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In this study, a novel SERS sensor has been developed for repeatable detection of organic molecules and biological assays.
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Vertically oriented Titania nanotubes arrays (TiO, NT) were grown by ultra-fast anodic oxidation of flexible titanium foils

and then decorated with Ag nanoparticles (NPs) through d.c. sputtering deposition at room temperature. A parametric study
was carried out taking into account the effect of sputtering parameters on the Ag NPs arrangements onto NTs surface. The
structure morphology was investigated by means of scanning and transmission electron microscopies, evidencing the
formation of hexagonal close-packed TiO, NTs coated with Ag nanoparticles showing tunable diameter and distribution.
The substrates were employed into a SERS optofluidic device, consisting in a polydimethylsiloxane cover irreversibly
sealed to the silvered TiO, NTs, able to detect Rhodamine molecules in ethanol over a wide range of concentrations down to
10™ M, taking advantage of both electromagnetic and chemical enhancements. In order to evaluate the performances of the
SERS substrates in terms of biosensing, an optimized protocol for the immobilization of oligonucleotide probes on the
metal-dielectric surfaces was developed for verifying the hybridization events.

Introduction

Surface-enhanced Raman Spectroscopy (SERS) is a label-free
detection method able to provide high sensitivity offering
remarkable potential for biomolecular and chemical sensing.1'3
Typical SERS active substrates are constituted by noble metals (Au,
Ag, Cu, Pt) in the form of roughened surfaces, nanoparticle
aggregates or arrayed elements.*® From the application point of
view, sensitivity, stability and reproducibility are key issues for SERS
substrates. In order to optimize these features, the physical
phenomena underlying SERS effect should be taken into account.
SERS the

electromagnetic (EM) enhancement linked to surface plasmon

There are two contribution to enhancement:

resonances and the so-called chemical enhancement due to charge
transfer (CT) mechanisms. The former arises from the interaction of
the exciting laser wavelength with the metal conduction band
electrons in terms of localized surface plasmon excitation, leading
to strong electromagnetic near fields associated to hot spots among
adjacent metal surfaces. When these fields interact with a molecule

adsorbed onto the metal surface hot spot, huge enhancements can
be observed in the collected Raman signal.9 The latter can be
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attributed to charge transfer induced by the molecule-metal
interaction: in certain favorable energetic conditions electrons can
be transferred between the molecule and the metal, involving a
vibrational level of the adsorbed analyte yielding a moderate
Raman enhancement.’®™ The synergy of electromagnetic and
chemical enhancement can make SERS a sensitive technique
detection individual

vibrational from

12,13

allowing spectra
molecules.
In addition to noble metals, semiconductors and transition metal-
oxides have emerged as potential SERS-active substrates. In
particular, GaP nanoparticles (NPs)lS, InAs/GaAs quantum dots’®, si
and Ge nanowires/nanotubes”’ are representative examples of
SERS substrates based on semiconductor nanostructures, while ZnO
Nio¥, Cuzo20 and Ti0221 flat surfaces and

nanostructures exhibited SERS effects on the metal-oxide side,

nanocrystals'®,
showing noticeable SERS effect in absence of plasmonic
enhancement, taking advantage of CT mechanisms? or total
internal reflection/multiple light scattering.23

Combining metal-oxide nanostructures (such as TiO,
nanotubes, NTs) and Ag/Au NPs it is possible to obtain a
synergic effect of EM and CT enhancements (see Figure 1),
exploiting also the high surface area to increase the amount of
adsorbed molecules. Recently, following this concept several
composites were investigated as SERS active substrate, such as
ZnO/Si arrays decorated by Au nanoparticles24 Au coated ZnO
nanorods,25 Ag decorated ZnO nanorodsZG, Au coated ZnO
nanowires”’, Ag decorated porous AI20328, TiO, nanofibers
decorated by Ag nanoparticleszg, TiO,-coated  silver
nanowire®®, Au coated TiO, nanotubes (NTs)31 and Ag
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decorated TiO, nanorods and nanopore arrays32 showing
superior SERS capability and interesting smart properties such
as photocatalytic degradation of probe molecule aimed to
recycle the substrate.

Figure 1. 3D scheme of the synergic effect of electromagnetic and chemical
enhancement obtainable coupling a TiO2 metal-oxide nanostructure with Ag
nanoparticles.

In this work, we discuss an easy and low cost method for the
fabrication of SERS active substrates based on TiO, NTs
decorated with Ag NPs, showing very low Limit of Detection
(LOD) on Rhodamine 6G used as a probe molecule. Differently
from the metal-dielectric nanostructures before cited, we
present and discuss microfluidic devices integrating such kind
of SERS-active substrates. The devices can be mounted on a
microscope stage of a Raman spectrophotometer operating in
backscattering configuration. Finally, in order to evaluate the
performances of silvered TiO, SERS substrates in terms of
biosensing, an optimized protocol for the immobilization of
oligonucleotides probes on the metal-dielectric surfaces is
developed, reporting the Raman detection of a model
alkylthiol-capped DNA oligo strand and the hybridization of its
complementary sequence.

Experimental
TiO, nanotubes growth and decoration with Ag nanoparticles.

Titania nanotube arrays were grown by an anodic oxidation of
Ti foil (125um thick, 99.6% purity, Goodfellow) in an
electrolytic solution made of 0.5 wt% NH,F (98%, Sigma
Aldrich) and 2.5 wt% deionized water in ethylene glycol
(99.5%, Sigma Aldrich). The process has been described in
details elsewhere.?*** Briefly the anodization was performed
in potentiostatic configuration applying 60 V for 10 min in a
two-electrode electrochemical cell under continuous stirring in
ambient environment. The sample were then annealed at
450°C for 1 hour in air to crystallized them into anatase phase
(since the as grown NTs are amorphousss).

Ag nanoparticles were deposited by d.c. sputtering at room
temperature in  Ar atmosphere (Q150T-ES, Quorun
Technologies) using a sputtering current of 40 mA for times
ranging between 30 and 90 seconds.

2| J. Name., 2012, 00, 1-3

Fabrication of the optofluidic device.

Patterned NTs were fabricated by easy tape lithography
followed by anodic oxidation and Ag sputtering deposition for
30 second (optimized sample). Polyimide adhesive tape was
manually aligned and bonded to the clean Ti foil in order
protect the Ti surface from oxidation outside from the desired
geometry (NTs growing area equal to 10 x 0.2 mmz). Figure
Slain the ESI clearly depicts the patterning process.
Concerning the fabrication of the microfluidic device, the
PDMS mixture (10:1 oligomer:curing agent ratio) was casted
into a dedicated mold with a straight microchannel (10 mm
long x 0.3 mm wide x 0.05 mm thick) connected to two pillars
(resulting in inlet and outlet wells in the replica). The
microfluidic element was manually aligned and bonded onto
patterned Ag/TiO, NTs substrate by means of the “stamp and
stick” bonding.36 In detail, a thin layer of PDMS mixture was
spun on a glass slice and then selectively transferred to the
microfluidic chip using a stamping process. The chip was then
bonded to the PDMS substrate by thermal treatment at 70°C
for 30 min.

Characterization.

Optical reflectance of the Ag-coated TiO, NTs membrane was
measured by a PerkinElImer LAMBDA 35 spectrophotometer in
the wavelengths range 300-900 nm.

Scanning electron microscopy images of silvered TiO, samples
were obtained using a Zeiss SUPRA 40 Field Emission Electron
Microscope (FESEM).

The sample for the Transmission Electron Microscopy (TEM)
characterization has been prepared in cross-section via a
standard lift out technique, by using a Focused lon Beam (FIB,
Zeiss Dual Beam Auriga) operated at 30kV. A final cleaning step
using a FIB voltage of 2kV was also performed. TEM
investigation was carried out with a FEI TECNAI F20ST
microscope, equipped with an high angle anular dark field
(HAADF) detector and with an EDAX SUTW Si-Li X-ray detector,
operating at 200 KV, in scanning transmission electron
microscopy (STEM) mode.

Raman spectra of Rhodamine 6G (R6G, diluted in ethanol at
several molar concentrations) spotted on the SERS substrates
were obtained by means of a Renishaw inVia Reflex micro-
Raman spectrophotometer equipped with a cooled CCD
camera. Samples were excited with an Ar-Kr laser source
(wavelengths of 514.5 nm) through a microscope objective,
providing a photon flux lower than 60 W/cm?. The spectral
resolution and integration time were 3 cm™ and 15 s
respectively. The presented Raman spectra were obtained
after the subtraction of the baseline represented by the dye
fluorescence.

The effect of Ag sputtering on TiO, NTs samples, at different
deposition times, was investigated by Contact Angle
measurements with an OCAH200 instrument (DataPhysics
Instruments GmbH) equipped with a CCD camera and an
automatic dosing system for the liquid. Deionized water, MilliQ
grade (H,0) was used (droplet volume =1.5 pL) for analysis, in
ambient conditions, according to the sessile droplet method in

This journal is © The Royal Society of Chemistry 20xx
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static mode. After acquisition of images, drop profiles were
extracted and contact angles were calculated using the SCA20
software. For each kind of sample (three for each deposition
time), three drops were dispensed at three different positions
on the surface and the average value and standard deviation
was obtained from the software.

Biological protocol implementation

In order to develop a label-free-biosensing protocol by means
of this new TiO, substrate, self-assembled monolayers of 5’-
alkylthiol-capped DNA oligo strands on silver nanoparticles
were prepared and used to detect a complementary RNA
sequence. To simplify the experiment, two model oligos have
been purchased (Sigma Aldrich): SH-C6-AAAAAA (the
alkylthiol-capped DNA oligo strand, PolyA-SH), and UUUUUUU
(the complementary RNA sequence, PolyU).

First of all, the PolyA-SH was reduced with DL-dithiothreitol
(Sigma Aldrich), purified with IllustraMicroSpin G-25 columns
(GE Healthcare) and diluted in TE-tween (10 mMTris, 1 mM
EDTA, 0.05 % tween20™, pH 7.5) to 100 puM. The PolyA-SH was
then spotted (5 pL) on SERS substrates and incubated
overnight at room temperature. Negative controls were as
well incubated overnight in TE-tween without the PolyA-SH.
After overnight incubation, the samples were washed thrice in
TE-tween to remove non-specific binding. Afterwards, the
PolyU, HPLC-purified by the vendor, was diluted in SSC 4x
(Saline Sodium Citrate, 60 mM trisodium citrate, 600 mM NacCl,
0.1 % SDS, pH 7.5) to 100 uM, spotted on substrates (all the
samples but the PolyA-SH controls), and incubated overnight
to allow the hybridization. The samples were then washed
thrice in SSC 1x (15 mM trisodium citrate, 150 mM NacCl, pH
7.5) to remove non-specific binding, and once in MilliQ water.
The samples were then analyzed by SERS analysis.

Results and discussion
TiO, nanotubes grown and decoration with Ag nanoparticles.

Figure 2 shows the FESEM top view and cross section images
of titania nanotubes after the electrochemical growth. The

als Chemistry

ARTICLE

length of TiO, NTs is 3.8 um (Fig 2 a,b). The hexagonal close-
packed TiO, NTs array (fig. 2c) is clearly visible, while the
enlargement of the thickness of the pore walls toward the
pore bottom has been evidenced in previous works.>”*®

Figure 2. FESEM micrographs of the anodically grown TiO, NTs: cross-section (a, b) and

top view (c). The inset in panel a) show a digital photographs of the annealed sample.

Figure 3 displays the morphology of Ag-TiO, NTs after
different d.c. sputtering time (tspyt). Compared with Figure 2,
the surface of the samples is covered with silver nanoparticles
on the top of titania nanotubes walls. Actually, despite of the
regular distribution of TiO, NTs, the Ag synthesized particles
do not consist of regular arrays. An analysis of FESEM images
was performed by a self-made routine running on the
MATLAB (The Mathworks Inc, Natick, MA, USA) platform in
which SEM micrographs were partitioned into subimages and
then segmented using an adaptive threshold. Each NP was
approximated by a circular ‘equivalent particle’ having the
same planar area. Following such a procedure, the particle sizes
can be expressed in terms of the diameters of equivalent
circular particles.

Figure 3.3D schemes and FESEM images of the TiO, NT array decorated with Ag NPs by increasing the sputtering time: 30 s (a), 60s (b), 90 s (c).

This journal is © The Royal Society of Chemistry 20xx
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We find that increasing the sputtering time, the average size of
silver nanoparticles grows from 63+15 nm at tspyr= 30s (Figure
3a) to 99+10 nm at tgpyt= 60s (Figure 3b). For longer
sputtering time (tspyt= 90s), silver nanoparticles coalesce
among them creating interconnected clusters covering the top-
side of Ag-TiO, NTs as shown in Figure 2c.

The inset images in Figure 2 show the cross sections of Ag-
TiO, NTs in which small NPs are clearly visible inside the
inner walls of NTs (more evidenced by the TEM analysis
discussed below).
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Figure 4. Optical spectra (a) and wetting properties (b) of TiO,NTs with and without Ag
nanoparticles grown with several sputtering time.

Specular reflectance measurements have been performed on
the samples characterized by FESEM in order to analyse the
optical response of TiO, nanotubes decorated by Ag NPs with
different morphology (i.e. sputtering times). Figure 4a shows
the optical spectra. The bare TiO, nanotubes exhibit the typical
TiO, spectrum due to the absorption edge assigned to the
intrinsic transition from the valence band (VB) to the
conduction band (CB) located at around 390 nm.*

Journal Name

The spectra of TiO,NTs coated with Ag nanoparticles show the
appearance of dips corresponding to plasmon resonances
attributed to enhanced absorption/scattering processes. For
all the samples synthesized with different sputtering time it is
possible to observe a specific dip around 310-320 nm due to
the Ag bulk plasmon resonance,® while additional dips located
in UV-visible wavelength range can be ascribed to either
localized surface plasmons (LSP) coupled to individual particles
or yielded by interparticles short-range interactions.

By increasing the sputtering time it is possible to observe a
spectral blue-shift and narrowing of the plasmonic resonances.
Theoretical and experimental analysis previously conducted on
other substrates decorated by Ag/Au nanoparticles evidence a
spectral shift of the plasmon resonances by changing the inter-
particle gap and the average particle size. Indeed, the main
plasmon resonance is subjected to a spectral blue-shift by
increasing the inter-particle nano gap, while fixing the gap, the
increase of the particle size induces a red-shift.*!

In the present set of samples it is difficult to distinguish the
contribution of nanoparticle size and inter-particle gaps since
both are affected by the sputtering time; moreover larger
sputtering time yields a marked nanoparticles coalescence. In
particular, the sample subjected to 30 seconds of Ag sputtering
shows a broad resonance within the range of 360-500 nm. Such
a broad resonance could be ascribed to the distribution of NPs
size and of the inter-particle gap.

Actually, the surface morphology observed by FESEM for the
sample with the lower sputtering time (see Figure 3a) shows
nanoparticles with size in the range 50-80 nm and a multimodal
distribution of inter-particles gap ranging from very small gaps
among adjacent nanoparticles 5-10 nm to larger gaps (20-50
nm) due to the TiO, nanotube inner hole.

5004
500+
400 4
. — 0K
€ 200 3
g — TiK
2004 — AgK
1% W
o
: : - ! . - !
0 10 20 a0 W 50 50

position

Figure 5. TEM images of the cross section of the TiO, NT sample with Ag sputtering time of 60 s. a) cross section, b) detail of the top, c) detail of the bottom, d) EDX line profile of

an Ag particle in the bottom of the sample.
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Moreover, beside the NPs morphology, the effect of the
dielectric substrate (TiO,) on the LSP resonance energies must
be taken into account, since they are subjected to a spectral red
shift by increasing the dielectric constant of the hosting
matrix.*?

Increasing the sputtering time the nanoparticles start to coalesce
on the nanotubes topside leading to interconnected Ag NPs
clusters with increased thickness, weakening the influence of
the dielectric substrate on the optical response of the Ag
nanostructures (see Figure 3b-c). This morphology variation
directly influences the optical reflectance showing a spectral
shrinking as well as a blue-shift of the plasmon resonances
down to 355 nm by increasing the Ag sputtering time up to 90s.
The wettability of TiO, NTs decorated with Ag nanoparticles
was investigated by contact angle (CA) analysis (Figure 4b). The
measured H,0 CA (WCA) increases by increasing the Ag tspyr.
Actually, the bare TiO, NT substrates show a highly hydrophilic
behavior (WCA = 8°). A first abrupt CA increase is observed
after a tgpyr of 30s (WCA = 90°). An increase of surface
hydrophobization (WCA ranging from 110° to 120°) due to
successive growth and coalescence of Ag nanostructures Bis
observed at higher tspyr (60 and 90 s).

Figure 5 reports the TEM characterization of the TiO, NTs
sample with 60s silver sputtering time. The measurements
were performed in STEM imaging mode, by using an high angle
anular dark field (HAADF) detector, to put the Z-contrast in
evidence. In Figure 5a, the cross section of the sample is
shown. Ag nanoparticles, with a random crystalline orientation
(data not shown here), are characterized by sizes in the range
of 5-25 nm, and are observed along all the length of TiO, NTs,
as shown in figures 5a-c. On the top-side, a layer of bigger NPs,
with an average size of 100 nm are evidenced (Figure 5b),
confirming the previously discussed FESEM characterization.
Taking advantage of the Z-contrast enhanced by the HAADF
detector, Ag particles distributed within the titania matrix
(bright vs. dark regions) are well evidenced. In Figure 5d, an
energy dispersive X-ray (EDX) line profile confirms the
composition of a single Ag particle in the bottom of the
sample, demonstrating also the synthesis of the Ag particles
within the TiO, NTs during the sputtering process.

SERS analysis and microfluidic device

The metal-dielectric nanostructures, here discussed, have
been used as efficient SERS substrates for the detection of
organic molecules and oligonucleotides. Indeed, Rhodamine
6G (R6G) diluted in ethanol at concentration ranging within 10°
>M — 10" M has been used as a probe molecule.

Figure 6a shows the Raman spectra of R6G at limit of detection
(LOD) for the silvered TiO, NTs substrates discussed before.

This journal is © The Royal Society of Chemistry 20xx
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The substrate synthesized with tspyr =30s shows a LOD of 10
1\ , While much higher LOD was found for the other
substrates (10’10M for tspyr=60s and 10M for tsput=90s). These
results are coherent with the reflectance spectra shown in
Figure 4a. Actually, the substrate featured by the lowest LOD
(among the lowest found in the literature on Raman detection
of R6G 44’45), is characterized by a broad plasmonic resonance
covering the excitation/Raman emission wavelengths
(excitation at A.=514.5 nm), while the LOD increases as the
plasmonic dip is blue-shifted with respect to Aq,. In summary,
the best results has been obtained for excitation matching
both the plasmonic resonance of the SERS substrate and the
electronic resonance of the analyte (SERRS, Surface Enhanced
Resonant Raman Scattering regime46).

Figure 6b shows SERRS spectra of R6G at several
concentrations adsorbed on Ag-TiO, NT sample synthesized
with Ag deposition time of 30s.

a)
Ag 30s- 10714 M

Ag60s-100" M

Intensity (a.u.)

Ag 90s-108 M

Mw“\«m

T
1400 1600

1

Raman shift (em™

)

Intensity (a.u.)

1075 M

1077 M
10710 v

JM——«—«-—-——M—’LIO' 13 \1

A
400 600 800 1000 1200 1400 1600

Raman shift (cm'l)

Figure 6.Raman spectra of TiO, NTs showing the LOD of R6G for the different Ag
sputtering times (a) and SERS enhancement at different R6G concentration for the

most performing substrate (30 sec) (b).
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The SERRS spectra show the typical modes related with C-C
stretching in the xanthene ring at 1650 cm™, C-C stretching in
the phenyl ring at 1574 em™?, c-C ring stretching in xanthene
ring at 1510cm™ and 1362cm™, hybrid mode regarding NHC,H;
group and aromatic rings at 1310 em™, C-H in-plane bending in
xanthene ring at 1182 cm™, C-H in-plane bending in aromatic
rings at 1127 em™, C=H out-of-plane bending at 773 and C-C in-
plane bending in aromatic rings at 612 em™. At
wavenumbers, three peaks related with anatase crystalline
Titania can be noticed at 639, 518 and 399 cm'l, which
correspond to E;, Bl, and Al;, modes, respectively.47
Moreover, it is worth to underline that the peculiar structure
of these substrates can activate CT phenomena, also
considering surface defects distributed within the TiO, NTs.*®
In our metal-dielectric nanostructures two kinds of CT
processes can be foreseen: i) electron transition from the R6G
HOMO excited to the LUMO by the impinging light and then
injected into TiO, conduction band; ii) electron transition from
the TiO, valence band towards the surface states lying in the
titania gap induced by the exciting light and a successive
electron injection into the LUMO of the adsorbed R6G.*
Raman spectra of R6G incubated in bare TiO, NTs are reported
in Figure S2a. Without the Ag coating R6G at low molar
concentration cannot be detected. However, R6G impregnated
TiO, NTs show a very low fluorescence intensity (see as a
comparison the spectra of R6G on bare crystalline silicon,
Figure S2b). Such a fluorescence quenching can be actually
ascribed to the CT processes discussed before, activating non-
radiative recombinations.

The synergy between CT (before discussed in terms of electron
transitions involving the TiO, surface states/conduction band
vs. the R6G LUMO level) and EM enhancement (ascribed to the
LSP resonances experimentally checked by reflectance
measurements) could justify the lowest LOD obtained in SERRS
compatible with a

low

regime, which s
detection.*®

Microfluidic devices coupled with SERS detection methods
attracted attention for the possibility to integrate a biological

single molecule

or chemical protocol and a very sensitive technique. In
addition to this, microfluidics can solve problems dealing with
a non-uniform molecule distribution (i.e. "coffee ring" effects,
where molecules likely accumulate on the edge of the liquid
droplets ). Actually, a microfluidic circuitry can better confine
the liquid analyte close to the SERS-active area, also during an
evaporation process. Moreover, a microfluidic
platform can be optimized in order to reduce the reagents
volume, decreasing the analysis cost. Finally, optofluidic
devices based on elastomeric matrices such as PDMS, have
also noticeable advantages in their flexibility to conform to the
underlying object as they can be wrapped onto curved
surfaces and can be easily cut into different shapes and sizes.
One of the main issue in coupling a PDMS cover with a
nanostructured surface is related to the substrate wettability.
As discussed above (see Figure 4b) the 30s Ag sputtered
substrate showed a limited hydrophobicity, and consequently
it can take advantages in terms of surface wetting by aqueous
solutions from the physical confinement produced by the
integration into a microfluidic device. For the longer tspyr
samples, a surface wetting control is worthless.

Moreover, since the 30s Ag coated sample correspond to the
most performant SERS substrate, it was chosen for microfluidic
integration.

A PDMS-based microfluidic device was fabricated as described
in the experimental section (see also Figure S1 in ESI) and the
SERS measurements were performed using a long working
distance objective to focus/collect the exciting/scattered light
on the Ag-TiO, NT surface (backscattering configuration).
Figure 7a shows the SERS spectra of R6G injected into the
microfluidic channel on a 30s Ag sputtered TiO, NT substrate.
The device shows a good uniformity of the Raman signal along
the microchannel with a moderate Raman intensity
fluctuation. We calculated a relative standard deviation of the
Raman intensity of 16% over 1 mm of linear scanning
(analyzing the band of C—C stretching in xanthene ring at 1610
cm’, after a baseline subtraction).

eventual
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Figure 7. SERS spectra of R6G at 10°M (a) and peak intensity at 1650 cm™ of R6G along the microfluidic channel (b).
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As a check of the optofluidic device performance,
measured the Raman intensity fluctuation of the 1610 cm™?
band on a free surface of silvered TiO, NTs (without any fluidic
integration), calculating a relative standard deviation of 31%
over the same scanning length. This result can be considered
as a proof of the advantages offered by the microfluidics, in
agreement with uniformity analysis recently published on
other SERS platforms.w52

In order to test the potentiality of the discussed SERS platform,
the immobilization of a model alkylthiol-capped DNA oligo
strand (SH-C6-AAAAAA, PolyA-SH) on silvered TiO, NTs, and
the hybridization of its complementary miRNA sequence
(UUUUUUU, PolyU), is reported.

The first part of the protocol, described in the experimental
section, allows to bind the thiolated termination of PolyA-SH
to the silver nanoparticles at TiO, NTs (sample with ts,=30s
that has the lower LOD for R6G in resonant condition). SERS
spectrum of PolyA-SH chemisorbed on silver nanoparticles is
mainly influenced by the presence of purine and presents
three principal bands (Figure 8) related to C-N stretching at
1329 cm™, C=N stretching at 1464 cm™ and ring stretching of

adenine at 1567 cm™.>**
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Figure 8. SERS spectra ofofpolyA-SH immobilized on Ag np surface and after
hybridization event with polyU. Spectrum of polyU spotted on silver nanoparticles is
shown for comparison. Black lines report the fingerprint of polyU (#), polyA-SH (*) and
complex form (+) present in polyU/PolyA-SH hybridized spectrum.

After the formation of PolyA-SH monolayer and the removal of
unbounded DNA by washing, a PolyU solution was spotted and
incubated to allow the hybridization. A spectrum was collected
after having washed the sample to remove unspecific RNA
bounded. The complex made up by PolyA-SH and PolyU has
typical features related to DNA sequence (1329 cm™, 1567 cm’

This journal is © The Royal Society of Chemistry 20xx
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1), to miRNA strand (1290 cm’l, 1380 cm’l, 1567 cm’l) and to
the change in the orientation and conformation due to
hybridization event (1503 cm™, 1647 cm’l). The bands of PolyU
are dominated by pyrimidine mode at 1290 cm™ (ring
stretching), at 1380 cm™ (C-N stretching), 1567 cm™ (ring
stretching) and by ribose OH group deformation at around
1460 cm™ ***” which disappears when the miRNA-DNA
complex is formed. The peaks at 1503 cm™ and 1647 cm™ in
the hybridization complex can be ascribed to NH, deformation
respectively.53’55 These
features and the presence of polyA-SH and polyU bands

and scissoring modes in adenine,

confirm that the hybridization has taken place.

Conclusions

In summary, Ag NPs were grown by d.c. sputtering on TiO,
nanotube arrays by anodic oxidation of Ti foils. We
investigated the Ag NPs morphology on the TiO, NTs
substrates aimed to optimize the SERS enhancement in the
metal-dielectric nanostructures. The structure characterized by
a plasmonic resonance matching with the excitation showed a
remarkable R6G limit of detection down to 10™* M. Good
homogeneity of the SERS signal was found for the optimized
substrate integrated into a PDMS microfluidic device, with a
low intensity fluctuation along the fluidic microchannel.

Lastly, the biosensing performance of Ag-TiO, NT based
optofluidic device was tested exploiting an optimized protocol
for the oligonucleotides probes immobilization on the metal-
dielectric surfaces, reporting the Raman detection of a model
alkylthiol-capped DNA oligo strand and the hybridization of its
complementary sequence.

The experimental results showed that these substrates are
characterized by high sensitivity and uniformity, which make
them, besides other recently proposed SERS platformsss’sg,

promising for multiple detection of different molecular

species. Moreover they are cost-effective, robust and
adaptable to several different environments and target
analytes.
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A novel SERS optofluidic sensor based on Ag-decorated TiO, nanotubes has been developed for repeatable
detection of organic molecules and biological assays.



