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ABSTRACT In our study, 2D nanopillar arrays with plasmonic

aystal properties are optimized for surface-enhanced Raman .é oo e
Y )3 capture DNA
spectroscopy (SERS) application and tested in a biochemical assay )

A~~~ target DNA

Raman label

Jostie

for the simultaneous detection of multiple genetic leukemia ;
biomarkers. The special fabrication process combining soft litho-

graphy and plasma deposition techniques allows tailoring of the

Polymer pillar

structural and chemical parameters of the crystal surfaces. In this
way, it has been possible to tune the plasmonic resonance spectral
position close to the excitation wavelength of the monochromatic
laser light source in order to maximize the enhancing properties of the substrate. Samples are characterized by scanning electron microscopy and
reflectance measurements and tested for SERS activity using malachite green. Besides, as the developed substrate had been prepared on a simple glass
slide, SERS detection from the support side is also demonstrated. The optimized substrate is functionalized with thiol-modified capture oligonucleotides,
and concentration-dependent signal of the target nucleotide is detected in a sandwich assay with labeled gold nanoparticles. Gold nanoparticles
functionalized with different DNA and various Raman reporters are applied in a microarray-based assay recognizing a disease biomarker (Wilms tumor

gene) and housekeeping gene expressions in the same time on spatially separated microspots. The multiplexing performance of the SERS-based bioassay is

illustrated by distinguishing Raman dyes based on their complex spectral fingerprints.
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(SERS)-based detection of genetic bio-

markers is described to provide not
only high sensitivity and specificity’ but also
a better multiplexing capacity compared to
the conventional clinical analytical methods.2
These properties predestine the SERS tech-
nology to yield innovative biotechnological
applications in various fields of clinical diag-
nostics including cancer diagnosis and
monitoring.3 > The other peculiar feature
of SERS, its extraordinary multiplexing cap-
ability arising from the Raman spectral
fingerprints composed of narrow peaks,
enables the simultaneous monitoring of
numerous genetic markers. Multiplexing

Surface-enhanced Raman spectroscopy
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not only improves the amount of informa-
tion provided by the test probing numerous
disease markers at the same time but also
allows the simultaneous measurement
of internal controls (housekeeping genes)
and by comparison of intensities also the
quantification of expression levels.

A well-known example of an application
where the sensitive and multiplexed bio-
marker detection is needed in the cancer
monitoring field is the assessment of the
status of leukemia patients during/after
chemotherapeutical treatment. Acute mye-
loid leukemia (AML) is the most common
leukemia in adults® with about 36000
newly diagnosed cases registered yearly in

* Address correspondence to
cmorasso@dongnocchi.it.

Received for review July 15, 2014
and accepted October 3, 2014.

Published online October 03, 2014
10.1021/nn503873d

©2014 American Chemical Society

MRATARNTS

WWwWW.acsnano.org

10496



Europe and the U.S.” and about 10370 deaths from
AML estimated for 20132 Minimal residual disease
(MRD) in leukemia refers to a situation when, after
the chemotherapeutic treatment, the patient seems to
reach a complete remission according to conventional,
morphology-based evaluations; however, residual can-
cer cells are still able to proliferate and to cause relapse.
In addition to this, chemotherapeutical treatments
might generate new mutations and lead to the artificial
selection of drug-resistant cells. In fact, the induction
therapy by cytarabine and daunorubicine often used in
the first stage treatment of AML patients was shown to
induce overexpression of multi-drug-resistant proteins
such as P-gp and MRP1,? an important member of the
ABC efflux transporter family.'®"'" Increased cure rates
could be reached especially in elderly patients'? by
performing a continuous follow-up of the chemother-
apeutic response that analyzes the actual level of
minimal residual disease markers during and after
the treatment.'®"* Exploiting the multiplexing capacity
of SERS and microarray-based gene detection, multi-
drug resistance, and minimal residual disease markers
could be monitored simultaneously in a single assay.
The most studied methods for MRD detection use
molecular biological techniques and are based on
real-time quantitative polymerase chain reaction
(RT-PCR) or on flow cytometry. Flow cytometry is able
to perform multiplexing (within the limits of fluores-
cent channels available in the instrument), but the
method is generally less sensitive then RT-PCR. The
latter can reach high sensitivity in the detection of
genetic markers, but the multiplexing capacity of the
method is strongly limited by the spectral overlap
between fluorescent reporters.'®

One of the most studied MRD biomarkers is the
expression level of the WT1 gene mRNA transcript.
WT1 expression is at present evaluated in relation to
the expression of the housekeeping gene ABL and is
strongly dependent on the quantity of cells analyzed to
achieve appropriate levels of sensitivity. The minimum
cutoff level for AML patients (between 50 and 250 WT1
copies/10* ABL copies) is closely associated with the
type of disease and the nature of the biological
samples.’® 2! In addition, for several AML subtypes,
the measurement of WT1 expression must be comple-
mented, according to clinical good practices, by mon-
itoring other MRD markers.

Detection of the extremely low WT1 levels in blood
is still technically challenging, and there is an open
niche for novel analytical solutions in the sensitive, fast,
and parallel quantification of more MRD and drug-
resistant biomarkers, including WT1 and P-gp mRNA
plasma levels.''*

The efficient surface enhancement of the analyte's
Raman signal requires a noble metal surface, usually
nanoparticles (NPs) in suspension or nanostructured solid
substrates.?>>* Both systems have their advantages:
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nanoparticle suspensions are expected to provide a
more homogeneous signal, while solid surfaces are
easy to functionalize and use in a heterogeneous
reaction system. Besides the advantage of high stabi-
lity and facile phase separation, solid substrates can be
patterned with capture molecules, offering the possi-
bility of multiplexing based on the position inside the
microarray. Solid SERS substrates usually profit from
the so-called “hot spot” effect, that is, the extraordinary
enhancement of the Raman signal between closely
situated nanosized elements. This effect can be gen-
erated on simple irregular rough metal surfaces,
but noble metal NPs deposited on various support
materials,?*?> patterns generated by electron- or ion-
beam lithography, gold layer deposited on previously
micropatterned surfaces,?® or silver deposited on sili-
con nanowires?” are also used as SERS substrates.
Ordered 2D arrays of dielectric nanocavities or nano-
pillars embedded in a noble metal matrix are particu-
larly interesting from the sensing point of view.
Incoming light with proper wavelength and polariza-
tion status can be coupled with both delocalized and
localized plasmonic modes supported by these struc-
tures.”® The optical properties of these structures are
strongly geometry-dependent, which allows tuning of
the plasmonic resonance spectral position and regula-
tion of transparency by changing the thickness of the
metal layer, varying the shape, diameter, and distance
of the nanoholes.?® A combination of colloidal litho-
graphic and plasma deposition methods was devel-
oped and optimized earlier to generate nanopillar
arrays for surface plasmon resonance (SPR) applica-
tions.?®3° The ordered polymeric nanopillars em-
bedded in the continuous noble metal film behave as
dielectric discontinuities, similarly to the dielectric
nanocavities of a nanohole array filled with proteins,
water, or a solution.

Here we present the optimization of 2D arrays of
nanopillars embedded in a noble metal matrix for SERS
application and their use for the development of a
SERS-based DNA microarray for the detection of sev-
eral genetic biomarkers obtained by combining the
enhancer properties of the substrate and of functiona-
lized gold nanoparticles (Figure 1). We demonstrate
the multiplexing capacity of this system contempora-
rily detecting minimal residual disease markers, multi-
drug resistance, and housekeeping (control) genes.

RESULTS AND DISCUSSION

Morphological Analysis. Scanning electron micro-
scopic analysis of the 2D microarrays shows hexagon-
ally arranged polymer beads on the surface before lift-
off (Figure 2D) and “hole"-like (less electron-repelling),
hexagonally arranged polymer islands in the gold film
after the lift-off procedure (Figure 2A—C). As it is visible
in the images, the final surface is not a single crystal.
Errors introduced in the self-assembled layer during
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Figure 1. (A) Schematic illustration of the DNA recognition SERS assay based on the use of functionalized nanoparticle
immobilization on the chip surface. Insets: (left) annealing of nonlabeled target DNA with the complementary capture
sequences on the chip surface and on the nanoparticles results in particle immobilization on the surface. Raman label
molecules on the nanoparticles are positioned in hot spots (bright area) generated between the particles and the localized
surface plasmon; annealing of complementary sequences immobilizes nanoparticles on the gold surface. (B) SEM image of
the substrate after the annealing between the sequences conjugated on the surface and on the nanoparticles. Gold
nanoparticles appear as brighter spots and are mainly located around the polymeric pillars. Scale bar corresponds to 500 nm.

Figure 2. Scanning electron micrographs of the 2D crystal
surface prepared with (A) 400 nm, (B) 500 nm, (C) 1000 nm
PS beads after etching, gold deposition, and lift-off, and (D)
400 nm beads after etching, gold deposition, and before lift-
off. Scale bars correspond to 5 um in each image.

the Langmuir—Blodgett deposition of the polystyrene
(PS) beads (for example, because of beads with non-
regular size, Figure 2A) generate a multicrystalline
surface structure. However, the size of these crystal
domains (reaching thousands of microns) is large
enough to provide homogeneous SERS enhancement
as discussed in detail later.

The diameter of the resulting round-shaped “holes
is similar to the distance between their closest points
and approximately one-half of the pitch. Thus, on a
chip with 400 nm pitch, the diameter of the holes is
about 200 nm and about 77% of the surface is gold-
coated.

”

Transparent Support Features and Optimization of the Gold
Thickness. Modeling of the optical behavior of perfo-
rated metal films is mostly available for noble metal
nanohole arrays with a square lattice.”® However,
numerical calculations on the transmission spectrum
of these types of materials suggest that the main
parameters affecting the plasmonic properties are
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the geometrical features (pitch and hole diameter),
film thickness, and composition. In samples prepared
by colloidal lithography, the pitch and hole diameter
are not independent because the size of the beads has
an effect on both features at a given metal thickness. In
our experiments, the optimal pitch of the nanopillar
array was found to be wavelength-dependent at fixed
(150 nm) gold thickness. In the case of 532 and 633 nm
excitation wavelength, the smallest applied pitch,
400 nm, provided the most intense Raman signal with
an enhancement factor up to 10, while the 785 nm
laser gave the best results with the 1000 nm pitch
sample (Figure 3A). Reflectance measurements in air
(Figure 3B) indicated that the 400 nm pitch samples
show a well-defined reflectance minimum at around
660 nm, and 500 nm pitch samples have one deep and
a less strong minimum at around 878 and 557 nm,
respectively. The 1000 nm pitch samples have a broa-
dened spectral curve with three similar local reflec-
tance minima at 590, 700, and 790 nm. It is notable that
the most intense Raman signals are collected when
the reflectance minimum of the substrate lies between
the wavelength of the incoming laser light and the
wavelength of the analyte's fingerprint region. (The
1000—1700 cm™" range in the Raman spectrum of
malachite green corresponds to wavelengths between
675 and 710 nm using a 633 nm laser, Figure 3B.)
Our results are in good agreement with the findings
of Sharma et al.>' who investigated the correlation
between the local surface plasmon resonance position
of broad plasmon resonance silver INRA substrates and
the electromagnetic field enhancement detected in
SERS for these materials. They found that the electro-
magnetic field enhancement contribution is optimal
on this type of substrate when the localized sur-
face plasmon resonance position is situated between
the excitation wavelength and the Raman-scattered
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Figure 3. (A) Malachite green SERS signal intensity (peak area at 1174 1/cm, dried spots) on the chip surface at 400, 500, and
100 nm pitch (blocks in this order from left to right), at 150 nm gold thickness using 532, 633, and 785 nm excitation laser light.
(B) Plasmonic band of the chips with various pitch (solid bold curves, shifted for better visibility, 1000, 500, 400 nm from top
down), fingerprint region of the SERS spectrum of malachite green at 633 nm excitation on chip with 400 nm pitch (narrow
spectrum lines), and position of the 633 nm excitation wavelength (vertical bold line), all in nanometer scale.
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Figure 4. (A) Excitation (red arrow) and detection of scattered light (yellow arrow) from the “air side” (left) and from the
“support side” (right) on the nanopillar array. (B) Malachite green SERS signal intensity (peak area at 1174 1/cm, dried spots)
on the chip surface measured from the air (dark bars) and from the support side (light bars) for 400 nm pitch samples at
633 nm excitation wavelength.

photon wavelength, allowing interaction with both resonance given by the presence of the dielectric
incident and scattered fields, as in the case of our nanocavities in the noble metal film. This allows
400 nm samples used with a 633 nm excitation. “communication” with the other side even in the case

The plasmonic resonance between the 400 nm of relatively thick gold layers. Combination of our
pitch samples and the 633 nm laser light resulted in nanopillar arrays with a transparent support material
the best observed intensity values for more tested (glass) endows them with a unique feature compared
molecules including malachite green, having a spectral to the commercially available (Si-based) substrates
fingerprint region in the 1000—1700 cm™' Raman shift with no possibility for detection from the support side
range (Figure 3B). Thus, 400 nm pitch samples with (Figure 4A). The light gray bars of Figure 4B represent
various gold thicknesses were used to test the effect of the signal of the same samples analyzed earlier from
the thickness of the structure on Raman signal en- the air side but, in this setup, with light arriving to the
hancement. Gradual improvement of the signal was analyte spot through the glass support and the perfo-
registered from the air side (Figure 4B, dark bars) with rated gold layer. The collected signal changes only
increasing gold (and polymer) thickness above 130 nm slightly with the gold thickness and is very similar to
at 633 excitation wavelength. While structures with the signal collected from the air side up to 130 nm.

400 nm pitch and 200 nm gold thickness functioned well, Above 150 nm gold thickness, the “support side” signal
scanning electron microscopy (SEM) images showed in- intensity is less than 25% of the one detected from the
complete bead removal in the case of these samples, air side (Figure 4A), and a significant absolute decrease
resulting from trapping the etched particles in the rela- is observed in the case of the 200 nm samples. At
tively thick metal coating. This effect limits the geometrical this gold thickness, the lift-off process (bead removal)
tunability of the 2D nanopillar arrays generated by colloi- becomes more difficult, resulting also in less reprodu-
dal lithography as the resulting polymer pillars are covered cible enhancement results (not shown). Thus, the
by a gold-coated polymer bead sitting on top of the pillars. effectiveness of the measurements from the support

Nanohole arrays are known to show extraordinary side requires the combination of extraordinary trans-

transmission due to the localized surface plasmonic mission and successful lift-off. The transparent nature
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Figure 5. (A) Schematic structure of the chips with silver and protective gold metal layers. (B) Relative SERS signal intensity of
malachite green (dried spots) on the surface of multi-metal (silver + gold) layer chips with a total metal thickness of 400 nm,
protective gold layer on top (25—400 nm), and 633 nm excitation wavelength.

of the substrate allows detection from the support
side, enabling combination of these surfaces even with
reduced optical transparency microfluidic devices.
Liquid samples (including cell suspensions) can be
analyzed, or microarrays can be scanned by equipment
with arbitrary optical orientation (Figure 4A).

Bimetallic Structures. Optical properties of silver nano-
hole arrays are described to be dependent on the
geometrical parameters similarly to that of gold films.?
Compared to gold, silver is known to be a metal with
lower absorption in the visible range that causes a
longer propagation length of the surface plasmon,
allowing a stronger coupling of the resonance modes.
From a practical point of view, silver is also cheaper but,
at the same time, chemically less resistant than gold. As
oxidation changes the physicochemical surface char-
acteristics of the metal, silver nanomaterials (including
thin films)—despite their excellent enhancer proper-
ties in SERS—without surface protection can hardly
become competitors of gold-based products because
of their inferior stability. Bimetallic Ag—Au nanohole
arrays were reported to provide better enhancement
than pure metals in SPR experiments, and the im-
proved optical properties were correlated to the posi-
tion of the plasmonic bands shifted depending on the
metallic composition.3?

Protecting the chemically sensitive metal surface
with a more resistant metal layer might also solve the
problem of stability.3* For this reason, we tested the
SERS enhancing properties of multilayer metal films
(Figure 5A) in samples with 1000 nm pitch and a total
film thickness of 400 at 633 nm excitation wave-
length. Using 350 nm silver below 50 nm of gold as
the protective layer (87.5% silver in the metal film),
the signal intensity collected from dried spots of
the Raman-active dye (malachite green) has been
roughly doubled compared to that of pure gold
samples (Figure 5B).

The enhancement increases with the silver propor-
tion but decreases below 50 nm gold thickness again,
most likely because of the combined effect of the grain
size in the vapor-deposited gold layer affecting the
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plasmonic properties of the gold and the porosity of
the protective layer that does not allow complete
isolation of the silver from the oxidative atmosphere.

In addition to the improved plasmonic properties,
gold can be easily modified using thiols. Thiolated
oligonucleotides can be used for creating functiona-
lized domains on the chip surface as well as for func-
tionalization of the NPs and thiolated poly(ethylene
glycol) for the passivation of the nonfunctionalized
areas.

Repeatability and Scanning with DuoScan. Homogeneity
of the signal collected from various locations on the
surface has always been a challenging task for SERS
substrates, as the enhancement strongly depends on
the nanometrical features of the materials. We tested
the repeatability of the signal obtained with our struc-
ture by measuring Raman spectra of a monolayer of
malachite green isothiocyanate adsorbed on the gold
surface which performed 36 different acquisitions
distributed on an area of 50 x 50 um of the substrate.
Results (Figure 6, left) show a general good homoge-
neity of the surface with a standard deviation of about
13% calculated on the average signal of the peak
at 1168 cm™".

In order to further increase the repeatability of the
obtained data, we used the DuoScan acquisition mode
developed by Horiba.** Applying this configuration,
the laser spot, instead of being fixed on a single point,
is continuously moved by a combination of scanning
mirrors on an area having a defined shape and size. In
this way, we were able to collect the signal from 36
different contiguous square regions (8 um x 8 um),
thus covering the signal from the entire area of 50 x
50 um? by spatial averaging the spectra. Thus, it has
been possible to obtain a standard deviation of about
4% on the average signal (Figure 6, right) that is crucial
for the reliable detection of the target molecules, but
the average intensity appears to be lower because of
the decreased laser density on the surface.

We relate the higher standard deviation that char-
acterized the traditional acquisition mode to the
fact that the pitch of the substrate is not negligible
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Figure 6. SERS spectra of a monolayer of malachite green isothiocyanate adsorbed on the SERS substrate acquired using the
standard configuration of the microscope (left) and scanning the entire surface using the DuoScan acquisition mode (right).
The solid line is the average of the 36 measurements used for the analysis, and the gray shadow represents the standard
deviation. Insets in the two graphs show the peak at 1168 cm ™" used to calculate the error.

with respect to the dimension of the laser spot. As a
consequence, a different number of polymeric pillars
(and therefore of hot spots) can be illuminated by
the laser depending on the position of the center of
the laser beam relative to the period structure of the
substrate. On the contrary, in DuoScan mode, the
illuminated area is much larger and the number of
analyzed pillars is quite constant, significantly improv-
ing the reproducibility of the results.

DNA Capture: Direct Labeled and Labeled Nanoparticle
Strategy. Conventional DNA microarray techniques use
fluorescently labeled oligonucleotide sequences for
the detection of the captured target DNA. The unde-
sired photobleaching of the organic fluorescent labels
might be avoided by the application of quantum dots:
NPs emitting fluorescent light. Still, this fluorescent
signal can be quenched by other assay components.
The fingerprint analysis of SERS labels offers an alter-
native to fluorescence almost independent from pho-
tobleaching with a high multiplexing capacity using a
single excitation wavelength setup.

Direct labeling of oligonucleotides with Raman-
active dyes often results in low stability products that
are difficult to separate from the unreacted starting
materials. Instead, in our system, oligonucleotides
were coupled to SERS-active particles that were further
functionalized with modified dye molecules: malachite
green, rhodamine, and eosin isothiocyanate.®® The
strong binding of the isothiocyanate to gold results
in a structure where the free surface between the
already attached thiolated oligonucleotide chains be-
comes filled with high Raman cross section molecules
(Figure 1). The particles can be easily separated from
the unreacted organic compound and are stable in the
annealing buffer. Besides the facile preparation meth-
od and stability, the labeled particles provide further
signal enhancement due to a complex mechanism. The
simplest component of this mechanism is the multi-
plication of the number of Raman scattering label
molecules corresponding to one target oligonucleo-
tide. Additionally, the Raman dyes are covalently

PICCIOLINI ET AL.

bound to the surface of the SERS-active NPs, resulting
in optimal configuration for the chemical component
of the enhancement. They occupy ideal positions in
very close proximity to the metal surface to interact
with the localized surface plasmon, and after the
particles are anchored to the chip surface, many of
them appear in the hot spots generated between the
NPs and the nanopillar array. The electromagnetic
component of the enhancement becomes extremely
high at positions close to the border of the holes,
where (according to numerical calculations) the elec-
tromagnetic field distribution creates the highest SERS
enhancement. Figure 1 illustrates the NPs captured on
the gold surface, with an inset depicting a particle
immobilized at the area with strongest electromag-
netic field, creating a hot spot for the SERS detection of
the labeling dye molecules. Figure 1B shows the scan-
ning electron micrograph of the surface with the
captured particles after the annealing reaction and
rinsing with reaction buffer. According to the SEM
image, most of the captured particles are located close
to the polymeric pillars. This allows a 5-fold increase of
the collected SERS signal in comparison to an analo-
gous experiment performed on flat gold (Figure S3 in
Supporting Information).

The relatively small (35—40 nm) DNA-funtionalized
gold NPs exist as a stable suspension in the annealing
buffer, and no significant sedimentation or deposition
of the particles was observed under the conditions
applied.

Microarray Results. The colloidal lithographic tech-
nique enables production of 2D plasmonic crystal
surfaces over a few inches. The standard chips used
in our experiments were about 1 cm x 2 cm, but even
larger (3 cm x 6 cm) chips were fabricated with similar
good homogeneity using the same manufacturing
procedure (Figure S4 in Supporting Information). The
dimensions of these substrates allow the deposition of
microarrays on the chips and the identification of
captured target molecules based on their position in
the microarray. Figure 7 shows the results of a one-step
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annealing experiment at various target (WT1
sequence) concentrations on a chip functionalized
with a pattern of double columns of WT1-specific and
ABL-specific (negative control) capture sequences.
After we mapped the surface using the DuoScan mode

.

<+ &
® @

~

OO0 ®@ @

Figure 7. SERS-mapped image of the chip surface functio-
nalized with WT1 capture oligonucleotide (first two lines in
each frame) and ABL negative control capture oligonucleo-
tide (third and fourth lines in each frame) at 200, 100, and
50 nM concentration of the target WT1 sequence (separate
frames from top down). Circles in the first frame mark the
position of the spots in the first row of the array. Brightness
of the spots corresponds to signal peak (1170 cm™") in-
tensity detected by the Raman microscope.
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of the Raman microscope and visualized the detected
signal intensities as brightness of the scanned pixels,
the images show the presence of the target gene
(bright spots) and the absence of the negative control
(dark areas at the positions of the ABL capture DNA).

The brightness of the spots (corresponding to the
SERS signal collected) is concentration-dependent, and
the aspecific binding observed on spots functionalized
with noncomplementary DNA is very low, practically
equal to the binding on PEG-passivated areas. In a one-
step assay system, where the target DNA has been put
in contact with the functionalized surface (in the same
moment) with the NPs, the detection limit (significantly
higher detected signal than the signal collected from
the passivated background) was found to be around 2
pM (Figure S5 in Supporting Information).

Multiplexing by SERS Fingerprint. Multiplexing on mi-
croarrays is provided by the known position of differ-
ent functionalized domains (capture DNA spots) inside
the array, but the real multiplexing capacity of SERS lies
in the ability to distinguish chemical compounds based
on their Raman fingerprint spectra. Figure 8A shows
the spectral fingerprint of eosin, rhodamine, and ma-
lachite green isothiocyanate covalently bound to
the surface of gold NPs. In a DNA array with domains
covered by three different capture oligonucleotides
(WT1, P-gp, and ABL), particles functionalized with the
corresponding sequences become immobilized on
the specific spots in the presence of the target DNA
strands. Consequently, spots covered by NPs carrying
the malachite green, eosin, or rhodamine label can be
identified by registering the SERS intensity profile of
corresponding spectra (LabSpec6, Horiba Jobin Yvon)
after Raman mapping (Figure 8B).

This assay setup allows quantification of genetic
markers using internal standards or complex mixtures
containing reference (housekeeping) and target genes.

20 O|O O

QIO @
O|0 O

OO O

— 100 um

O|O

Figure 8. (A) SERS spectra of malachite green (green, top), rhodamine 6G (red, middle), and eosin (blue, bottom)
isothiocyanate label on DNA-functionalized gold nanoparticles. (B) Raman maps of DNA microarray with different capture
oligonucleotides: WT1, P-gp, polyA, and ABL, after annealing reaction with the target sequences and the oligonucleotide-
functionalized Raman-labeled NPs. In the map at the top left, the target sequences of all the three genes (WT1, P-gp, ABL) were
present in the incubation buffer. In the maps at the top right and bottom left, the target sequence of ABL and WT1 or P-gp was
present, respectively. In the map at the bottom right, only the target sequence of ABL was present in the incubation buffer.
Domains functionalized by different thiolated sequences can be clearly identified.
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CONCLUSIONS

In contrast to the beam lithographical techniques
that cannot provide enough covered surface area and
acceptably high volume production for practical appli-
cations, cheap and well-reproducible nanopillar arrays
manufactured by colloidal lithography and plasma
deposition on a simple glass slide might become
competitors of the actually available SERS solid sub-
strates usually based on the use of silicon. Indeed, this
plasmonic substrate can be obtained using techniques
that are compatible with large production yields over
large nanostructured areas (up to 6 in.) with state-
of-the-art reproducibility. Moreover, properties of the
2D nanopillar array can be tailored to give optimal
enhancement by tuning to fit the instrument and
assay parameters. In this case, a 400 nm pitch and
200 nm “hole” diameter nanopillar array (with hexago-
nal symmetry) was chosen to match the excitation
wavelength of a HeNe laser (633 nm), which is one of
the cheapest laser sources and one of the most effec-
tive laser lines available for SERS experiments.>® The
favorable Raman enhancing behavior of this structure
can be explained by the intensity and relative position
of the substrate's localized plasmon resonance peak,
the excitation wavelength, and the Raman-scattered
light frequency.

Based on our results, excellent Raman enhancing
properties accompanied by tunability, facile functio-
nalization, and low production cost make nanopillar
arrays promising for bioanalytical applications. The
availability of cheap, reliable, and easy to use SERS
substrates paves the road for development of bio-
analytical tests that can be used in clinical practice.
Among them, our nanopillar array and nanoparticle-
based detection system combined with the concept of

MATERIALS AND METHODS

Chemicals for the substrate preparation and reagents for the
nanoparticle synthesis and functionalization were purchased
from Sigma-Aldrich and used without further purification un-
less it is stated otherwise. Polystyrene beads and isothiocya-
nate-functionalized dye molecules were purchased from Life
Technologies, and thiol-modified (5') oligonucleotides were
from Primm S.r.l. (Milano, Italy).

Manufacturing of the Gold-Embedded Nanopillar Arrays. The nano-
pillar arrays used in this study were prepared on a custom base
by Plasmore S.r.l. according to the method described previously
for the preparation of a similar nanostructure used for SPR
applications.?® Briefly, a monolayer of polystyrene beads ar-
ranged in a 2D hexagonal lattice was deposited on a glass slide
coated with poly(acrylic acid) (ppAA). The samples were etched
by plasma oxygen to reduce the beads' dimension and to
remove uncovered ppAA. Afterward, a gold layer was depos-
ited, and the beads were removed using an ultrasonic bath.

Morphological Evaluation. In order to evaluate morphological
characteristics of the nanopillar arrays, SEM images of the
surface (from the air side) were taken using a Hitachi TM-3000
SEM, at 15 kV acceleration voltage. The polymeric pillars ap-
peared as darker areas, embedded in a brighter background of
the gold film. Moreover, images of substrates which were not
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microspotted DNA arrays and Raman mapping are
capable of providing quantitative information about
expression levels of genes that are considered to be
relevant markers in minimal residual disease monitor-
ing. As proof-of-concept, we tested the capacity of a
SERS-based bioassay for multiple detection of a leuke-
mia marker using the WT1 sequence as the target and
ABL sequence as the housekeeping reference gene.
This heterogeneous reaction system built from a func-
tionalized 2D gold nanopillar array and Raman-dye-
modified gold NPs is able to detect simultaneously
more gene sequences in a specific and sensitive way.

The resulting SERS sandwich assay is characterized
by a detection limit of 2 pM that is very close to the one
that can be reached using electrochemical-based ap-
proaches (in the femtomolar range).” It can benefit
from the ability of detecting multiple target sequences
typical of optical-based approaches and especially of
SERS. These results are made possible by the particular
high enhancement of the signal obtained through the
hot spots given by the coupling of the localized surface
plasmon present on the substrate’® and the one on
gold NPs. This additional enhancement of the Raman
signal intensity allows improvement of the detection
limit with respect to the standard SERS-based assay
usually performed on top of a plain gold slide*® or by
the random aggregation of nanoparticles where the
localization of the Raman dye inside the hot spot is less
efficient.>®

As the developed system is based on glass and
signals that can be acquired through the support, it is
possible that, as a future development, the integration
of this system with microfluidic devices could be of
great interest especially for the detection of multiple
protein biomarkers directly in plasma.*

exposed to the lift-off process showed the presence of nano-
spheres, and in the same way, it was possible to control and verify
the complete removal of PS particles on the surface. SEM images
of the substrate after the annealing with the target sequences
and gold nanoparticles were generated by a FEI-Nova Nanolab
600l microscope operating at 30 kV, available at the Nanobios-
ciences Unit, IHCP, Joint Research Centre, Ispra, Italy.

Optical Characterization. Reflectance measurements were ap-
plied for optical characterization of the chip surfaces. The
measurements were performed with an inverted microscope
(Axiovert 25, Zeiss) coupled with a compact USB fiber optic
spectrometer (USB4000, OceanOptics). A halogen lamp was
used as the light source, and the spectra were acquired over
the range from 400 to 1000 nm. Light was directed to the
surface (from the glass substrate side) through a 5x objective
with a NA = 0.13 (Epiplan 5x, Zeiss), and the back-reflected light
was collected by the same objective lens.

Chemistry. The surface of the substrates was functionalized
with the 5'-thiolated single-stranded DNA (ssDNA) oligonucleo-
tides (Primm) complementary to the target sequence (in the
case of WT1, corresponding to the reverse primer in a PCR-
based, validated WT1 detection method*' ~*3). Table 1 sum-
marizes the sequences used as targets and for the functionali-
zation of the surface and nanoparticles.
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TABLE 1. Target and Capture Sequences Applied in the Experiments

gene target

WT1  CGCTATTCGCAATCAGGGTTACAGCACGGTCACCTTCGACGGGACGCCCAGCTACGGTCACACGCCC

capture on chip capture on NPs

GGGCGTGTGACCGTAGCT  TAACCCTGATTGCGAATAGCG

ABL  AACCTTTTCGTTGCACTGTATGATTTTGTGGCCAGTGGAGATAACACTCTAAGCATAACTAAAGGTGAAAAGCTCCGGGT  ACCCGGAGCTTTTCACCTTT  AATCATACAGTGCAACGAAAAGGTT

P-gp  TGCAGCATTGCTGAGAACATTGCCTATGGAGACAACAGCCGGGTGGTGTCACAGGAAGAGATTGTGAGGGCA

polyA

The functionalization took place due to the thiol group on
the DNA sequence that allowed the formation of a sulfhydryl-
mediated binding between the oligonucleotide and the gold
layer on the chip. The drops of 100 #M thiolated oligonucleotide
solutions were deposited on the surface. After 30 min incuba-
tion at room temperature, the whole chip was washed with
water in order to remove unbound DNA and then incubated in
an ethanolic solution of 5 mM polyethylene glycol methylether
thiol (PEG-SH). The chip was incubated for 1 h; in this way, the
PEG-SH passivated the remaining parts of the chip that were not
functionalized with oligonucleotide sequences, thus reducing
the probability of aspecific DNA binding on the surface. The chip
was rinsed with ethanol and then again with water in order to
remove the unbound PEG molecules.

For micropatterning of the chip surface, the thiolated
oligonucleotides were diluted in an acetate printing buffer
(100 mM, pH 6.1) containing 5% glycerol and spotted using
an S3 sciFLEXARRAYER (Scienion, Germany). The obtained three
drop spots were about 150 um in diameter with 500 um pitch,
allowing the deposition of 400 well-separated functionalized
domainsona 1cm x 1cm area.

Gold Nanoparticle Synthesis and Functionalization. Spherical gold
NPs with a diameter of about 40 nm (Supporting Information
Figure S1) were synthesized using citrate as reducing agent
according to the method of Frens.** The resulting NP suspen-
sion was diluted 1:1 in sterile water. An aliquote of 20 uL of
100 M thiolated oligonucleotide solution was added to 1 mL of
NPs in a glass vial. The NPs were functionalized with the
5'-thiolated ssDNA oligonucleotide (Primm) by applying citrate
buffer to trigger the DNA attachment to the particles.* After
5 min of incubation with thiolated oligonucleotides at room
temperature, 100 uL of 200 mM sodium citrate buffer (pH 3) was
mixed with the suspension by gentle shaking. The resulting
mixture was incubated for 1 h in the dark followed by the
addition of 10 uL of 100 uM rhodamine isothiocyanate or
malachite green isothiocyanate solution and additional incuba-
tion in the dark for 30 min. In the case of eosin isothiocyanate,
dye molecules were added first to particles followed by the
already described addition of DNA and citrate buffer. After the
incubation period, the particles were centrifuged and washed
with a Tris-acetate buffer (25 mM, 100 mM NaCl, pH 8.5) in order
to remove the unbound DNA and dye molecules. Then the
washing buffer was changed to the saline sodium citrate
(2xSSC) annealing buffer (300 mM NaCl, 30 mM sodium citrate,
0.01% SDS, pH 7) by a second separation and resuspension step.

In order to assess the correct functionalization of NPs
with the oligonucleotide, 100 + 100 uL suspensions of NPs con-
jugated with the adjacent capture sequences of the WT1 gene
were prepared and mixed with 2 uL of 10 uM WT1 sequence to
induce the aggregation of the nanoparticles. The annealing
reaction was confirmed by the color change of the solution from
red to bluish, as described by Mirkin and co-workers*® (Figure S2
in Supporting Information).

DNA Annealing. The substrate, functionalized with thiolated
oligonucleotides and covered with PEG-SH, was dipped in a
200 uL suspension of functionalized gold nanoparticles fol-
lowed by addition of the target DNA. Concentrations of target
DNA tested in these experiments were in the range of 2 pM to
200 nM.

The sequence of the WT1 DNA target (67 base long ssDNA
oligonucleotide, Table 1), which includes a part of exon 1 and
exon 2 of the WT1 gene, was complementary to both of the two
thiolated sequences that were used for functionalization of the
substrate and the particles. The ABL and Pg-p model targets
were 79 and 72 base long sequences from the ABL and P-gp
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TGCCCTCACAATCTCTTCCTG - AATGTTCTCAGCAATGCTGCA
AAAAAAAAAAAAAAAAAA

gene coding strands, respectively (Table 1). The target DNA
sequences were able to specifically immobilize a gold nanopar-
ticle conjugated with Raman reporter molecules on the plas-
monic array because both nanoparticles and the surface were
conjugated with DNA probes that bind to different portions
of the target sequence. The annealing reaction between the
complementary sequences was performed by heating the
sample to 70 °C for 4 min and cooling it slowly to 37 °C. The
reaction was performed in a saline sodium citrate (2xSSC)
annealing buffer (300 mM NaCl, 30 mM sodium citrate, 0.01%
SDS, pH 7).

Finally, the chip was washed with the same 2xSSC buffer
at 37 °C two times. After being dried, the active surface was
scanned with the Raman microscope in order to collect the
strongly enhanced Raman signal originating mainly from the
reporter molecules laying in the so-called “hot spots” situated
between the particles and the chip surface after the annealing
reaction.

In order to be able to estimate the nonspecific binding in
the sample, a negative control was prepared every time, where
the target sequence was not added. The comparison between
Raman signals obtained from the sample and from the negative
control served to evaluate the specificity and the sensitivity of
this system.

SERS Measurements. Raman spectra were acquired using an
Aramis Horiba Jobin Yvon Raman microscope equipped with
three laser lines with different wavelengths of 532, 633, and
785 nm. The sample was positioned under the Raman micro-
scope usually in the “air side” up position to acquire a signal at
different points or areas of the chip and to evaluate specificity
and sensitivity for the detection of the DNA target. Samples
were placed in the “support side” up position in the microscope
when analyzing the effect of substrate orientation (Figure 4).

With this Raman instrument, it was possible to obtain a
single spectrum from a specific point of the chip (about 1.5 um
diameter) or to collect all spectra acquired from a selected area
on the surface (mapping). Analyzing spectral maps using
the LabSpec 6 software of Horiba allowed visualization of the
microspotted DNA arrays after annealing reaction with the
Raman-labeled NPs. The DuoScan function of the Raman micro-
scope was used to acquire spectra in mapping mode. The
DuoScan acquisition is a technology based on a combination
of scanning mirrors that move the laser beam across the surface,
allowing light collection from a larger area, in our case 50 um x
50 um. Earlier, we found that this acquisition mode successfully
decreases the signal intensity deviations caused by surface
inhomogeneity in the case of some solid substrates.”

Raman images were baseline-corrected, and different spec-
tra were automatically recognized through a classical least
square analysis that was demonstrated to be able to distinguish
the spots corresponding to the different sequences without
the necessity of identifying a peak univocally related to the
selected dye or previously knowing the position of the spot
on the surface. Once the spots were identified, the intensity
of the peaks was used for the concentration dependence
experiments.
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