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ABSTRACT: Advanced optical materials or interfaces are gaining
attention for diagnostic applications. However, the achievement of
large device interface as well as facile surface functionalization largely
impairs their wide use. The present work is aimed to address different
innovative aspects related to the fabrication of large-area 3D plasmonic
arrays, their direct and easy functionalization with capture elements,
and their spectroscopic verifications through enhanced Raman and
enhanced fluorescence techniques. In detail, we have investigated the
effect of a Au-based nanoCone array, fabricated by means of direct
nanoimprint technique over large area (mm2), on protein capturing
and on the enhancement in optical signal. A selective functionalization
of gold surfaces was proposed by using a peptide (AuPi3) previously
selected by phage display. In this regard, two different sequences,
labeled with fluorescein and biotin, were chemisorbed on metallic
surfaces. The presence of Au nanoCones array consents an enhancement in electric field on the apex of cone, enabling the
detection of molecules. We have witnessed around 12-fold increase in fluorescence intensity and SERS enhancement factor
around 1.75 × 105 with respect to the flat gold surface. Furthermore, a sharp decrease in fluorescence lifetime over nanoCones
confirms the increase in radiative emission (i.e., an increase in photonics density at the apex of cones).
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■ INTRODUCTION

In recent years, an intensive effort has been made to fabricate
advanced active or passive optical materials and in particular
plasmonic interfaces for a broad range of applications spanning
from material engineering to medical science.1−4 Recent
advancement in nanofabrication technology facilitated the
design and fabrication of complex structures in a reproducible
manner.5−7 These metal nanostructures allow the confinement
and control of light over the nanoscale, associated with the
excitation of surface plasmons. Indeed, surface plasmons,
collective oscillation of free electrons near a metal surface,
can be generated when an electromagnetic radiation is
impinged over it. This leads to an accumulation of giant
electric field near the metal surface to employ the plasmonic
properties for bio/chemical sensors.8,9 Various plasmonic
designs were proposed in the past in realization of miniaturized
devices for light manipulation at subwavelength scales. Because
of the complex fabrication processes involved in an on-chip
device, most studies were limited to the 2D-plasmonic
nanofocusing devices10−14 not enough to achieve the field
enhancement for single/few molecules detection. However,
there are various research works pointed toward single

molecule detection (SMD), where the devices fabricated were
prepared using a chemical technique or bottom-up technique,
with limited reproducibility.15−19 3D plasmonic devices, unlike
structures achieved by just metal deposition using top-down
method, were fabricated recently by means of electron-beam
lithography (EBL) and focused ion beam (FIB) lithography in
combination with reactive ion etching (RIE) in order to have a
better enhancement and reproducible SERS device for single
molecule detection (SMD) or few molecules detection
(FMD).20−23 3D nanostructure device fabrication could be
employed to improve the detection capability of the sensor.
The high electric field enhancement shows broad range
applications in nonlinear optics,24 optical rectification,25 and
for single molecule detection.26 Recently, Chirumamilla et al.5

realized 3D nanostars structures on Si substrate by employing
electron-beam lithography (e-beam lithography) and reactive
ion etching (RIE), which allowed us to achieve the enhanced
electric field around 50. However, this fabrication process
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involves high cost, long production time, and in particular, a
small active area, which typically ranges from few to tens of
micrometers.2

The present work has different innovative aspects: (a) the
fabrication of large area 3D plasmonic nanoCone using direct
nanoimprinting technique and its plasmonic behavior through
finite difference time domain (FDTD) simulation; (b) the
direct and easy functionalization of gold-based nanostructures
by a selected peptide and their capture ability of large molecules
based on the high affinity pair biotin/Streptavidin; (c) the
spectroscopic verifications of adsorbed molecules through
enhanced Raman and enhanced fluorescence techniques.
Many researchers were involved in the fabrication of

nanostructures using nanoimprint lithography (NIL) technique
since its introduction in 1995 by Chou et al.27 This technique
facilitates the fabrication of nanostructures with the spatial
resolution down to sub 10 nm, keeping the fabrication cost and
production time significantly low. Various nanostructures,
fabricated using this technique, and following UV curing of
polymers, were reported with limited application of the
device.28−30 Very few reports can be found which are related
to the 3D nanostructured devices, fabricated by direct NIL
technique31,32 and their spectroscopic properties. In this work,
various shapes (nanoCones, nanoSpinningTop, nanoBowl) and
size of 3D plasmonic nanostructures in a large surface area were
achieved by altering the NIL process by combination with
metal evaporation in different regimes. In this work, we focused
our attention especially on large nanoCones substrates as these
structures provide an effective confinement of electric field at
the apex of cone.20 However, further study, herein, shows the
multifacet properties of this structure for protein capturing and
bio/material analysis through Raman and fluorescence spec-
troscopy. Systematic and in-detailed analyses were performed
to investigate for various applications.
The 3D nanoCones array substrates were thereafter

employed for sensing applications. In this regard some
concerns, related to the functionalization of metal nanostruc-
tures, were taken into consideration in order to provide a
suitable surface chemistry thus allowing to bind the specific
capture molecules, such as antibody, DNA or peptides.33 The
most common strategy to selective functionalization of gold is

represented by mixed self-assembled monolayers of alkanethio-
lates.34 Even though lots of efforts have been spent on this
technology as the high cost of the building blocks and the
complex procedures limit its use in tailoring the chemistry of
the inorganic surfaces. However, genetically engineered
peptides for inorganics (GEPI), short peptides with high
affinity for inorganic surfaces, have already been demonstrated
to be an attractive alternative in a wide range of applications in
terms of costs and simplicity of procedures.35,36 Indeed, GEPIs
can bind the surfaces simply by chemisorption, usually from
aqueous solutions. Phage Display, a combinatorial high
throughput screening technique, is capable to select short
peptide sequences for inorganics with high affinity.37 Our group
have already selected a gold binding peptide (AuPi3) and
characterized its affinity toward gold by using Phage Display.36

Here, exploiting the affinity of AuPi3 toward gold, we
demonstrate the one pot introduction of a capture element
on the 3D nanostructures simply by chemisorption. In this
regard, AuPi3 is modified at the C-terminus flanking region
with another peptide of 10 amino-acids and the affinity toward
gold and, therefore, the ability to capture a protein
(Streptavidin) were investigated by both techniques: fluo-
rescence emission imaging and Raman spectroscopy.
Fluorescence-based imaging is very much popular in the

biological field. An increase in fluorescence intensity and
stability of fluorophores is required to increase the sensitivity
and detection limit of new integrated array systems.38 Periodic
silver-based substrates were discussed for enhanced fluores-
cence spectroscopy.39 The report suggests that the intensity of
fluorescein molecules could be enhanced when is adsorbed on
Ag square nanostructure. The plasmonic enhancement can be
further increased if we use 3D nanostructures, especially cone
structure.5,20,40 In this work, 3D plasmonic nanostructures were
employed to probe the molecule of interest using spectroscopic
techniques (fluorescence and Raman) . In this regards, two
different assay formats (primary and secondary fluorescent
molecules) were examined. To shed light on the mechanism of
fluorescence enhancement due to the gold nanostructures,
fluorescence lifetime imaging microscopy (FLIM) coupled with
multiphoton laser source proved effective in probing the
microenvironment of fluorescent molecules and the metal

Figure 1. Schematic diagram of fabrication process of large area 3D plasmonic nanoCones array on Si substrate by means of direct nanoimprinting
technique. In the scheme, (a) the Si wafer with PMMA resist was (b) imprinted with Si mold, constituting nanoPillars. (c) An array of nanoholes was
created. After the Au evaporation over this substrate, the opening of holes reduces as the metal deposition process goes forward. (d) Cross-section of
the substrate, thus formed. (e) After the lift-off, 3D nanoCones were achieved. The maximum temperature and maximum pressure employed during
this process were 180 °C and 50 bar, respectively.
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enhanced fluorescence effect. In addition, surface-enhanced
Raman scattering (SERS) effect is also investigated on these
substrates. The 3D plasmonic nanostructures with fluorophores
were examined in this regard and was found that the
enhancement in Raman signal could reach in the range of 1
× 105 to 1 × 106, which enables the detection of analyte with
the concentration down to femtomolar41,42 and even single
molecule detection.5,43

The novelty of this work is to use gold-based 3D nanoCone
plasmonic structures, over large area (fabricated by means of
direct NIL technique), for selective functionalization by
peptides to carry out the specific protein capture and,
thereafter, to analyze the substance by means of fluorescence
and Raman technique.

■ EXPERIMENTAL SECTION
Fabrication Process. Obducat Nano Imprint Lithography system

was employed for fabrication of 3D- plasmonic device. PMMA (A8,
1:2) was spin-coated with 4000 rpm (thickness: around 250 nm) onto
Si wafer. The mold was fabricated by means of combining EBL and
RIE. The mold consists of an array of nanoPillars with diameter, height
and the gap between two nanoCones of around 185, 250, and 520 nm,
respectively. The mold was silanized using an organic molecule,
Trichloro (1H,1H,2H,2H-perfluorooctyl) silane, to facilitate the easy
detachment of mold from the resist. Direct imprinting was performed
on PMMA coated Si substrate. To ensure that lift-off could function in
a proper manner and a patterned substrate could be achieved, the
sample was exposed to O2 plasma (70 W, 200 s, 50% O2 and bias: 270
V) to clean the residual photoresist within the holes. A layer of Ti/Au
(5 nm/110 nm) was evaporated over the surface with a deposition rate
of 0.5−2.0 Å/s to achieve the desired nanostructures. Titanium layer is
deposited as an adhesion layer. After metal deposition, the residual
PMMA was lifted off leaving gold nanostructures on Si substrate. The
opening area of the hole reduces as the deposition process goes on and
thus forming different nanostructure in the hole. The lift-off process
results the substrate with an array of gold nanoCones with the base
diameter, height and intercone distance of around 180, 110, and 520
nm, respectively. The schematic fabrication process in detail is shown
in Figure 1a−e. The rate of deposition must be kept above 1.5 Å/s in

order to attain the conical structures or else it will turn out the
different structures (see Supporting Information, section 1).

FDTD Simulation on nanoCones. To provide the theoretical
confirmation of the plasmonic behavior of this design, finite difference
time domain (FDTD) simulation was carried out for nanoCone
structure by means of the Lumerical, FDTD solution (Lumerical
Solutions Inc. FDTD Solutions version 8.0.1. http://www.lumerical.
com/tcad-products/fdtd/), a commercial software package. The gold
cone (h = 110 nm and base diameter of 180 nm) is designed over Si
substrate. The perfectly matched layer (PML) is created around the
cone to avoid any simulation problem with open boundary design. In
order to resolve the focusing spot at any point of the structure, the
subgriding method is employed to achieve the mesh size down to 2 ×
2 × 2 nm3. The analysis was performed by considering the “Johnson
and Christy” dispersion curve for Au material whereas “Palik”
dispersion for Si.44,45

Surface Functionalization. The device surface was treated by
GBPs (gold binding peptides), with a common sequence previously
selected by phage display to be selective for gold (AuPi3:
TLLVIRGLPGAC).36 GBP (AuPi3-G4-RGD, MW 1953.26 Da),
GBP-FITC (AuPi3-G4-RGDSPK(FITC), MW: 2469.82 Da) and
GBP-Biotin (AuPi3-G4-RGDSPK(Biotin), MW: 2307.73 Da) (pur-
chased from Proteogenix, France) were dissolved in HBS (10 mM
Hepes, 150 mM NaCl, 3 mM EDTA, pH 7.4). The stock solutions at
the concentration of 256 μM, 216 μM and 30 μM were prepared for
GBP and GBP-Biotin and GBP-FITC, respectively. A solution of
Atto425-Streptavidin (MW: 61200 Da) (purchased by Sigma-Aldrich)
was prepared in HBS solvent at the concentration of 16 μM. Gold
surface was cleaned in a 5% (w/v) water solution of sodium
hypochlorite for 5 min, then washed with ethanol (95%) and dried
with nitrogen. The molecular binding was carried out by dropping 2
μL of solution on gold surfaces. The drop was left to adsorb for 30
min, rinsed with 3 mL HBS afterward, and then dried with nitrogen.

Electron Microscopy Characterization. A scanning electron
microscope (SEM) was used to observe the morphologies of the
nanoCone-based devices by means of FEI instrument (dual beam).
The morphology of Si nanoPillars (used as mold), the nanohole
(formed after the imprinting process), and the nanoCones (attained
after the metal deposition followed by lift-off process in acetone
solution) from top and tilted at 45° are shown in Figure 2a−d. In the

Figure 2. SEM images of (a) Si nanoimprinter mold at tilt angle 45°, (b) array of nanoholes after imprinting, (c) top-view of gold nanoCone array,
and (d) array of nanoCone structures at tilt angle of 45°. In the inset of d, a zoomed image of nanoCone is also illustrated. The radius of curvature of
nanoCone is 22 nm. The nanostructures were fabricated in the large area 750 mm × 1000 mm. (e) The electric field distribution is calculated for the
nanoCone (h, 110 nm; base diameter, 180 nm) fabricated over Si substrate.
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inset of Figure 2d, the zoomed image of nanoCone with radius of
curvature (RoC) around 22 nm can be clearly observed.
Fluorescence Microscopy. Confocal fluorescence and lifetime

images (FLIM) were recorded by means of a Leica inverted
microscope SP5 from Leica Microsystems using a water immersion
objective 25x (NA: 0.95). To investigate the binding of GBP-FITC, we
excited the system with an Ar+ laser at 488 nm and the emission
bandwidth was from 520 to 600 nm, whereas for GBP-Biotin and
Atto425-Streptavidin binding assays, the molecules were excited with
an Ar+ laser at 458 nm and the emission bandwidth was fixed in the
range of 500−550 nm. All the images were collected at 12 bit color
depth with a resolution of 1024 × 1024 pixels.
Fluorescence lifetime images (FLIM) of GBP-FITC adsorbing

nanostructures were acquired by using a pulsed Multiphoton Laser
source (120 fs, 80 MHz, Ultra, Chamaleon, Coherent, Santa Clara CA,
US) implemented in the time-domain using a time-correlated single
photon counting (TCSPC) module. The laser was tuned to 780 nm
for two-photon excitation of fluorescein derivative by TCSPC,
operating the laser at excitation 800 nm. Images and lifetime data
were analyzed by using SymPhoTime software (PicoQuant,
Germany).
Quartz Crystal Microbalance Measurements. The adsorption

measurements over gold-coated surface were performed by means of
KSV QCM-Z 500. The sensor crystals were composed of AT-cut
quartz layered with thermally evaporated gold and had a resonant
frequency of 5 MHz. The results were showed at third overtone of the
fundamental frequency with a resolution time of less than 1 s. The
crystal was cleaned using an alkaline oxidative treatment and then
washed in ethanol and acetone for three times. HBS buffer was first
loaded into the liquid cell, then, when baseline signal was stable, GBP
solutions were added. Before further injections, cell was rinsed twice
with HBS.
Surface-Enhanced Raman Scattering. SERS measurements

were performed by means of DXR Raman microscope (Thermo
Fischer Scientific) with spectral resolution around 1 cm−1 with the
help of 1800 grooves/mm. The molecules were excited with 780 nm
laser wavelength in backscattering configuration through a 100×
objective (NA: 0.90). The scattering was collected in the whole range
of 200−2500 cm−1, keeping the laser power 5 mW (in case of a

patterned surface). The spectra were analyzed using Omnic software
(in-built).

■ RESULTS AND DISCUSSIONS
The large area 3D-plasmonic substrates (750 × 1000 μm2) with
an array of nanoCones were fabricated by means of direct
nanoimprint lithography technique.46 The nanostructures with
different shapes were fabricated by selecting the adequate metal
deposition rate and thickness (see the Supporting Information,
section 1). This ascertains the fabrication process versatile, cost
and time effectiveness to fabricate the 3D-plasmonic substrate
in large active area. Plasmonic behavior was tested by means of
FDTD (finite difference time domain) simulation using
commercial software, Lumerical solutions using linearly
polarized light (as in experimental setup). In the past, few
numerical calculations were performed and found that the best
experimental configuration to achieve the maximum plasmonic
effect is to illuminate the nanostructures by radially polarized
light source.28,47 The gold nanostructures (nanoCones array)
over Si substrates were modeled with structural geometry such
as base and height of the cone are fixed to 180 and 110 nm,
respectively. The electric field distribution for the nanoCone
structure was calculated for 760 nm, shown in Figure 2e. The
simulation findings show the confinement of an electric field
over the apex of the cone in accordance with the report in the
past.28,48 In this case, the confined electric field at the apex of
the cone is around 20 with respect to the incident. The result,
therefore, suggests that the molecules residing close to the apex
will contribute the maximum enhancement with respect to the
base of the nanostructure. In terms of Raman signal
enhancement, the optical signal would be almost 2.4 × 105

with respect to what is observed at the base of cone. Such
surfaces were functionalized by simple chemisorption of a
specific peptide selective for gold. As previously demonstrated
by Causa et al.,36 the AuPi3 sequence, selected by phage
display, can bind selectively with higher affinity gold surfaces. In

Figure 3. (a) Adsorption of GBP-FITC on gold surface is shown. (b, c)Fluorescence images of GBP-FITC chemisorbed to the device with different
magnifications. In the inset, the fluorescence intensity profile is shown. (d) capture of the ATTO425-Streptavidin by the device functionalized with
GBP-Biotin; (e, f) fluorescence images of the captured ATTO 425-Streptavidin with different magnifications.
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this work, we modified the sequence of the original peptide in
order to accommodate another peptide sequence of 10 amino
acids at the C-terminus, mimicking a capture element for large
molecule. In this work, we employed biotin to demonstrate the
capturing of Streptavidin. The adsorption of two different
peptides, GBP-FITC (a Fluorescein derived peptide) and GBP-
Biotin (a biotin-derived peptide able to capturing Atto425-
Streptavidin) was verified on the device. The flowchart of the
adsorption process of GBP-FITC on gold is shown in Figure 3a
and the confocal fluorescence image of GBP-FITC molecules
(conc.: 30 μM), adsorbed on nanoCones is exhibited in Figure
3b. The zoomed image of squared area is shown in Figure 3c in
which all the nanoCones with a base diameter around 180 nm
are perfectly visible and resolved with each other. The intensity
profile of fluorescence image is also depicted in the inset, which
shows that even the smaller base area of nanoCone (in the
range of 180 nm) can be easily resolved without any additional
experimental modification. The fluorescent GBP-FITC, herein,
at different concentrations (0.3−30 μM) was examined over
the substrates (see the Supporting Information, section 2). The
comparative fluorescence images (on the patterned surface and
on gold evaporated flat quartz surface) with intensity profile
were also illustrated. It clearly reveals that though the number
of molecules at the apex of nanoCone surface is lesser than on
flat surface, the fluorescence intensity increases up to around
12-fold with respect to the flat gold surface, showing a strong
fluorescence enhancement due to electric field localization on
the apex of Cone (see the Supporting Information, section 2).
Indeed, this effect is also evidenced by lifetime imaging of

GBP-FITC solutions in direct contact with nanostructures (see
Figure 4). As can be seen the fluorescent molecules experience
different fluorescence decay pattern: on silicon surface with a
broad distribution of lifetimes in the range of 2.20−3.78 ns; on
the Au nanoCones a narrow distribution around 0.32 ns; while
at boundaries between the square isolated nanoCones (where

inter nanoCones distance is 500 nm) a broader range of
lifetimes between 0.48 and 1.21 ns. The decreased lifetime near
the isolated nanoCones account also for high fluorescence
intensity that can be ascribable to the coupling effect at metal
surface. As already described by Lakowicz and Geddes,49,50

metal enhanced fluorescence (MEF) occurs when fluorophores
are positioned in the near-field, typically less than 5 nm from a
metal and is characterized by an increased fluorescence
intensity and a decreased fluorescence lifetime. As reported,
MEF is also correlated to an enhanced fluorophore photo-
stability as the fluorophores spend less time “‘on average”’, in an
excited state, prior to their return to the ground state, and are
subsequently less prone to photodestruction.
Furthermore, biotin labeled peptide-specific adsorption was

also carried out in order to demonstrate the one-pot
functionalization and also the secondary binding is very much
localized over this device. Prior to this experiment, various
measurements were performed by means of QCM technique in
order to demonstrate that the adsorption of Atto-Streptavidin
molecule on Au surface does not occur if the metal surface is
not initially adsorbed with GBP-Biotin molecule (see
Supporting Information, section 3). With this confirmation,
biotinylated AuPi3 peptide (MW > 60 kDa) was used as a
capturing system over the Au-based nanoCone surface and,
thereafter, Streptavidin labeled with Atto425 (a fluorescent dye
molecule) was immobilized on the nanostructure. The use of
biotinylated AuPi3 peptide can explain why the nonradiative
lifetime -the quenching- does not kill the fluorescence. In fact,
the nonradiative to radiative decay goes like 1/d3 where, d is the
distance of the molecule fluorophore from the metal. In case of
direct absorption of the fluorophore, the first layer of molecules
(those in contact with the gold tip) is quenched and a second
layer will be enhanced. The confocal fluorescence imaging was
recorded in order to localize the fluorescent Streptavidin
molecule, attached to the biotinylated peptide surface. Indeed,

Figure 4. (a) Fluorescence intensity image and (b) fluorescence lifetime image of Au nanoCones device in the presence of 30 μM GBP-FITC
solution. In c) are the histograms of average lifetimes taken over different regions of the nanostructured device (blue, Au-nanoCones; green,
boundary regions between the square of isolated Au-nanoCones; red, continuous flat Si). Image size is 100 μm × 100 μm. Two-photon excitation
laser (780 nm) power 3 W, emission range 500−530 nm.
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the selectivity and affinity of AuPi3 is preserved even after the
derivatization of the flaking region of gold binding domain. The
schematic diagram of the whole adsorption process and the
confocal fluorescence images of Streptavidin are shown in
Figure 3d−f). The adsorption of biotin−streptavidin (two-step
processes) over Au nanoCone shows the compatibility of these
biomolecular activities on this device again. The enhancement
in fluorescence intensity could be due to the increase in
radiative decay rate, especially due to resonance energy transfer
in the presence of metal nanostructures causing an enhance-
ment in localized electric field in proximity of metal surface
mainly due to “antenna effect”.51 To support this behavior, we
performed lifetime fluorescence imaging on the GBP-FITC
coated nanostructures, shown in Figure 4. Figure 4a shows the
fluorescence intensity of the device; the maximum fluorescence
intensity is observed where the nanoCones are present. The
confirmation of increase in radiative emission is clearly
observed from lifetime fluorescence imaging: the fluorophore
lifetime decreases sharply for the nanoCones structures due to
the increase in photonic density.52

In addition, the present device with nanoCone plasmonic
structures20 shows an interesting behavior of exhibiting an
enhancement for Raman scattering too. The most dominating
factor in the case of SERS is localized electric field on the metal
surface. With the radius of curvature 22 nm of Au nanoCone,
high electric field on the apex of a cone can be confined to
detect low concentrated molecules. Confocal Raman scattering
measurements were performed using 780 nm on periodic array
of nanoCone pattern and on flat gold surface. Optical images of
laser focusing on unpatterned and patterned area are shown in
Figure 5a, a′, respectively. SERS spectra of FITC molecule
deposited over patterned and flat Au surface are shown in
Figure 5b. The sharp band, centered at 520 cm−1, and the broad
bands around 320 and 950 cm−1 are related to the Si wafer
underneath the nanoCones. Various vibrational bands in the
range of 980−2300 cm−1 can be associated with the
characteristic bands of Fluorescein molecule.53 Small sharp
band at 1018 cm−1 can be related to the ring stretching. Various

intense bands centered at 1345, 1507, and 1664 cm−1 were
related to the xanthene ring stretching of C−C vibrations.
Other vibrational bands, centered at 1553, 1573, and 1616
cm−1, can be associated with the C−H bending (aromatic),
CO stretching and combination of ring stretching and
bending of CO-H, respectively. The broad band around 2100
cm−1 is related to − S-CH3 which is from the peptide attached
to the Au surface. The black spectrum is collected from the
same molecules attached on the flat surface, which show a
spectrum without any Raman significance. SERS enhancement
factor for these nanoCones based device with respect to the flat
Au surface is estimated to be around 1.75 × 105. The
calculation of SERS enhancement can be found in detail in
Supporting Information, section 4.

■ CONCLUSIONS

Large- area Au-based nanostructures 3D-plasmonics devices of
different shape (nanoCone, nano SpinningTop, nanoBowls,
nanoGlasses, etc.) were fabricated by means of direct
nanoimprinting technique, showing versatile and straightfor-
ward in terms of device design. The nanoCone device (h = 110
nm, base diameter = 180 nm, Apex radius of curvature = 22 nm,
intercone distance = around 500 nm) was employed in order to
investigate the adsorption of molecules. In this regards, two
molecules such as Fluorescein and Biotin−Streptavidin (direct
adsorption and two-step adsorptions) were examined for
adsorption over array of Au-nanoCones. Confocal fluorescence
imaging shows successful adsorption of both molecules with
well-resolved nanoCones of around 180 nm base diameter. The
fluorescence intensity profile shows an enhanced molecular
fluorescence (up to around 12-fold) due to the electric field
localization on the apex of Cone. Furthermore, lifetime imaging
and SERS measurements performed for GBP-FITC, deposited
over this device, evidenced a remarkable enhancement for both
the spectroscopic techniques. For this device the SERS
enhancement factor is estimated to be around 1.75 × 105

with respect to the flat Au surface. These findings show a
remarkable significance of this device for enhanced Raman and

Figure 5. (a, a′) Optical images of unpatterned and patterned surface where the SERS measurements were performed. (b) SERS spectra at
unpatterned surface (black line) and at nanoarray patterned area. Zoomed SERS spectrum in the spectral range of 980−2250 cm−1 is also shown in
the inset. In the case of flat gold surface, the integration time and power both were kept 5× times higher with respect to the SERS measurements
(patterned surface) in order to achieve some signal from the molecules deposited over it.
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fluorescence spectroscopy. The easy, flexible, cost and time
effectiveness required for 3D-plasmonic device fabrication
would also make these substrates to be used for bio/chemical-
analysis, opening the way to their large-scale applications. In
addition, the present device could be employed as a disposal
multiplex nanoarray for bioactivities. Further research is needed
to improve the optical behavior by optimizing the height and
the distance between two nanoCone.
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