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ABSTRACT: Plasmonic sensors are commonly defined on two-
dimensional (2D) surfaces with an enhanced electromagnetic field
only near the surface, which requires precise positioning of the
targeted molecules within hotspots. To address this challenge, we
realize segmented nanocylinders that incorporate plasmonic (1—50
nm) gaps within three-dimensional (3D) nanostructures (nano-
cylinders) using electron irradiation triggered self-assembly. The 3D
structures allow desired plasmonic patterns on their inner cylindrical
walls forming the nanofluidic channels. The nanocylinders bridge
nanoplasmonics and nanofluidics by achieving electromagnetic field
enhancement and fluid confinement simultaneously. This hybrid
system enables rapid diffusion of targeted species to the larger spatial
hotspots in the 3D plasmonic structures, leading to enhanced
interactions that contribute to a higher sensitivity. This concept has
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been demonstrated by characterizing an optical response of the 3D plasmonic nanostructures using surface-enhanced Raman
spectroscopy (SERS), which shows enhancement over a 22 times higher intensity for hemoglobin fingerprints with nanocylinders

compared to 2D nanostructures.
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lasmonic sensing has arisen to be a powerful technique for

detecting and identifying chemical and biological
components.' '’ Nanostructured metallic surfaces confine
electromagnetic (EM) waves and form localized surface
plasmon (LSP), leading to strong localized field enhance-
ment,"" which benefits plasmonic sensing techniques such as
surface-enhanced Raman Scattering (SERS)>***'>'3 and
surface-enhanced infrared absorption (SEIRA).””'*'*71¢ Ag
the sensing signal transduced strongly depends on the size and
shape of the nanostructures,” tremendous efforts have been put
into the innovation of advanced fabrication techniques for
achieving well-defined nanoscale plasmonic structures, includ-
ing electron beam lithography,'”'""”~"" nanosphere lithog-
raphy,”'*?”*" template stripping,”'>'*** electrochemical
growth,3 and DNA self—assembly‘m’24 However, most of
these structures are demonstrated on planar 2D surfaces with
an enhanced EM field only near the surface,”>*® which requires
significant effort to position the target molecules within the
“hotspot” such as incubation in solution'' ™" and integration
with microfluidic systems.” As the enhanced EM wave decays
exponentially from the surface to the surrounding media,”**°
the effective plasmonic sensing areas of metallic structures are
restricted within a few nanometers of the surfaces. Thus, a
significant dimension mismatch exists between the nanoscale
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hotspot sensing area and the micro- or even macroscale
distance of the species from the hotspot, resulting in extremely
low efliciency for molecule immobilization or binding. For
example, the solution incubation requires 12—24 h to attach
the tar%et molecules near the plasmonic hotspots for
sensing. =13 Therefore, it is necessary to create an efficient
interaction mechanism between the targeted species and the
plasmonic hotspots through optimization of the binding
process and the higher spatial overlap of the hotspot regions.

Optofluidic devices stand out as a promising candidate,
which enables direct integration of plasmonic structure on a
tubular microfluidic channel via a strain-induced self-rolling
process.””—*° Various plasmonic structures, including metallic
bilayer,”” patterned metasurface,”*” and graphene,” have
been integrated in the microtubes, which spark novel
plasmonic behavior and contribute to better sensitivity.
Moreover, it demonstrates the possibility to lithographically
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Figure 1. Conceptual schematics and SEM images showing the self-folding of nanocylinders with plasmonic nanogaps for bimolecular sensing. (a)
Schematics showing the capability of using plasmonic nanocylinders for detecting hemoglobin. The nanosplit rings with gaps are formed on the
inner surface of the nanocylinders and are directly exposed to the target molecule. (b) System setup and (c) mechanism of electron irradiation
induced self-assembly. (d) SEM and (e) BSE images of the two-dimensional pattern (2 ym X 30 ym Cr/ALO; ribbon and 2 ym X 0.5 ym Cr/Au
ribbon) before folding. The 2D patterns are partially released from the Si substrate while a 200 nm width contact area remained working as a
supporting structure. (f) SEM and (g) BSE images of the self-assembled 3D nanocylinders with a diameter of ~640 nm. A nanogap is formed at the
touching edges in the center of the nanocylinder. (h) The size of nanogaps achieved in the nanocylinder can reach sub-10 nm. (i) The nanocylinder

can also be scaled down to 200 or 100 nm.

pattern plasmonic structures on the surface of microfluidic
channels. However, as these devices are based on microscale
tubes, the effective sensing regime is still confined to the
surface, leaving plenty of target molecules in the center of flow
undetectable. Furthermore, the plasmonic nanostructures
defined on these microtubes are on the outer surface”* or
sandwiched with insulator layers* and not directly exposed to
fluid (target molecule), which could further reduce sensitivity.
Therefore, nanoscale optofluidic devices with plasmonic
structures defined on the inner surface of nanocylinders are
preferred to overcome the current limitations. Compared to
the microfluidic channels, the spatial overlap of the plasmonic
hotspot and the fluid flow is significantly improved in the
nanofluidic channel, which increases the possibility to place the
target molecule near and/or on the effective sensing regime
and further improve the sensitivity.

Here, we present a hybrid system that achieves electro-
magnetic fleld enhancement and fluid confinement simulta-
neously by realizing 3D metallic surface patterns (nanosplit
rings, NSRs) on the inner surface of cylindrical walls of curved
nanofluidic channels (Figure 1). The patterns (3D NSRs)
designed with gold (Au) form plasmonic gaps, serving as a
plasmonic “hotspot” for molecular sensing. In addition, the 3D
configuration of the nanocylinders enables fluid confinement
with nanoscale dimensions which makes it possible to position
chemical and biological substances close to the -effective
sensing regions in plasmonic structures defined on the inner
surface of nanocylinders (Figure la). By bridging the gap
between nanoplasmonics and nanofluidics, a more eflicient
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interaction between the confined EM field and target molecule
is achieved, contributing to higher sensitivity. Raman mapping
of hemoglobin spectral fingerprints confirms the 3D metallic
patterns on the curved nanofluidic channels as the dominant
hotspot for sensing, providing a 22 times higher sensitivity
compared to 2D structures.

The hybrid 3D plasmonic sensor (nanocylinders with NSRs)
was fabricated through an electron irradiation induced self-
assembly process (Figure 1b,c).”’ The 2D pattern before
assembly consists of two components: an actuation bilayer of 1
nm thick chromium (Cr) and 5 nm thick aluminum oxide
(ALO;) and a metallic pattern of S nm gold (Au) (Figure
1d,e). After being released from silicon (Si) substrate, the 2D
patterns are irradiated by electron streams. The electron
irradiation (5 kV) enables the transformation of amorphous
Al O; into crystal Al,O3, which is associated with significant
volume reduction.”’ The volume change induces tensile and
compression stress in the Al,O;/Cr layers, allowing the bilayer
to curve up (Figure 1c). Once the two edges of the actuating
bilayer touch, the curving process self-stops and forms
nanocylinders (Figure 1f—i). The Au nanoribbons defined on
the ALOj; layer also curve up together with the actuation
bilayer, which forms 3D NSRs. In addition, the self-stopping
property allows the formation of a nanoscale plasmonic gap
(sub-20 nm) at the edge of the Au ribbon (Figure 1£h). A clear
nanogap is observed in the self-assembled nanocylinder when
analyzing their backscattered electron (BSE) image (Figure
1g) and zoomed in image (Figure 1h). As the formation of the
nanogap is self-stopped, the size of the nanogap is uniform and
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Figure 2. SEM, BSE, and conceptual schematics of different types of 3D plasmonic structures defined on the inner surface of nanotubes
(nanocylinders, parallel plates, and prisms). The 2D designs of Au patterns determine the structure of both the plasmonic components and AL O,
supporting components. (a—d) Triangular gold tips formed in nanocylinders, (e—h) triangular parallel plates, (i—1) rectangular parallel plates, and

(m—p) pyramid prisms are demonstrated.

easily controlled (Figure S1) using an in situ monitored self-
assembly process.”’ It should be noted that the size of the
cylinder can be easily tuned to adjust the resonant frequency of
NSRs by changing the dimension of the 2D patterns.
Nanocylinder with smaller diameters of 200 and 100 nm
have been realized to demonstrate the feasibility of scaling
(Figure 1i). The detailed fabrication process is described in the
Supporting Information Figure S2. A real-time monitored self-
folding video is also provided in Supporting Information Video
1.

The nanocylinder with plasmonic nanogap achieves higher
electric field enhancement through multiple benefits stemming
from their geometrical form, namely, their curvature and the
3D nature of the gap. Simulation results from Comsol
Multiphysics v5.4 for the plasmonic resonance in these
nanocylinders compared to 2D plasmonics (Figure S3a-c)
clearly show the higher intensity field enhancement close to
the gap formed on the NSR. The 2D ribbon structure has no
gap plasmons induced, showing minimal confinement at its

edges; thus, the 3D gap plasmons in the nanocylinders (NSRs,
Figure S3a) induce a field that is 40 times stronger than the
field in the 2D ribbons (Figure S3b). Furthermore, even when
comparing to 2D gap plasmons confined to a planar substrate,
the 3D plasmons formed on the NSR continue to show nearly
20 times higher total field enhancement due to the curvature of
the cylindrical gold layers causing lower losses from additional
layers such as the underlying substrate or other dielectric layers
(Figure S3c). Finally, even compared to 2D plasmonic gaps in
suspended structures, the 3D cylindrical gap plasmons induce a
total field enhancement that is 14 times stronger due to
infinitesimal lateral lengths (cross-sectional area) approaching
zero caused by the curvature that leads to small relaxation
length available for gap plasmon (Figure S3d).

Furthermore, even among all the different types of 3D
nanostructures, hollow nanocylinders offer the highest
prospects due to the unique properties imparted by their
morphology such as the large surface area to volume ratio.
When cells are encapsulated in cylinder-based lab-on-chip
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Figure 3. Characterization of fluid confinement on 2D ribbons, 2.5D halfway folded nanocylinders, and 3D nanocylinders using a fluorescent
microscope. (a) Schematic showing the sample preparation for fluorescent measurement. (b—e) A dark-field optical microscope image confirming
that fluid can flow in and out of the nanocylinder. (c—e) The movement of the fluid can be clearly observed inside the nanocylinder during the
drying process. (f) A zoom-in image of the nanocylinder with 50% of IPA evaporated. (g) An SEM image of the samples before measurement. (h)
A florescent image of the sample after treatment, showing enhanced fluid confinement in 3D nanocylinders.

devices, biological functions such as mitosis are preserved,
thereby making nanocylinder-based sensors especially attrac-
tive.”” The unique properties of nanocylinders, along with the
ease of integration with microfluidic channels, have prompted
research into their application for biological and chemical
sensors and single cell analysis.**™>° Thus, combining the
superior gap plasmonics in the split-gap nanocylinders
alongside ease of fluid confinement and target placement
within a “hotspot” could yield rapid, accurate, and ultrahigh
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sensitivity technology for molecular analysis such as Raman
analysis of hemoglobin (Hb) protein molecules (Figure 1a).
As already evident from the above discussion, the gap and
layer morphology play a crucial role in determining the
plasmonic modes that can be induced within them.”> While
diversity within 2D plasmonic structures”®'* and 2D plasmon
modes is severely limited by their basic geometrical forms and
bounded gap plasmonic,”’ the self-assembly process is based
on the deformation of 2D thin films, making it compatible with
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standard lithography processes for ease of incorporating a wide
variety of 3D plasmonic architectures. The 2D patterns are
transferred to 3D formats after self-assembly, resulting in
diverse 3D plasmonic structures via tuning of the 2D gold
patterns (Figure 2). The functional components of the 3D
cylindrical plasmonic sensor are based on the plasmonic gaps
formed between the touching edges of the Au ribbon. By
changing the Au ribbon into a thombus (Figure 2a), the short
edges evolve into points, achieving plasmonic nanotips inside a
nanocylinder after self-assembly (Figure 2b—d). Both the Au
ribbons and rhombuses are continuous layers along the curving
direction, which induces an equivalent deformation resistance
from these layers during their self-assembly. Therefore, the
deformation of the 2D pattern occurs in a curving format,
creating nanocylinders (Figure 2a—d). Further, the curving
behavior can be transformed into a folding process by adding a
gap into the Au pattern (Figure 2e—p). During self-assembly,
the Au patterns work as rigid materials and induce additional
resistance for curing. The additional gaps in the Au pattern
break the relative force equivalence along the curving direction
(Figure 2e—i) and the gaps are more preferable locations for
deformation, curving up prior to the rest of the structures. As a
result, the curving process is transformed into a folding process
that can realize triangular and rectangular parallel plate
plasmonic structures (Figure 2f—h,j—1). Moreover, the parallel
plate structure can evolve into a prism such as 3D triangular
prisms by creating more gaps in the 2D Au patterns (Figure
2m—p). Among all of the fabricated 3D plasmonic structures,
the gap plasmons in cylinders demonstrate the highest field
intensity, which is 17 times higher field intensity than in the
folded 3D structures (due to nonuniform gap spacing) (Figure
S3a,e). In addition, the cylinders retain benefits of the 3D
plasmons through location of hotspot, lower substrate losses,
and fluid/particle confinement. Therefore, the cylinders are
selected for the fluidic confinement and sensing measurement
in this work. However, modification of the Au patterns and the
gap between them opens the possibility to achieve more
complex hollow, self-assembled geometries with a much higher
tunability of the electromagnetic response from 3D plasmon
modes.

The fluid flow and particle confinement in the hollow
cylindrical nanostructures were experimentally investigated
under dark-field and fluorescent microscopes. A sample that
consists of 2D patterns, halfway curved nanocylinders (2.5D),
and fully curved nanocylinders was prepared by the
aforementioned fabrication process (Figure 3a). The 2D
pattern has a width of 2 pm, which is assembled into a
nanocylinder with a diameter of around 640 nm. Dark-field
imaging, which enables the visualization of fluid flow via a
color change, was carried out first to verify whether the liquid
can fill the nanocylinder (Figure 3b—e). A drop of isopropyl
alcohol (IPA) is placed on top of the fully curved nanocylinder
arrays (Figure 3b). Because of evaporation, the volume of the
IPA drop reduces, making it flow away from the nanocylinders
(Figure 3c), and then the IPA inside the nanocylinder begins
to evaporate. A clear boundary change from the fluid during
evaporation is monitored under the dark-field microscope
(Figure 3c—e), confirming that the fluid can be filled and
confined inside the cylindrical volume despite finally
evaporating through both ends of the cylinder (Figure 3e)
after 2 s. Clearer evidence is shown in the zoomed-in dark-field
image (Figure 3f). The S nm thick AL,O; thin film enables the
visualization of IPA inside the nanocylinder. The part of the
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nanocylinder filled with IPA shows a dark color while the
empty nanocylinder shows a bright color. Also, a video shown
the in situ observation of fluid confinement in nanocylinders is
provided in Supporting Information Video 2. Further, a
fluorescent measurement was conducted to evaluate the
particle confinement behavior of the nanocylinder. The sample
was dipped into a 2.5 mg/mL fluorescein-conjugated
ovalbumin for 1 h and then rinsed thoroughly with water.
Ovalbumin is a widely used protein molecule that consists of
385 amino acids, relative molecular mass of 42.7 kDa, and a
minimum radius of ~2 nm.”® This value is similar to the
common protein molecules, making ovalbumin a §ood
representative example for a molecule confinement test.”” In
addition, the size of the florescent dye-conjugated ovalbumin,
~2 nm, is much smaller than the diameter of the nanocylinder,
~640 nm, allowing it flow into the chamber. Next, a 5 min
water dip and gentle air gun dry out were utilized to clean up
the molecules attached on samples and substrate. The
florescent measurement was carried out on the washed sample
using a fluorescence microscope. The detailed measurement
setup and process are described in the Supporting Information.
The measurement result shows a clear difference between the
area of nanocylinders and the area of 2D ribbon and 2.5D
halfway curved nanocylinders (Figure 3gh). Much brighter
fluorescence is observed on the fully curved nanocylinders,
indicating that a fair number of molecules (the florescent dye)
are still within the nanocylinder (Figure 3h). This observation
demonstrates that the nanoscale cylindrical structure with a
plasmonic gap not only allows the molecules to flow into it but
also confines the molecules inside it with a higher efficiency.
Compared to 2D patterns, the better molecular confinement in
the nanocylinder makes it a passive trap to position the
targeted molecules close to the hotspots, contributing to higher
plasmonic sensitivity. By further scaling down the diameters of
the nanocylinders, the average distances between the
plasmonic hotspots and target molecules could be reduced.
Thus, more molecules can be placed within the active sensing
area of the plasmonic structures leading to a higher sensitivity
in smaller cylindrical sensors. Nanocylinders with diameters of
200 and 100 nm are demonstrated (Figure 1i), which show the
potential of this technique in pushing the limit of scaling.
Because of the superior gap plasmonics in the cylindrical
split-ring (NSR) structures over other 3D forms, sensing
capabilities of the nanocylinders were characterized based on
SERS for an Hb molecule. Small size (~5 nm in diameter)*'
and the well-established Hb fingerprints that range from 1000
to 1700 cm™'*" make it a suitable choice to flow through the
nanocylinders. Also, a previous study demonstrates the
capability to fill the hemoglobin molecule into a nanotube
with a diameter of 250 nm by simply incubating the nanotubes
in hemoglobin solution, which further shows that the number
of the confined molecules can increase with higher
concentration.”” As the size of our cylinder is twice as large
as the tube used in the previous work, the hemoglobin
molecule should be able to flow into the nanocylinder
successfully. Moreover, Hb is the oxygen-carrying protein
inside red blood cells (RBCs), and abnormal Hb proteins are
associated with various debilitating genetically inherited
diseases.”’ For example, a single point mutation in the beta
globin chain of Hb leads to the formation of rigid sickle-shaped
RBCs in sickle cell disease (SCD) instead of discoid and
flexible normal RBCs. SCD is the most common genetically
inherited disease characterized by cumulative organ damage,
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pain, and reduced survival, which affects millions of individuals
globally.*** Mortality in SCD is high among all ages
particularly among infants, which can be prevented with
early screening for altered hemoglobin. Therefore, versatile and
reproducible technologies like ours described herein can have
an important application in SCD and other hemoglobinopa-
thies.

For a quantitative comparison, 2D ribbons with width of 2
pum and the self-assembled nanocylinders with diameter of
around 640 nm are defined on the Si substrate. The size of the
NSR is carefully designed so that its resonant frequencies
locate at 1354 and 1654 cm™" (Figure S4), which are in the
range of hemoglobin fingerprint peaks (1100—1700 cm™"). In
addition, the 2D ribbons and 3D nanocylinders were defined
side by side on the same Si chip with a separation distance of §
pum, which avoids different sample conditions except for
dimensions (2D vs 3D) while the sample is prepared and
characterized. To do the measurement, both 2D ribbon and
3D (configured with split rings) samples were dipped into a 2.5
mg/mL Hb solution for 5 min and later dried out by air gun.
The detailed system setup and process for SERS measurement
are provided in Supporting Information. The collected Raman
spectra show prominent Hb fingerprints with amino acid valine
peak at 1127 cm™! and phenylalanine peak at 1583 cm™'*° (the
peak at ~1000 cm™ is attributed to the Si substrate). The
signal detected from 2D regions of the sample transduces an
extremely low intensity (Figure 4a) causing it to be easily
masked by noise from impurities or surface imperfections,
substrate losses, and diffusion limitations at low concentrations
of the molecules for analysis. However, these two modes are
significantly enhanced by the 3D plasmonic structures
configured with NSRs (Figure 4a). An enhancement factor
(EF) of ~10 is observed based on the ratio of Raman peak
intensity at the plasmonic gaps of 3D nanosplit rings (I;p) over
the peak intensity at 2D Au ribbons (I,p). The enhancement is
attributed to three factors: (1) The superior light confinement
by 3D gap plasmon induced in NSRs, (2) the ability of the
cylindrical structure to perform fluid confinement, and (3)
lower losses to the underlying substrate from the suspended
architecture.

The contribution of each of these three factors can be
individually characterized by a spatial imaging of SERS, where
the laser was scanned over both the 2D and 3D sample areas
and Raman spectra were collected as a function of positions,
which generate Raman maps (Figure 4b,d). The Raman maps
corresponding to the peak intensities of 1583 cm™' were
collected at each pixel of the 2D ribbon (Figure 4c) and 3D
NSRs on nanocylinders (Figure 4e). Clearly, the Raman peak
intensities from the plasmonic gaps in cylindrical structure are
much higher than that of 2D ribbons throughout the
measurement area (Figure 4b,d), which shows the advantage
of using plasmonic nanocylinders as molecular sensors. The
variation in intensity across a given section shows that the
plasmonic gap in the presence of Hb molecules induces a
maximum intensity of 212 CCD counts (Figure 4f). Because of
variations in the number of molecules at the plasmonic gap for
a lower concentration of Hb molecules, a CCD count of 134 is
still achieved as the lowest intensity from nanocylinders
(Figure 4f). In comparison, the cylinders without gold
plasmonic structures (NSRs) with only fluid confinement
can still achieve an average intensity of ~34.5 CCD counts
while the 2D gold ribbon structure can only achieve an average
intensity of 9.4 CCD counts (Figure 4f). This implies that the
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Figure 4. Raman analysis of hemoglobin. (a) Raman spectra of
hemoglobin from 2D ribbons before folding and 3D nanocylinder
(NC) with plasmonic gaps. (b) Raman imaging collected on (c) 2D
ribbon sample based on the peak at 1600 cm™. (d) Raman imaging
collected on (e) 3D nanocylinder sample based on the peak at 1600
cm™. Strong hotspots are observed around the plasmonic nanogap.
(f) Raman intensity across the area highlighted in (b,d). Much higher
intensity is achieved on the gold rings with plasmonic gaps.

fluid confinement enhances the Raman signal by 3.7 times,
which is attributed to liquid confinement of the nanocylinder
as well as the hemoglobin trapped inside the nanocylinder.

https://dx.doi.org/10.1021/acs.nanolett.0c02575
Nano Lett. 2020, 20, 6697—-6705


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c02575/suppl_file/nl0c02575_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c02575/suppl_file/nl0c02575_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02575?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02575?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02575?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02575?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c02575?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Furthermore, the interactions with the 40 times higher
enhanced field by the 3D gap plasmons in NSRs result in a
total Raman intensity enhancement of ~22 times. This
coherence of the Raman mapping confirms that the 3D gap
plasmons are uniform and reliable hotspots acting as the main
contributors for the higher sensitivity. This result demonstrates
that the advanced sensing capability is attributed to the three-
fold advantages of plasmonic nanocylinders: (i) the superior
light confinement induced by 3D gap plasmon of NSRs, (ii)
the ability to achieve fluid confinement in the nanoscale
cylindrical structures, and (iii) lower energy losses to the
underlying substrate from the suspended architecture. These
effects collectively leave a spectral fingerprint (Figure 4a) with
an ~10 times higher peak intensity compared to 2D ribbons.
The enhancement of this optofluidic sensing technique for
detecting hemoglobin is more significant than graphene-
enhanced Raman scattering’” but not as comparable to
nanoparticle-based Raman techniques.” The uniformity of
Raman signal is evaluated based on the signal collected at each
NSR area (500 nm X 500 nm) on the Raman map. As shown
in Figure S5, more than 50% of the collected signals have the
intensity between 80 to 120, which presents the level of
uniformity. Variations exist due to nonuniform hemoglobin
distribution and nanogap sizes. Though there are still some
limitations, this technique offers a new strategy to form a
plasmonic hotspot using self-assembly and simultaneously
allows integration with nanofluidic systems. Its sensitivity
could be further enhanced by optimization of the plasmonic
pattern design, structure dimension, and uniformity.

In conclusion, nanoplasmonics can be bridged with
nanofluidics using an e-beam triggered self-assembly. Through
self-assembly, the 2D ribbons with surface patterned Au
structures are curved into cylindrical nanochannels to induce
3D plasmon modes with orders of magnitude superior field
confinement. The integration of a plasmonic nanostructure
into a nanoscale channel makes it possible to achieve field
enhancement and fluid confinement simultaneously, resulting
in 22 times higher sensitivity. This hybrid system might open
the possibility to explore interactions between 3D plasmonic
structures and nanoscale volume of targeted species for highly
efficient sensing techniques.
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