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ABSTRACT

lon-exchange in molten nitrate salts containing metal ions (i.e.: silver, copper, etc.) represents a
well-established technique able to modify the chemical-physical properties of glass materials. It is
widely used not only in the field of integrated optics (I0) but, more recently, in plasmonics due to
the possibility to induce the formation of metal nanoparticles in the glass matrix by an ad hoc
thermal post-process. In this work, the application of this technology for the realization of low-cost
and stable surface enhanced Raman scattering (SERS) active substrates, based on soda-lime glass
microrods, is reported. The microrods, with a radius of a few tens of microns, were obtained by
cutting the end of an ion-exchanged soda-lime fibre for a length less than 1 cm. As ion source,
silver nitrate was selected due to the outstanding SERS properties of silver. The ion-exchange and
thermal annealing post-process parameters were tuned to expose the embedded silver nanoparticles

on the surface of the glass microrods, avoiding the use of any further chemical etching step. In order



to test the combined SERS/fluorescence response of these substrates, labelled molecular beacons
(MBs) were immobilized on their surface for deoxyribonucleic acid (DNA) detection. Our
experiments confirm that target DNA is attached on the silver nanoparticles and its presence is
revealed both by SERS and fluorescence measurements. These results pave the way towards the
development of low-cost and stable hybrid fibres, in which SERS and fluorescence interrogation

techniques are combined in the same optical device.
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1. Introduction

Raman spectroscopy represents a powerful, non-destructive and label-free optical technique able to
provide information on molecular vibrations (i.e.. the so-called molecular “fingerprint”) by
exploiting the inelastic scattered light from a sample under visible or near-infrared laser irradiation.
This unique feature allowed for identification and detection of structural changes in molecules,
cellular and tissue systems, opening up extraordinary perspectives towards the development of
optical sensors for chemical/biochemical applications [1-7]. Despite these unique features, Raman
technologies suffer from depending on a weak effect, Raman scattered light being a small fraction
of the scattered radiation (approximately 1 in 10 million). In order to overcome this problem, one of
the most effective solutions involves the excitation of localized surface plasmon resonances
(LSPRs) of metal nanoparticles resulting in an increased Raman signal by several orders of
magnitude and typically in the 10* to 10’ range [8, 9]. This effect is at the basis of surface-enhanced
Raman scattering (SERS) spectroscopy, which is able to combine ultra-sensitive detection limits
with the detailed structural information content of Raman spectroscopy, and has been exploited for
the development of different biomolecular detection assays and optical biosensors [10-17]. In this
context, the realization of plasmonic substrates based on low-cost and simple fabrication methods
and ensuring high signal enhancement and reproducibility becomes an indispensable prerequisite to
be achieved [18-21].

Colloidal suspensions of metal nanoparticles, obtained either by chemical or physical methods,
represent the simplest SERS substrate and they are still widely used thanks to their significant
SERS performance, good stability and ease of fabrication. Nevertheless, this approach lacks
reproducibility due to a difficult control in the formation of regular SERS hot-spots, especially upon
the analyte addition [22, 23]. This drawback can be countered by directly immobilizing the metal
nanoparticles on the surface of a planar solid sample. Strategies based on lithographic techniques,
such as electron beam lithography (EBL), nanoimprinting lithography (NIL) or nanosphere

lithography (NSL) to mention a few, allow a high-resolution patterning assuring improved sample



uniformity and signal reproducibility. Moreover, the use of these fabrication processes permit
regular hot-spots to be generated with impressive enhancement of the SERS signal. However, they
generally suffer from time-consuming and high manufacturing costs, requiring advanced machinery
for their implementation (i.e.: this is especially true for EBL technique, which also presents low
fabrication throughput) [24-26].

Conversely, wet chemistry-based approaches allow the rapid realisation of low-cost SERS
substrates by simple functionalization of the sample surface with amino or thiol groups or by
silanization followed by its immersion in a metal nanoparticle suspension to bind them on the
sample surface by a self-assembling procedure. Despite a certain flexibility and repeatability, these
substrates usually suffer from poor surface adhesion of the nanoparticles, which makes them
unstable against any external event and consequently limiting their use as affordable SERS
substrates [27, 28].

In order to overcome these limitations, glass materials with metal nanoparticles embedded into the
amorphous matrix by ion-exchange technique may represent an effective route towards the
realization of stable and low-cost SERS substrates [29, 30]. Indeed, due to the presence of a
concentration gradient at the interface between the specimen and the ion source, this process allows
to easily replace the alkaline ions (e.g. sodium, Na*) originally present inside the glass with the
metal ones (e.g. silver, Ag") contained in the molten salt bath in which the sample is immersed at a
certain temperature [31]. A further thermal post-process, carried out in air at a temperature close to
the glass transition temperature or performed by laser irradiation, induces the formation of metallic
nanoparticles (NPs) inside the ion-exchanged glass matrix [32—34]. The high long-term stability of
Ag NPs in ion-exchanged substrates lies in the fact that they are generally located slightly below the
glass surface, typically tens/hundreds of nanometres in depth [35-37]. This preserves them from
any possible silver sulfidation or oxidation phenomenon. However, in order to make them available

for SERS measurements, they need to be exposed by hydrofluoric acid etching or by a thermal



annealing post-process in hydrogen atmosphere, both of which require special precautions for the
safety of the operator [35, 38].

In this paper, glass microrod-based SERS active substrates are presented. Metallic silver
nanoparticles were produced on the surface of these systems by means of an ad hoc ion-exchange
technique with a subsequent thermal annealing post-process without the need of an additional
chemical etching step. Moreover, rather than using simple small model molecules (such as
rhodamine6G) in order to test the SERS properties of the substrates thus created, here the possibility
of getting a reliable, reproducible and robust biosensing system was demonstrated by means of the
use of molecular beacons (MBs), immobilized on the surface of the ion-exchanged microrods, for
DNA detection [39-41]. In particular, the designed MB is specific for messenger ribonucleic acid
(mRNA) for survivin, a protein highly expressed in most types of cancer. The sole MB in solution
and its specificity toward mRNA for survivin, compared to not-specific targets, have already been
characterised in previous reports [42-44].

Finally, the use of the MB allows to carry out measurements based on the combination of SERS
and fluorescence techniques. In fact, MBs are single-stranded DNA molecules that possess a stem-
loop structure, the two side-ends of which are labelled with a fluorophore and a quencher. The loop
portion is designed to be complementary to the oligonucleotidic target sequence, while the stem
portion is self-complementary in order to confer the so-called hairpin structure to the molecule,
keeping, in absence of the target molecule, fluorophore and quencher in close proximity to each
other. Since the fluorophore is characterised by an emission band that overlaps the absorption band
of the quencher, this proximity causes the fluorescence of the fluorophore to be quenched by energy
transfer. The hybridization of the MB with the target sequence causes the opening of the stem and
then the displacement of the fluorophore from the quencher, restoring the fluorescence emission. At
the same time, by anchoring the MB on the silver nanoparticles via thiol chemistry, an on/off SERS
response can be obtained as a function of the distance of the fluorophore label, here working as an

effective Raman tag, from the plasmonic surface. SERS experiments show the effective MB
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binding on the silver nanoparticles by detecting the main spectral bands ascribed to the
oligonucleotidic chain. Moreover, the capability of the anchored MB to recognise the specific target
sequence is also demonstrated.

Our results pave the way towards new optical biosensing systems capable of performing
multimodal measurements in order to obtain additional information on a given biological event to

be monitored.

2. Materials and methods

2.1 Chemicals and reagents

All the following chemicals and reagents, tris hydrochloride (tris-HCI), magnesium chloride
(MgCl,) for the preparation of tris-MgCl, buffer (10 mM tris-HCI, 10 mM MgCl,, pH 8),
ethylenediaminetetraacetate dihydrate (EDTA) for the preparation of tris-EDTA (TE buffer) (10
mM tris-HCI, 0.1 mM EDTA, pH 8), acetone, methanol (MeOH), 4-Methylbenzenethiol, silver
nitrate AgNO3; (> 99% in purity) and sodium nitrate NaNO3 (> 99% in purity) for ion-exchange
process in glass specimens, ATTO647N-NHS-ester, were purchased from Sigma-Aldrich (Milan,
Italy). The molecular beacon for survivin (labelled with both ATTO647N and Black Barry
Quencher (BBQ) or with only ATTO647N) and its complementary target sequence were purchased

from IBA (Gottingen, Germany).
2.2 Fabrication of SERS-active substrates in optical soda-lime glass by ion-exchange process

Commercial soda-lime glass, in the shape of uneven bulk block and bar, was made available by the
Effetre Murano s.r.l. and was mechanically processed at the Fondazione LINKS and Politecnico di
Torino in order to obtain polished planar samples and an optical fibre, respectively. The
composition (in wt%) of the soda-lime glass was estimated by energy dispersive spectroscopy
(EDS) analysis to be 70.06% SiO,, 17.53% Na,O, 8.87% CaO, 3.54% K0, with Fe,O3 traces at
around 0.3%. lon-exchange process was performed using a salt mixture of NaNO3 : AgNO3 (95 : 5,

mol%). Reagent grade nitrates were weighed, mixed and placed in stainless steel crucibles. The ion-
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exchange temperature used for the realization of SERS-active substrates was 390 °C (+ 2 °C).
2.2.1 The planar soda-lime glass waveguide (SLGW) format

The planar specimens (10 mm x 10 mm x 1.3 mm in size) were used for investigating important
parameters of the ion-exchange mechanism in these glasses such as, for instance, the diffusion
coefficient of silver ions in the glass and their penetration depth, which were directly obtained from
the optical characterisation of the slab waveguides thus fabricated.

In a first step, a short duration of 15 min was selected for the ion-exchange process (see SLGW1
in Supplementary Information, Table S1). Before immersion in the molten salt bath, the sample was
cleaned through subsequent washing steps in acetone, ethanol and distilled water (the duration of
each step was about 10 min). Similarly, after ion-exchange, the specimen was washed in distilled
water for 10 min in order to remove residual salt from the sample surface and make it available for
optical characterisation.

In a second step, the duration of the ion-exchange process was set at 4.5 h (see SLGW2 in
Supplementary Information, Table S1). The formation of silver nanoparticles was successively
induced by a thermal annealing post-process performed in air at different temperatures (500 and 550
°C) and times (45 min and 3h), respectively (see planar SLGW3, SLGW4 and SLGWS5 in
Supplemetary Information, Table S1). Due to their larger size, the planar substrates were selected
for the spectroscopic characterisation.

The information obtained from the planar substrates were the basis for the implementation of an
ad hoc ion-exchange and thermal annealing processes for the realization of microrods starting from

the soda-lime glass fibre.
2.2.2 The microrod format

The microrods were realized employing a fibre optics drawn by means of an in-house developed
drawing tower available at the Fondazione LINKS of Torino. The tower included a furnace formed

by a graphite ring that was heated by an inductor operating at 248 kHz (SAET, Torino, Italy). The



soda-lime glass bar was introduced into the furnace and drawn into fibre at a speed of 6 m/min. The
diameter size of the fibre was controlled during all the drawing procedure until reaching the final
value of 130 um (+ 2%). The total length of the manufactured fibre was 150 m and it was cut in
several pieces, each one having a length of about 30 cm. The end of the glass fibre was then
immersed in the molten salt bath for a sufficiently long time to ensure the presence of the silver ions
along the overall length of the fibre diameter. The time duration for this ion-exchange process was
calculated by analysing the experimental data obtained during the optical characterisation of the
SLGW!1 planar samples and it has been fixed at 4.5 h. After the thermal ion diffusion process, a
washing step of 10 min in deionized water was used to remove the residual salt from the terminal
end of the fibre. Silver nanoparticles were then grown locally in the portion of the soda-lime glass
fibre previously involved in the ion-exchange, by means of a thermal annealing step performed at
the same conditions (in terms of time and temperature) adopted for the corresponding planar
substrate (see planar SLGW4 in Supplemetary Information, Table S1). In this way, having
undergone the same fabrication process, the end of the treated glass fibre was able to give the same
spectroscopic response regarding the formation of silver nanoparticles. Finally, the end of the fibre
was cut to less than 1 cm in order to obtain the desired microrods. Figure 1 shows the procedure

adopted for the realization of these substrates.
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principle of the ion-exchange process in which the sodium ions Na* in the glass fibre are replaced by the
silver ions Ag" in the salt melt; (c) sketch of the thermal annealing mechanism with the formation of metallic
silver nanoparticles at the end of the ion-exchanged fibre and (d) consequent microrod realisation via fibre

cutting.

2.3 Optical characterisation
2.3.1 Dark-line and absorption spectroscopy of SLGW

The SLGW1 was optically characterised by means of prism-coupling technique and dark-line
spectroscopy in order to measure the effective indices of the modes supported by the guiding
structure so obtained [45, 46]. This was performed at the excitation wavelength of 635 nm by means

of a home-made semi-automatic instrument, named COMPASSO, located at the IFAC-CNR Labs
9



[47]. The accuracy of the system on the effective index measurement was + 1 x 10™. Therefore, the
index profile of the waveguide in the ion-exchanged sample was calculated from the measured
mode indices using the inverse Wentzel-Kramers—Brillouin (WKB) method [48, 49]. This provided
an assessment of the surface index of the waveguide as well as the thickness of the exchanged layer,
thus giving the value of the diffusion coefficient Dag* of the silver ions inside the glass matrix
during the ion-exchange under investigation. These data allowed us to choose the correct exchange
time for the fibres.

Concerning the absorption measurements, the spectra of the planar samples were measured by a
JASCO V-560 spectrophotometer, working in the range from 190 to 900 nm with a precision of 0.3

nm and operating in transmission mode.
2.3.2 SERS characterisation of microrods

Raman and SERS experiments were performed by means of a Xplora (Horiba) micro-Raman
spectrometer equipped with an excitation wavelength tuned at 532 nm. The laser beam was focused
through a 50x long working distance objective (Olympus, numerical aperture (NA) 0.5) on the side
of microrods in a 5 um large spot. The Raman backscattered light was collected through the same
objective, analysed by a 1200 grooves/mm grating and acquired by an Andor Peltier cooled charge
coupled device (CCD) detector embedded in the spectrometer. Laser power on the sample and
spectral acquisition time were fixed at 110 pW and 10 s, respectively. Spectral reproducibility was
confirmed acquiring different SERS maps (90 pum x 40 pm, step 10 pum) on different microrod
positions. SERS activity of the ion-exchanged microrods was tested and confirmed by using 4-
Methylbenzenethiol (4-MBT) as probe. The post annealed microrods were immersed for 2 hin a 10°
* M ethanol solution of 4-MBT before SERS detection. For comparison, a non-plasmonic Ag planar

film soaked in a 10 M ethanol solution of 4-MBT for 2 h was considered.
2.3.3 Morphological characterisation by atomic force microscopy (AFM)
The morphology of the Ag-loaded soda-lime glass microrods was investigated by using AFM
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technique. A JPK Nanowizard Il Sense scanning probe microscopy (Bruker) working in AFM
mode (maximum z-scan size 15 pum) was used. Single-beam uncoated silicon cantilever (uMash
HQ:NSC15 Cr-Au BS, tip radius 7<R<10 nm) was used in tapping mode, with drive frequency
between 250 and 300 kHz, and scan rate of 0.5 Hz. The acquired images were processed by using
JPK SPM software, while ImageJ Particles Analyzer tool [50] was used in order to estimate the

AgNPs size distribution along the microrod surface.
2.3.4 Fluorescence measurements of the DNA-hybridization-based bioassay

In order to verify the immobilisation of the MBs onto the microrods and the consequent
interaction with the target sequences, fluorescence measurements of the microrods after every
single step were performed using a fluorescence microscope (Zeiss AXIO Observer.Z1 inverted
fluorescence microscope with a Colibri.2 light source). The microscope is equipped with a light
emitting diode (LED) at 625 nm for the excitation of the ATTO647N and it was used to monitor the
open and closed forms of the MB. In order to optimise the signal-to-noise ratio during the
measurement acquisition, the LED source output power was kept at the maximum level and the

integration time was set at 2 s.
2.4 DNA-hybridization-based bioassay for SERS and fluorescence test

Among several already published MB sequences for survivin [51-53], the selected one was
chosen for its better performances in terms of folding properties and greater reactivity with the
target sequence [43]. Additionally, the MB sequence was customized in order to have a modified
Thymine (dT) base carrying a Cg chain near the 3” end. The C6 chain ends with a thiol group (-SH)

assuring the MB attachment to the Ag NPs. MB and target sequences are reported below:
MB: 5'-(ATTO647N)CGACGGAGAAAGGGCTGCCACGXCG(BBQ)-3' X=C6-dT Thio
Target: 5-CCCCTGCCTGGCAGCCCTTTCTCAAGGACC-3'

Additionally, a MB sequence without BBQ was considered to be used in the assignment of the

ATTO647N SERS modes.
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The lyophilized MB and target sequence were resuspended in TE buffer in order to obtain
several aliquots of 100 uM stock solution that were stored at -20 °C. Tests on MB reactivity once
immobilized onto the ion-exchanged microrods were carried out using 1 uM final solutions of both

MB and target, in tris-MgCl, buffer.

Post-annealed microrods were immersed and allowed to interact for 2 h with the MB solution
and subsequently washed with tris-MgCl, buffer for the removal of non-interacted MB onto the Ag-
NP of the microrod surface. Only for the case of SERS measurements, the microrods were then
immersed in distilled water for removing salt residues, and finally dried in air at room temperature.
After the spectroscopic characterisation, the microrods functionalized with MB were incubated for
2 h in the target sequence solutions (hereinafter, MB+T), washed and dried as previously, and the
optical measurements were performed again. All the reactions and measurements were carried out
at room temperature.

A scheme of the interaction between the MB and its target is represented in Fig. 2. The scheme is

the same for both fluorescence and SERS configurations.

Molecular
beacon Q:Q-;@ 'Q%
’é?:? % ‘1 Target w Ag NPs) ‘5
| | A |

~
Fluorescence OFF - SERS ON Fluorescence ON - SERS OFF

Fig. 2 Reaction scheme of the interaction between the MB and its target onto the microrod, both in

fluorescence and SERS configurations.
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3. Results and discussion

3.1 Optical characterisation

3.1.1 Dark-line and absorption spectroscopy of SLGW

According to optical characterisation, the SLGW1 supported 28 modes at the excitation wavelength
of 635 nm. The measured effective indices ranged from 1.5128 (+ 1 x 10™) to 1.5919 (+ 1 x 10™).
The value of the measured bulk refractive index (np) was 1.5121 (£ 2 x 10™). By applying the
inverse WKB method, it was possible to reconstruct the refractive index profile as reported in Fig.
3. A Gaussian refractive index profile was selected, since it was the one which produced the best fit
among the tested profiles [54]. As a result, the diffusion depth d,,, defined as the depth at which the
refractive index change is 1/e of that present at the surface, was assessed to be 16 um and the

refractive index change An at the surface was close to 0.08.
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Fig. 3 The refractive index profile of the ion-exchanged SLGW1 obtained applying the inverse WKB

method on the measured mode effective indices supported by the guiding structure. The blue points are the
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experimental data, while the red line is the best fit obtained with Gaussian function applying the inverse
WKB method. In the inset, the values of the diffusion depth of the waveguide (d,), the surface refractive
index of the waveguide (ns), the refractive index change (An = ns—n,) and the graded refractive index profile

of the waveguide (n,,) are reported.

From this analysis, the diffusion coefficient of the silver ions (Dag"), at a given process temperature
(T = 390 °C), has been assessed by inverting the formula dy = (Dag"-t)%, where t is the duration of
the ion-exchange process and d,, is the diffusion depth. Moreover, the previous relationship allowed
to calculate the duration of an ad hoc diffusive thermal process capable of loading the glass fibre
with silver ions across its whole diameter. The reason behind this choice lies in the fact that, in the
absence of non-exchanged regions for the glass fibre, the formation of silver nanoparticles can also
be favoured at the surface of the same fibre during the subsequent thermal annealing step. In this
case, the new ion-exchange time can be calculated by t, = (d; / dw)® t; Where, considering the
symmetry of the fibre, df= 65 um, d, = 16 pm and t; = 15 min. In such a way, the ion-exchange
time t, turns out to approximately be 4.16 h. Compared to this value, a slightly longer ion-exchange
time, equal to 4.5 h, was selected to further ensure the presence of silver ions throughout the entire
thickness of the fibre. The new time value was thus used in the case of ion-exchange planar sample
SLGW?2 for the related spectroscopic characterisation.

For what concerns the absorption measurements, spectra were recorded for samples annealed at
different temperature and time values (see Supplementary Information, Table S1). As shown in Fig.
4, by fixing the annealing time (t;nn = 45 min) and increasing the temperature, a 420 nm band
gradually appeared (SLGW3 at T = 500 °C), becoming more intense and narrow at higher
temperature (SLGW4 at T = 550 °C), revealing the formation of plasmonic structures. On the other
hand, fixing the temperature at a certain value close to the glass transition temperature (T = 550 °C),
with ever longer annealing time (from 45 min — SLGW4 — to 3 h — SLGWS5) the plasmon peak

intensity increased while the related band progressively broadened (Fig. 4 inset). This suggested an
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increase of the silver nanoparticles size or density. For comparison, the absorbance spectrum of the
bulk glass and that of the ion-exchanged specimen SLGW?2 are also reported. This sample did not
exhibit any absorption band around 400 nm, proving that in this specimen the ion-exchange process
did not induce the formation of metallic silver nanoparticles. Only an increase in the absorbance of
the ion-exchanged sample was observed in a region of the spectrum below the wavelength of 370
nm probably due to the formation of small silver clusters. All these results are in full agreement

with those reported in literature [30].
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Fig. 4 Absorption spectra of the SLGW samples obtained by fixing the thermal annealing time (ty, = 45
min) and changing the annealing temperature (from 500 up to 550 °C). An increase in absorbance intensity,
accompanied by a narrowing of the absorption band around the wavelength of 420 nm, is clearly visible as a

proof of the silver nanoparticles formation. The inset shows the absorbance peak behaviour changing the
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annealing time at a fixed process temperature of 550 °C. For comparison, the absorption spectra of the bulk
sample and of the not annealed ion-exchanged SLGW?2 sample are also reported.

3.1.2 Morphological characterisation of ion-exchanged microrods by AFM

Heights and widths of the silver nanoparticles produced on the soda-lime surface of the microrods
were measured by AFM. Figure 5a displays the topographic reconstruction of a 2 pum x 2 um area
of the microrod lateral surface (the selected treatments of which follow the scheme of SLGW4). A
dense and highly packed distribution of nanoparticles is observed, with diameters ranging from few
tens of nanometers to 200 nm, and a mean value of 102.4 + 40.4 nm, calculated by fitting the size
distribution with a Gaussian profile (Fig. 5b). By focusing the scan on a smaller area (500 nm x 500
nm), the previous values were confirmed by analyzing the cross-section of topographic AFM
images (Fig. 5c-d). The measured apparent widths (Wmeas) Were corrected for the tip-induced
broadening in the image plane, providing the real widths (wq), according to the equation:

w =2(@2Rh-h)?

meas  Wreal

where h is the measured object height and R the AFM tip radius [55].
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Fig. 5 Topographic AFM reconstruction of a 2 um x 2 um area on the side of Ag loaded microrod (the
selected treatments of which follow the scheme of SLGW4) (a). The image was processed with ImageJ
Particles Analyzer in order to calculate the Ag NPs diameter distribution (b), well fitted by a Gaussian curve
(black line). (c) AFM image of a 500 nm x 500 nm area of microrod sample used for calculating height and

diameter of Ag NPs by cross-section analysis (d).

As already mentioned, the selected procedure for this microrod preparation followed the SLGW4
steps, since this treatment offered an optimal balance between spatial and size distribution of the Ag
NPs on the microrod, which was not the case of microrods as obtained at lower T, (as in SLGW3).
Moreover, the SLGW4 treatment scheme offered suitable structural integrity to the microrods,
which conversely declined after long annealing times (as in SLGWS5).

3.1.3 Characterisation of the SERS activity

The top panel of Fig. 6 shows the comparison between the SERS spectrum of 4-MBT, obtained as
the average of 50 spectra acquired from different positions of post-annealed microrod, and the
spectrum obtained from an untreated microrod, immersed in the identical 4-MBT solution.

The SERS activity of the Ag nanoparticles on the surface of the ion-exchanged microrod is
revealed by the presence of well-defined peaks of 4-MBT (1078, 1592 cm™) while only a
fluorescence background is present in the untreated microrod. The spectrum reported in Fig. 6 was
used for the calculation of the SERS gain, defined as the boost of the Raman signal due to the
presence of the plasmon active NPs, by comparing the intensity of selected modes (peaked at 1078
and 1592 cm™) with the analogues acquired by a non-plasmonic Ag planar film soaked in 4-MBT
solution (black curve in Fig. 6, bottom panel) [21, 55, 56]. The calculation of the SERS gain, given
by the lIsgrs/lraman ratio normalized to the 4-MBT concentration values used in SERS and Raman
measurements, provides a value of 7 x 10*. This value has to be considered as a lower bound
estimation of the real gain since it doesn’t take into account the effective SERS active surface of the

hot-spots.
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Fig. 6 SERS spectrum of 4-MBT (red line) collected on the side of a post-annealed microrod. The spectrum
is the average of more than 50 spectra from different positions. Standard deviation of SERS intensities is less
than 10%, and their variability is included in the area enclosed between the two dashed SERS spectra. No
SERS modes of 4-MBT emerged from the analysis of an untreated microrod (blue line). Conversely, weak
but characteristic Raman modes of 4-MBT can be observed from a planar non-plasmonic Ag film (black

line).

3.1.4 SERS/fluorescence-based DNA-hybridization bioassay
Once demonstrated the SERS activity of the ion-exchanged microrod, a molecular beacon (MB)
immobilization was carried out on the post-annealed microrod in order to test its suitability as
substrate for the detection of specific oligonucleotidic sequences.

More than 100 SERS spectra were collected in random positions along the microrod surface after
MB immobilization, and the average spectrum is reported in Fig. 7 (red line). SERS measurements
were repeated after interaction of the MB with its specific target (hereinafter, MB+T) and their

average is reported in Fig. 7 (blue line) in comparison with the spectrum of a bare post-annealed
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microrod considered as background signal (black line).
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Fig.7 SERS spectra of MB on post-annealed microrod before (red line) and after the interaction with the
target sequence (blue line). SERS vibrations of ATTO647N fluorophore and BBQ are highlighted by dashed
lines and black arrows, respectively. The spectra are compared with the background signal from a post-

annealed bare microrod (black line). All the spectra are acquired at the same experimental conditions.

According with previous literature [55, 57], spectra reported in Fig. 7 were subjected to multi-peak
fitting with Lorentzian curves, in order to discriminate the SERS modes of DNA, ATTO647N and
BB Quencher (see Supplementary Information, Fig. S1). The ATTO647N SERS modes were
assigned after measuring the SERS profile of an MB containing the fluorophore but not the BBQ, to
avoid overlapping of vibrational bands (as reported in Supplementary Information, Fig. S2). The

complete assignment of the bands is summarised in Table 1.
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Table 1. Tentative SERS bands assignment of MB+T

Raman shift Tentative assignment Ref.
(cm™)
812 Backbone, N-O-P-O-N sym stretch | [58]
1048 Ribose, N-sugar stretch [59, 60]
1076 BBQ [61]
1108
1153 BBQ [61]
1165 BBQ [61]
1190 ATTO647N this study
1210 ATTO647N this study
1240 ATTO647N this study
1258 A, C, ring [58, 59, 62]
1274 ATTO647N, BBQ this study, [61]
1301 ATTO647N, BBQ this study, [61]
1320 ATTO647N, BBQ, A, G this study, [59, 61]
1340 ATTO647N, BBQ this study, [61]
1362 A, ring [58, 60]
1381 BBQ [61]
1417 BBQ [61]
1427 ATTO647N this study
1447 ATTO647N, A, G this study, [58, 59]
1455 ATTO647N this study
1488 ATTOG647N, Ribose C,-H, def this study, [58, 59]
1541 ATTO647N this study
1572 BBQ [61]
1600 ATTOB647N this study
1631 ATTO647N, C (C=0 stretch), BBQ | this study, [58, 59, 61, 63]

A: adenine; T: thymine; C: Cytosine; G: Guanine

The SERS modes of the ATTO647N and BBQ are highlighted in Fig. 7 by vertical dashed lines and

black arrows, respectively. As expected by the complexity of the analysed sample, the SERS

spectra of MB and MB+T show a dense distribution of superimposed vibrations in the 1100-1700

cm region. Despite this complexity, a clear trend can be observed in the intensity variation of these

modes when the oligonucleotide chain of the MB interacts with the target sequence. Following

hybridization and subsequent elongation of the DNA chain, the increased distance between

ATTO647N and the Ag NPs hot-spots on the microrod surface is induced, thus leading to an abrupt

intensity decrease of the fluorophore SERS bands. On the contrary, the band peaked at 812 cm™ of

the double-helix backbone [64] visibly increases, confirming the MB/target interaction.
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Fluorescence measurements performed on the microrods evidenced fluorescence emission
changes occurring after every single step of the microrod treatment. As showed in Fig. 8, the glass
itself changed its autofluorescence after ion-exchange and annealing: 123.03 + 8.52, 179.16 +
16.00, 74.61 = 4.05 (not-treated microrod, ion-exchanged microrod, post-annealed microrod,
respectively) as a consequence of the substitution of Na* by Ag* followed by its reduction to metal
ions (Ag°). Anyhow, the autofluorescence constitutes only a low intensity background, and the
fluorescence increases of almost one order of magnitude when MB is immobilised (907.23 +
170.06), becoming even higher after the interaction of the MB with its target sequence (1906.02 +

52.11).
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Fig. 8 The histogram shows the fluorescence intensity signal of the microrod at different treatment stages:
not treated, after the ion-exchange process, after the annealing, with the MB immobilized onto the surface
and after the hybridization of the MB with its specific target. In correspondence of the bars related to MB

and MB + T, insets of the fluorescence images taken with the microscope are shown.

4. Conclusions and perspectives

The aim of this work was the realisation of a glass microrod-based SERS active substrate, which
takes advantage of bearing stable embedded silver nanoparticles produced via ion-exchange and
thermal annealing processes. In order to verify the SERS activity of the used substrate, a molecular
beacon (specifically for survivin) was immobilised onto the substrate as bioreceptor for its specific
oligonucleotidic target sequence. Moreover, tandem fluorescence monitoring was conducted to

support SERS findings.
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An ion-exchange time of 4.5 h and a furnace temperature of 390 °C were selected as preferred
parameters for optimal substrate fabrication. This allowed to generate a silver ion distribution across
the whole glass thickness avoiding any further necessity of chemical etching step, which requires
special precautions for the safety of the operator. Afterwards, an annealing process conducted at
550 °C for 45 min triggered the reduction of silver in the form of nanoparticles. AFM
measurements confirmed the presence of NPs onto the substrate surface, which were dense, highly
packed distributed and with a size of 102.4 + 40.4 nm. The performance of the SERS-active
microrod was initially verified by 4-MBT detection, resulting in a SERS gain of 7 x 10%. The
possibility of using this kind of microrods for biosensing application was then demonstrated by
immobilising a survivin-specific ATTO647N-labelled MB. SERS spectra of the MB alone
compared to those collected after target addition evidenced a successful bioreceptor immobilisation
and target binding according to the on/off mechanism as a consequence of the increase in the
distance of the fluorophore label from the silver nanoiparticles and a concurrent increase of a
double-helix backbone vibrational mode. Fluorescence measurements performed on the same
microrods confirmed MB immobilisation and target interaction on the surface of the microrods
according to an increase in fluorescence intensity. Therefore, unlike what has been reported in the
literature so far, where the operating principle of ion exchanged-based SERS active substrates is
demonstrated through the detection of a simple aromatic molecule, here their effective potential as
DNA biosensors is operatively proved for the first time.

The encouraging results obtained in this work are preparatory to the development of effective
hybrid optical fibres featuring an integration between a multimode silica fibre and a soft-glass
microrod as a long-lasting and low-cost alternative to those realized by sophisticated and expensive

lithographic processes (i.e.: EBL, NIL and NSL).
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