNA sequence [6,15]. In such cases, the
reported limits of detection are lowered down to the pM-fM concen-
tration range, suitable for miRNA profiling in blood plasma [8], but the
procedures are significantly complicated and featured by increased
costs. Actually, the use of Raman reporters in miRNA detection assays is
widespread and different probes were designed bearing the reporter in
different position with respect to the plasmonic surface, such as in the
case of ON-OFF assays based on the plasmonic enhancement variation
upon a change of the surface to molecule distance at the opening of loop
probes [16,17]; however, a critical comparison between different con-
figurations was never considered. Indeed, an improvement of the ana-
lyte detection limits is envisaged if the ‘plasmonic surface-Raman
reporter’ distance is reduced, due to the strong increase of SERS elec-
tromagnetic enhancement when the fluorophore-NPs spacing is
decreased, together with a potential quenching of the deleterious pho-
toluminescence yield of the reporter [18].

In this work, we exploit the distance-dependence of the plasmonic
enhancement to tune the performance of a SERS-based assay for the
detection of miR-222, selected as a model miRNA because it is a
recognized biomarker of various cancerous diseases, such as lung, brain,
oral, prostatic, pancreatic, colorectal, renal, liver and haematological
cancers [19-25]. Indeed, it is regarded as an oncogene that increases
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proliferation, survival and metastatic potential, modulating the clinical
outcome in cancer patients [22,26,27]. The SERS analysis of this miRNA
is evaluated through a detailed study of different detection configura-
tions in which the distance of the reporter from the nanostructured
surface is varied. In order to widen the range of achievable spacings
between the reporter and the metal surface, both a one-step and a two-
step hybridization assays are tested using Ag-decorated porous silicon
nanostructures as SERS active platform. The behaviour of each config-
uration versus miR-222 concentration is critically analysed and some
unexpected trends, such as a reduced distance dependence of the SERS
amplification at low target concentration, are understood in terms of the
plasmonic properties of the SERS substrate and probe-target interaction
at the silver surface.

2. Materials and methods
2.1. Synthesis and characterization of the SERS-active substrates

Ag-porous silicon (pSi)-polydimethylsiloxane (PDMS) membranes
were prepared according to a previously reported procedure [28]. See
the Supplementary material for the details.

2.2. Plasmonic properties simulation

A simplified model of the SERS active substrates consisting in Ag
hemispheres dimers on pSi was modelled by 3D Finite Element Method
(FEM). To this aim the Electromagnetic Waves, Frequency Domain module
of the COMSOL Multiphysics software (version 5.1) was exploited. The
excitation laser was simulated through a background electric field, Epy
= 1 V/m polarized along the axis of the two AgNPs at different wave-
length, to study the coupling of their surface plasmons in resonant
conditions. The electric near-field intensity in stationary conditions was
calculated for representative NPs radius- inter-particle gap size combi-
nations (radius: 12.5, 15, and 17.5 nm; gap: 2, 4, 6 and 8 nm) and
analysed inside and outside the inter-particle gap.

2.3. One-step and two-step hybridization assays

After a BSA pre-treatment step aimed to reduce non-specific binding
[28], the SERS substrates were functionalized for miR-222 detection
according to two previously optimized protocols [7]. In detail, for the
one-step hybridization assay, a 5 thiol modified DNA probe (probe-222,
all the used oligo sequences are reported in Table S1) complementary to
the miR-222 sequence was immobilized on the surface of the NPs, by
overnight incubation in Tris-EDTA 1 M NaCl (TE NaCl pH 7.5) buffer at
4 uM concentration. A shorter sequence (halfl) was instead used as
capture probe for the two-step hybridization assay. The same immobi-
lization conditions were employed (overnight incubation in TE NaCl pH
7.5), except for the concentration of halfl that was lowered to 2 uM.
After the overnight incubation the sample were washed three times in
TE supplemented with 0.05 % tween20. The miR-222 hybridization was
then performed in Sodium Saline Citrate 5x (SSC 5x) supplemented
with 0.05 % tween20. A Raman reporter-labelled miRNA was employed
during the one-step hybridization assay. The unlabelled miRNA was
instead used in the two-step hybridization assay, since the detection was
allowed in the second hybridization step, performed in SSC 5x supple-
mented with 0.05 % tween20 and 1 % BSA, using a labelled probe
(half2) complementary to the unpaired part of the miRNA sequence.
After each step, three washings of 5 min were performed in appropriate
buffers, as detailed elsewhere [7]. After that, the samples were quickly
blow-dried in a nitrogen stream to avoid significant rearrangement of
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the oligonucleotides at the nanoparticles surface.
2.4. Detection configurations

Four configurations were studied. In detail, miR-222 was modified
with a Raman reporter (R) at either the 5’ or 3’ terminus of the sequence
in order to achieve significantly different reporter-to-surface distances.
Similarly, the half2 probe was labelled either at 3’ or 5" end. To gener-
alize the results, three reporters (Cyanine 3, Cyanine 5 and Rhodamine
Green-X) differing in size and electronic absorption wavelength were
used, evaluating the influence of steric hindrance and of the occurrence
of resonance Raman effects. UCSF Chimera package (1.16) [29] was
employed to prepare the graphical images and to evaluate the di-
mensions of the oligoprobe, including the alkanethiol spacer, by calcu-
lating the average value of at least three measurements on the 3D model
structure, then to estimate the reporter-to-surface distances for each
configuration. The performance of the configurations was investigated
by the analysis of different miR-222 concentrations (100 nM, 50 nM, 25
nM, 10 nM, 5 nM, 2.5 nM, 1 nM, 0.5 nM, 0.25 nM, 0.1 nM) in buffer
solutions, for the selected Raman reporters (12 different combinations as
a whole). For each configuration the experiments were repeated at least
three times.

2.5. Geometrical descriptors of the Raman reporters

Marvin Sketch (20.7.0, ChemAxon https://www.chemaxon.com)
was used to draw and calculate the theoretical geometrical descriptors of
the Raman reporters by means of the geometry tool, as reported else-
where.[30] The input molecular structure for the reporters, depicted in
Figure S1, includes the linkers used to conjugate the reporters with the
oligonucleotide sequences. The Geometry Descriptors plug-in was used
to estimate the following molecular parameters from these structures
rendered in 3D as the lowest energy conformer and according to van der
Waals atomic radii: (1) smallest/largest molecular surface projected
from the 3D structure; (2) molecular length measured perpendicularly to
this plane of projection; (3) molecular volume.

2.6. SERS analyses

All the SERS analyses were performed using a Renishaw InVia
Raman microscope, equipped with a 514.5 nm laser line. The mea-
surements were collected in backscattering configuration with a 100X
long working distance objective (NA 0.75) and the laser power (100
mW) reduced to the 0.05 % through neutral density filters. A 5
%-defocalization of the laser spot was applied to keep the power density
as low as possible to avoid any oligonucleotide degradation. Each
sample was analysed by recording a map of 100 spectra distributed over
a grid of ca. 45 pm x 45 pm with a step size of 5 pm. The total acquisition
time was 8 s for each spectrum, divided in 4 accumulations. The spectra
were then analysed by a combination of the HyperSpec [31] R package
[32] and the Renishaw software WiRe 3.4. In detail, the baseline sub-
tracted data set and the average spectrum of each map were calculated
on R, while a deconvolution of selected regions of the spectra was car-
ried out on WiRe 3.4 to obtain the integrated area value of specific
Raman reporter bands considering Lorentzian line shapes for each
recorded spectrum. The choice of the curves to be included in the fit was
based on the typical bands of the reporter as well as on the Raman fin-
gerprints of the oligo probe in the selected region. The curves were free
to evolve within the posed constraints (peak height could not be nega-
tive, restricted Raman shift ranges around the typical band positions and
limits to the band width). If the final peak height was 0, the band was
considered absent. The intra-substrate variability was expressed in terms
of Relative Standard Deviation (RSD).

The obtained integrated areas were used to build calibration curves
(vibrational band area vs. miR-222 concentration) for the different
configuration-reporter combinations. Linear regression was performed
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and the Limit of Detection (LOD) of the different methods were calcu-
lated as the concentration corresponding to the control sample value
increased by three standard deviations, as described in the literature
[33].

3. Results and discussion

Ag-decorated porous silicon-PDMS substrates were previously
demonstrated as sensitive and reliable SERS platforms featured by a
homogenous distribution of densely packed silver nanostructures [28]
(a representative FESEM micrograph and an example of the analysis of
the homogeneity of the SERS enhancement across the substrate surface
are reported in Figure S2 and S3). In this study, such SERS substrates
were thus selected for the comparison of the different detection con-
figurations in the framework of miRNA analysis. Fig. 1 depicts the
investigated configurations, showing the last hybridization step of a one-
step and a two-step hybridization assay.

Concerning the one-step assay, the miRNA is recognized by a fully
complementary DNA probe immobilized at surface of AgNPs via a thiol
group and two configurations are possible: one with the miRNA modi-
fied with a Raman reporter at the 5’ terminus (miRNA R-5), the other
with the Raman reporter at the 3’ terminus (miRNA R-3') (Fig. 1a),
namely bearing the reporter at the farthest end of the sequence or close
to the NPs surface. The two-step assay, instead, has a great potential for
the detection in real samples, since the target miRNA does not require
chemical modification, as its specific recognition and detection are
accomplished by two probes, each complementary to half of its
sequence.

The thiolated “halfl” probe is anchored to the NPs surface and
captures the miRNA from the sample, while the sensitive detection oc-
curs thanks to the subsequent hybridization of the “half2” probe con-
jugated to a Raman reporter. In analogy with the one-step assay, two
configurations are available, having the reporter at the 5’ (half2 R-5’,
close to the surface) or 3’ (half2 R-3’, far from the surface) terminus of
the half2 probe (Fig. 1b). Rhodamine Green-X (RGX, with absorption
maximum at Apmax = 504 nm), Cyanine 3 (Cy3, Apmax = 550 nm) and
Cyanine 5 (Cy5, Amax = 648 nm) were identified as a convenient set of
commercial reporters, suitable to compare the behaviour of the different
configurations in the presence of electronic resonance (Cy3 and RGX)
and with a varying size of the molecule.

In silico calculations were performed to obtain an estimation of the
oligonucleotide length and thus of the distance of the reporter molecule
from the surface. The maximum spacing was approximately 7.5 nm for
the miRNA R-5' and half2 R-3' configurations, while the lowest one,
calculated for miRNA R-3/, was found below 1 nm. Instead, an inter-
mediate distance of 3.5 nm was considered for the half2-5' configura-
tion. All these calculations assumed that the hybridized complex was
oriented perpendicularly to the NP surface, as widely accepted in the
literature [34,35]. Indeed, this is a simplified model of DNA-particle and
DNA-DNA interactions, since it is known that thiolated oligonucleotide
monolayers can be arranged in tilted strands depending on the length of
the oligonucleotide probe or of the alkanethiol spacer, on the probe
density as well as on the metal towards the thiol is coordinated [36,37]
and further complexity is given by the nanostructured surface [38]. A
slightly shorter distance can be therefore expected. However, big tilt
angles are unlikely in the studied system, as it was previously demon-
strated that the SERS signal of the halfl probe and of probe-222 was
almost identical [7], showing that their SERS spectra are dominated by
the vibrational pattern of nucleobases belonging to the first part of the
two sequences. This suggests that no significant tilting is occurring, as
more nucleobases of the probe-222 would otherwise contribute to SERS
pattern, due to the reduced distance from the surface.

To compare the SERS performance of the different configurations,
the SERS substrates were then incubated according to the two func-
tionalization protocols with the different miRNA R-3'/5" and half2 R-3'/
5' sequences, varying the miR-222 concentration in the 100 nM-0.1 nM
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Fig. 1. Scheme of the four detection configurations a) one-step assay: a fully complementary probe immobilized on the AgNPs binds the miRNA, which is labelled
with a Raman reporter either at the 5 or 3’ terminus; b) two-step assay: a first half-complementary probe (halfl) immobilized on the AgNPs binds the unlabelled
miRNA and the reporter is attached either at the 5' or 3’ terminus of the half2 probe. The estimated reporter-to-surface distance for each configuration is highlighted.

Note that NPs and oligos size are not to scale.

range.

3.1. One-step assay: miRNA R-5' vs. miRNA R-3'

The average spectra of SERS maps obtained with the miR-222 RGX-
3'/5' are reported in Fig. 2. An intense RGX vibrational pattern appears
in the spectra of the samples incubated with a 100 nM miRNA concen-
tration, overcoming any mode of the probe-222 down to 10 nM
concentration.

The typical C—C stretching of the xanthene ring at 1364 and 1646
cm ! are clearly observed, together with all the characteristic bands of
rhodamines, as assigned in Table S2. The isolated band around 647
cm™, attributed to the C—C ring in plane bending of the xanthene ring
[39] modified with an additional carboxylic group, also shows a
remarkable intensity and negligible superposition with the DNA probe
bands. For this reason, such mode was selected to track the signal of all
the RGX-labelled oligonucleotides, also for quantitative purposes. If the
high concentration spectra of the two configurations are compared, the
miRNA-RGX-3' SERS signal clearly exhibits a greater intensity compared
to the configuration having the Raman reporter far from the NPs surface.
Indeed, an enhancement of more than 3 times of the fluorophore signal
is detected, explained by the increased electromagnetic field intensity
due to the reduced distance from the NPs surface. Actually, some works
investigated the distance-dependence of SERS intensity experimentally.
The greatest drop of the plasmonic field intensity was shown to occur in
the first nanometers (within 0-3 nm range from the metal surface,
depending on the specific study), while for an increased spacing a slower
decay was observed [37,40-42]. The fastest decay of the SERS intensity
was observed in a high spacing resolution study by Masango et al. that
reported a signal decrease to the 20 % of the “in contact” one at 0.7 nm
from the plasmonic surface [40]. Different experimental works agree
instead on a SERS intensity decrease to the 7-10 % of the zero-spacing
signal at around 3-3.5 nm [40,42] and on its further five-fold
decrease when the distance from the enhancing metal surface is raised
from ~0.9 to ~7 nm [37,41].

However, a great variability is documented in such literature reports,
especially concerning the slope of the SERS signal enhancement
decrease in close proximity of the surface. Indeed, the derived distance-
dependence of SERS enhancement may vary due to several factors,
including the morphology of the employed SERS substrate and the na-
ture of the spacing layer [34,37]. Despite this, based on the available
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literature and taking into account a slight degree of uncertainty related
to the orientation and position assumed by the reporter, the three-fold
enhancement observed for the miRNA 3'-RGX configuration seems to
be a reasonable result.

Similar conclusions can be drawn for the Cy3 reporter (SERS spectra
at different miRNA concentrations can be found in Figure S4a), although
the SERS intensity of the two configurations seems to differ in most of
the cases by a factor higher than 4. Finally, in the case of the Cy5 re-
porter the strongest SERS intensity is still related to the close-to-the-
surface Cy5 configuration. The differences in the SERS intensity pro-
vided by the miRNA-Cy5-5' and the miRNA-Cy5-3' (Figure S4b) are
however reduced, compared to the resonantly excited reporters. The
described behaviours can be appreciated by monitoring one of the main
SERS bands of the two indocarbocyanine molecules, the vibrational
mode located at around 1464 cm ™!, attributed to the CHs deformation of
the ring substituents [43] (see Table S2 for a more complete assignment
of the vibrational pattern of Cy3 and Cy5). It should be finally noted that
the coupling of an emitting fluorophore with a plasmonic NP also affects
the typical fluorescence of the dye. Indeed, an enhancement or a
quenching of the fluorescence of the molecule can occur depending on
the NP-dye separation, with the second contribution becoming domi-
nant at few nanometres from the NP surface [44]. Accordingly, for the
resonantly excited RGX and Cy3, the raw SERS spectra of the 5' con-
figurations are characterized by a strong fluorescence background
(Figure S5), yielding a greater shot noise [45] compared to the 3’ one.
Such fluorescence is instead significantly quenched when the reporter is
close to the metal surface. A minor contribution of the improved signal-
to-noise ratio to the whole SERS intensity increase for the 3’ configu-
ration cannot thus be excluded.

As a general trend, it can be further noticed that the difference in
terms of SERS intensity between the close and far-to-the-surface con-
figurations tends to decrease by lowering the miRNA concentration,
especially below 10 nM (the SERS spectra of miRNA RGX-5" and miRNA
RGX-3' in the 5-0.1 nM concentration range are superimposed in
Figure S6), sometimes fading for the lowest concentrations. The com-
parison between the calibration curves obtained for the 3' and 5’ con-
figurations reported in Fig. 3 clearly highlight such a phenomenon,
showing that the error bars of datapoints at low miR-222 concentration
often overlap. Actually, statistical analysis based on the F-test (full de-
tails and results are available in Table S3 in the supplementary material)
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Fig. 4. Maximum electric NF intensity calculated within the gap of a dimer of
Ag hemispheres on a pSi surface by FEM simulations for different wavelengths
and diameter-gap combinations of the AgNPs. The black vertical bar at 514.5
nm represents the excitation wavelength used for the SERS measurements.

for the comparison of two data distributions reveals that differences
between the two configurations are not statistically significant at 95 %
confidence level in the case of RGX, while such hypothesis has to be
rejected for Cy3, but with a quite high p-value (0.031). This outcome is
also reflected into the calculated LODs reported in Table 1 (all the
calibration curves used for the calculation of the LODs are shown in
Figure S7). Surprisingly, the LOD appears comparable for the Cy3-
labelled miRNAs and even slightly lower for the miR-222 RGX-5'
compared to the miR-222 RGX-3. Such unexpected result depends
however on the range of concentrations selected for the calculation.
Indeed, a linear regime was identified for the Cy3 and RGX below 25 nM,

1 10
miR-222 concentration (nM)

100

Fig. 3. Average area of the main vibrational band of the miR-222 R-5'/3' vs. miR-222 concentration obtained by SERS mapping of the SERS substrates functionalized
according to the one-step assay. a) RGX and b) Cy3 were employed as Raman reporters. Black squares represent the close-to-the-surface (3") configuration, while red
circles the far-from-the-surface (5) one. The error bars correspond to the standard deviations of 100 SERS measurements.
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Table 1
Limits of Detection for the one-step assay performed by exploiting the six different configurations along with the miR-222 concentration ranges used for the linear
regression.
RGX Cy3 Cy5
3 5 3 5 3 5
Linear range (nM) 0-5 0-25 0-5 0-10 0-50 0-50
R? 0.974 0.961 0.980 0.978 0.994 0.986
LOD (nM) 0.346 0.324 0.285 0.301 4.68 5.87

so that for most of the calibration curves the linear regression was
performed between 10 nM and 0 nM, including several low concentra-
tions data points.

It should be finally noted that Cy5, spectrally excited far from its
electronic absorptance, allows the detection of the target miRNA only
for the medium-high concentrations (Table 1). Even in this case, the
SERS intensity is clearly higher for the miRNA Cy5-3' compared to the
miRNA Cy5-5'down to the 25 nM concentration (Figure S8), but the LOD
is comparable for the two configurations.

All these results suggest a different enhancement mechanism only for
the low concentrations, inducing the levelling-off of the difference be-
tween the two configurations. Most likely, different factors could
contribute to the observed trends. First, an influence of the steric hin-
drance for the miRNA labelled at the 3’ terminus is expected (as dis-
cussed in Section 3.3). Such effect could be particularly detrimental in
the case of low concentrations approaching the values of the dissociation
constants between the probe and the miRNA, which are expected to be
in the nM range [46]. Moreover, a second and probably dominant
contribution can be ascribed to the SERS-active nanostructures them-
selves. In fact, at high miR-222 concentration it is expected that all the
NPs are able to provide a sufficient electromagnetic field amplification,
through the excitation of their Localized Surface Plasmon Resonances, to
observe a SERS signal from the quite large population of miRNA-probe
hybrids probed by the laser beam. In contrast, if few miRNA mole-
cules are captured from the incubation solution, only the most efficient
Raman hot-spots will be able to provide the needed enhancement.

3.2. Electromagnetic near field analysis for Ag-pSi nanostructures

FEM simulations were performed to corroborate such hypothesis by
analysing the electric near-field (NF) intensity profiles inside and
outside the gap of a dimer of Ag hemispheres in contact with the pSi
surface, which was selected as simplified model of our plasmonic
nanostructures. Based on the morphological parameters extracted from
the FESEM analyses of the Ag-pSi-PDMS substrates, different NPs di-
ameters (25-30-35 nm), centred at the average one, were considered for
the simulations. For each diameter, gap values were varied between 2
nm and 8 nm, with a 2 nm step. Very small gaps (<2 nm) were excluded
from the studied range, as they can hardly accommodate the probe-
miRNA hybrid, even if horizontally adsorbed on the NP surface, while
6 and 8 nm are expected to provide enough space for a successful hy-
bridization. Representative spectra reporting the maximum electric NF
intensity calculated within the gap between the Ag hemispheres are
shown in Fig. 4. All the spectra are featured by multiple resonances that
extend towards wavelengths larger than the one of the excitation laser
line, decreasing the inter-particle gap size and increasing the particle
diameter, in agreement with the previous literature [47,48]. The highest
NF intensity is observed for the longest wavelength resonance, located
between 500 and 600 nm, depending on the size-gap combination.
Moreover, it should be noted that most of the simulated dimers present
an intense band around the excitation wavelength used for the SERS
measurements (514.5 nm), supporting the well-known high efficiency of
the Ag-pSi-PDMS substrates under green light excitation. Such reso-
nance seems to originate from a splitting of the main one due to inter-
particle coupling when the gap becomes smaller and smaller, as sug-
gested by their partial convolution for the largest gap - smallest
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diameter pairs. Panel a) and b) in Fig. 5 show instead the profiles of the
electric NF intensity at 514.5 nm extracted at different position within
and outside the gap. R = 15 nm and G = 6 nm were selected as the most
representative particles radius and gap size for the investigated system.

For what concerns the z profiles, shown in panel a), the electric NF
decays by order of magnitudes moving from z = 0 nm (the pSi surface
level) to 15 nm. Curves extracted at different x locations (x = 0 corre-
sponds to the gap centre) feature different trends only for very short
distances from the pSi surface: in such range the highest intensities and
the fastest decrease are observed close to the AgNP surface (x = -2, —3
nm), while the maximum NF intensity is reduced but decays at a
decreased rate if the profile is taken near the gap centre. The described
trend is more pronounced when the gap becomes larger, with respect to
the NP size (Figure S9), but, as anticipated, the differences strongly
reduce at z greater than 2 nm for all gap-size combinations. The slight
variation of the electric NF intensity along the interparticle axis beyond
z = 3 nm can be better appreciated from the x profiles obtained at
different z values reported in panel b) of Fig. 5, where the symmetry of
the NF intensity distribution with respect to the inter-particle gap center
is verified.

Some significant differences between the electric NF intensities at
the gap centre and edges appear again for quite high z values (greater
than 9 nm), when the distance between the NPs surfaces is 12 nm. An
interparticle separation of the order of the particle radius is indeed
considered the cut-off beyond which interparticle coupling contribution
cease to dominate [49]. The inset in panel a) of Fig. 5 finally shows a z
profile taken outside the gap (from the top of one of the particles, at x =
—18 nm, z from 15 to 30 nm). Here, as expected, the electric NF intensity
is several orders of magnitude lower than in the gap and monotonically
decreases while the distance from the Ag hemisphere increases. It can be
concluded that, in the case of a probe-miRNA hybrid in an interparticle
gap, a Raman reporter is expected to benefit from a different enhance-
ment depending on its position along the probe only if the oligo is bound
to the NP very close to the Ag/pSi interface. Instead for z > 3 nm, the
most likely situation, the electric NF experienced by the dye molecule is
nearly constant throughout the gap at fixed z. At higher z values, some
limited differences may however arise due to the tilted orientation of the
hybrids in an upright conformation with respect to the Ag surface.
Outside the gap, instead, the SERS enhancement at 7.5 nm from the NP
surface is reduced to about the 15 % of the one observed at 1 nm spacing.
The scheme in Fig. 6, representing miRNA molecules hybridized to the
probe-222 in or outside the gap between two AgNPs on a pSi surface,
highlights the difference in the experienced NF intensity that charac-
terizes the reporter in the 5 and 3' configurations outside the gap.
However, as the electric field distribution is rather homogenous in the
gap between the NPs, the beneficial effects of decreasing the reporter-to-
surface distance are strongly reduced or even cancelled depending on
the specific combination of NP diameter, gap size and binding site of the
probe. Indeed, it should be underlined that the heterogeneity in the
morphology of the SERS substrate, even if limited, can obviously affect
the enhancement of the SERS signal obtained when the reporter at the 5'-
terminus of the miRNA is located in the gap. Indeed, the reporter can be
even in contact with the neighbouring NP in some cases. Unfortunately,
the prevalence of the gap contribution to the SERS signal at low miRNA
concentration does not allow the expected improvement of the LODs
moving from the far- to the close-to-the-surface reporter configuration.
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Though, it should be noted that at the same time, the signal is already
boosted in the gap for the miRNA R-5' configuration at low concentra-
tions. As a result, the slope of the calibration curve is usually reduced
compared to the high concentration regime (see Table S4). A further
indication of a distinct origin of the SERS enhancement for the high and
low concentrations of target miRNA is indeed provided by the non-linear
trend often observed in SERS calibrations. In fact, the sensitivity should
change if all the particles or only the hot-spots contribute to the SERS
intensity. Modelling this variation is a great challenge, due to the strong
dependence of such effects on the SERS substrate morphology. Never-
theless, some attempts to use non-linear fitting functions, such as the
Langmuir or dose-response curves can be found in the literature
[50,51]. Actually, none of the two models provided a satisfactory fit of
the current data, showing that adsorption models are not always
adequate to describe the trend of the SERS intensity vs. the analyte
concentration, probably because they do not take into account such hot-
spot related effect that becomes evident only for very low concentrations
of the target analyte. It should be mentioned that similar non-linearities
were in many cases attributed to the SERS intensity fluctuations due to
single molecule events in the nanomolar and subnanomolar concentra-
tion range [1]. Namely, it is assumed that such fluctuations depend on
the motion of the analyte in and outside the available hot-spot, whose
volume sharply decreases for increasing enhancement [3]. Though, such
phenomena shouldn’t be the source of non-linearity in the presented
system, since the functionalization of the surface does not allow great
motion of the involved molecules and the SERS measurements are not
acquired in solution, where some dynamic equilibrium between bound
and free miRNA could establish. Last, even the moderate dependence of
the SERS intensity on the reporter position for the non-resonant Cy5 is
compatible with the described mechanism. Indeed, if the Raman cross-
section of the reporter is reduced, an increased plasmonic enhance-
ment is needed to detect the probe-miRNA hybridization in the same
miRNA concentration range. As a consequence, it can be speculated that
the hot-spot contribution becomes dominant at higher miR-222 con-
centrations compared with the case of Cy3 and RGX, in agreement with
the reduced differences between the 5' and 3’ configurations and with
the linear range extending towards high miRNA concentrations in case
of the Cy5 reporter (up to 50 nM). Consistently, the comparison between
the sensitivities calculated for the analysed configurations at high and
low miR-222 concentration (Table S4) shows a remarkable variation of
the slope of the regression lines in the two concentration regimes in the
case of the resonant reporters, but a single sensitivity value for the Cy5
reporter.

3.3. Two-step assay: half2 R-3' vs. half2 R-5'

Different concentrations of unlabelled miR-222 were incubated on
the halfl functionalized SERS substrates and afterwards detected
through the hybridization with the half2 probe labelled with the
different reporters both at the 3' or 5 terminus. The results of the SERS
maps acquired on the described samples are displayed in Fig. 7 for the 5’
and 3' RGX-labelled half2 probe.

As expected, due to the reduced difference in the reporter-to-surface
distance (3.5 nm vs. 7.5 instead of < 1 nm vs. 7.5 in the case of the
labelled miR-222), in the two configurations the SERS intensity was only
moderately enhanced when the reporter was located close to the AgNPs
(generally < 2 times the area of the Raman band of RGX at 647 cm™!
calculated for the 3’ labelling). Differently from the case of the one-step
assay, such enhancement does not fade for concentrations lower than 5
nM. A close inspection of the superimposed average SERS spectra
(Figure S10 and S11a) highlights that some differences between the two
configurations are preserved in most cases also below 10 nM miRNA
concentration for the resonant reporters. Such trend is also confirmed by
the calibration curves of SERS area vs. miR-222 concentrations (Fig. 8),
which were derived by considering the integrated area of the same SERS
bands analysed for the one-step assay. This outcome is reflected in the
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according to the two-step hybridization protocol. The violet bars highlight the
two main bands of RGX (at 647 and 1364 cm™ ).

calculated LODs, which result 1506 pM and 357 pM when the half2
RGX-3' and the half2 RGX-5' are concerned, respectively. As evidenced
by the experimental data, a systematic improvement of the sensitivity of
the assay is achieved for the two-step assay by moving the reporter to-
wards the surface of NPs, despite the order of magnitude of the LOD
doesn’t change. It should be noted that a similar benefit is obtained
using the half2-Cy3, for which the LODs are 988 nM and 627 pM, as
listed in Table 2.

Again, Cy5 provides the weakest SERS signal and the worst sensi-
tivity. Despite the slight difference between the SERS intensity of the
two configurations (Figure S11b and S13), the calculated LODs reveal an
improved performance for the close-to-the-surface configuration.

The inspection of the regression parameters (Table S5) confirms a
change of the sensitivity between the high and low concentration regime
for the RGX reporter, but the phenomenon is mitigated in the case of
Cy3. Unlike in the case of the one-step assay, however, the sensitivity for
the close-to-the surface configuration remains higher than for the far-
from-the surface one. Moreover, the differences between the two con-
figurations resulted statistically significant also in the low concentration
range (95 % confidence level, as shown in Table S6). Actually, the
behaviour of the compared configurations appears to be different from
the one detected in the one-step assay, as confirmed by the repetition of
the experiments. However, such discrepancies cannot depend on a
diverse electromagnetic enhancement mechanism: hot-spot contribu-
tion should again dominate at low miR-222 concentration. It can be
therefore hypothesized that they depend on the impact of the position of
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Table 2

Limits of detection for the two-step assay performed by exploiting the six
different configurations along with the miR-222 concentration ranges used for
the linear regression. The calibration curves employed for the calculation of the
LODs are shown in Figure S12.

RGX Cy3 Cy5

3’ 5’ 3 5 3’ 5
Linear range (nM) 0-10 0-10 0-10 0-10 0-50 0-25
R? 0.943 0.977 0.952 0.979 0.968 0.979
LOD (nM) 1.51 0.357 0.988 0.627 17.5 7.05

probe/miRNA labelling on the hybridisation efficiency. Indeed, it is well
known that steric hindrance effects play a significant role in duplex
formation when the hybridization involves a surface-immobilized
probe, such as in microarrays [52,53]. As an example, an excessive
packing of probes at the surface is detrimental, since it results in slow
hybridization kinetics and lowered degree of probe/target hybridization
[52,54]. Moreover, it was observed that the hybridisation efficiency
increases when probe-target binding occurs farther from the support
surface, due to an improved accessibility of the oligonucleotide
sequence [55]. For this reason, spacers are often employed to increase
the distance of the strand and reduce steric interference from the support
[55]. In such a framework, the presence of a bulky reporter at the close-
to-the surface terminus of the half2 probe or miR-222 is expected to
enhance steric hindrance related issues more than in the far-from the
surface configurations. However, if the one-step and two-step assay are
compared, it is immediately apparent that the half2 R-5/miR-222 hy-
bridization occurs in a less sterically hindered environment than the
miRNA R-3'/probe-222 heteroduplex formation. Indeed, in the two-step
assay, the second hybridization takes place at an increased distance from
the NP surface. It is therefore reasonable that the observed trends arise
from the combination of electromagnetic and hybridisation efficiency
effects: the electromagnetic NF intensity dependence on the reporter-to-
surface distance strongly reduces in the low concentration regime for all
the tested configurations, but the higher LODs for the miRNA R-3'
configuration compared to those for the miRNA R-5' one are probably
ascribable to the severe steric hindrance effects in the first case. It should
be underlined, that the influence of steric constraints would probably
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not be appreciated in the absence of the levelling off of the electro-
magnetic enhancement. Instead, for the two-step assay, where steric
issues concerning the reporter are relaxed for the second hybridization
step, a slightly higher SERS intensity is still observed at low miR-222
concentration for the close-to- the surface configuration compared to
the 3’ one. It should be noted, indeed, that the inherent lower melting
temperature of the halfl-miRNA and miRNA-half2 complexes compared
to the longer and thus more stable probe-222-miR-222 duplex was
previously compensated by the optimization of the hybridization con-
ditions [7]. Lastly, the existence of a relationship between the size of the
reporters and the performance of the one-step assay in the 3’ and 5
configurations agrees with the possible role of steric hindrance in
determining the discussed results. In fact, the geometrical descriptors
concerning molecular size reported in Table S3 point to RGX as the
bulkiest reporter, in agreement with the reduced difference between the
SERS intensity obtained for the assays performed in the close-to- and far-
from-the surface configurations at high miR-222 concentrations
compared to Cy3. Moreover, the enhanced steric issues due to the
greater size of RGX compared with Cy3 could also explain the inversion
of the LOD:s for the 5’ and 3' configurations that is detected only for the
RGX molecule.

Despite lower than initially expected, due to the described increased
contribution of hot-spots to the SERS signal observed at low target
concentrations, an increase of the sensitivity of the two-step protocol for
miRNA detection is attained by reducing the distance between the re-
porter and the plasmonic NPs. Such improvement can be fruitfully
exploited to enhance the detection of such biomarkers in real samples.

4. Conclusions

Ag-porous silicon-PDMS SERS substrates were exploited to investi-
gate the impact of the Raman reporter position along the sequence of
oligo probes/targets on the sensitivity of a one-step and a two-step hy-
bridization assay for the SERS detection of miRNAs. Such an aspect was
indeed not evaluated in previous SERS studies exploiting labelled DNA
probes for the detection of oligonucleotide targets [12,15]. Here, three
reporters (RGX, Cy3 and Cy5) differing in size and electronic resonance
were studied. As for the one-step assay, a significant variation (more
than 6.5 nm) of the reporter-to-surface distance could be obtained by
labelling the miRNA at the 3’ and 5' terminus. The SERS analysis of



C. Novara et al.

several miR-222 R-5'/3' concentrations showed a clearly greater SERS
intensity for the 3' configuration compared to the 5’ one at concentra-
tions above 5 nM; such improved SERS detection gradually vanished at
lower miRNA concentrations. FEM simulations of the electric near field
for a model Ag dimer on a pSi surface suggested that the unexpected
concentration-dependent outcome could be compatible with an
increased hot-spot contribution to the whole SERS signal in the nano-
molar range of miR-222 concentrations. On the other side, for the two-
step assay, a change in the reporter-to-surface spacing of about 4 nm was
possible, by labelling the second half2 probe at the 3’ or 5’ terminus. The
reduced variation of the reporter-to-surface distance between the two
detection configurations yielded a mitigated difference between the
SERS intensity observed for the two labelling positions. Interestingly,
the LOD for miR-222 was always lowered for the close-to-the-surface
configuration, in contrast to the case of the one-step assay. Such result
points out the possible role of steric hindrance in decreasing the hy-
bridization efficiency in the case of the 3'labelled miRNA. On the whole,
the study allowed to improve the sensitivity of the two-step assay and
provided new insight on the complex balance between plasmonic effects
and surface chemistry in the definition of the performance of a SERS
bioassay.
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