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We report a highly sensitive biomolecule detection by plasmonic nanoantenna arrays with selective binding
at the optical hotspots. The plasmonic nanoantennas consist of two separated Au nanorods with a thin Ti
disk placed in between. By using selective surface modification chemistry, controlled binding occurs only in

the gaps between the plasmonic nanoantennas, which ensures a high detection sensitivity. Both optical
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Accepted 24th October 2013 characterization using a dark field microscope and the simulation show that after the streptavidin
binding, the signal increases with decreasing gap size. Compared to a single nanorod, the signal
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1. Introduction

The surface plasmon resonance phenomenon in metallic
nanostructures has been extensively studied and applied to
enhance fluorescence’ and Raman scattering,”® color
filtering,’'> nano-optical lithography,'*™** solar energy harvest-
ing,'® and biological and chemical sensing.'”*° This strong field
confinement originating from the localized surface plasmon
resonance (LSPR) creates electromagnetic hotspots around the
metallic nanostructures. When light interacts with the metallic
nanostructures, the conduction electrons oscillate collectively
at a resonant frequency that depends on the size, shape, and
composition of the metallic nanostructure. The inter-coupling
between the metallic nanostructures and the polarization of the
incident light also affect the LSPR peak. In the LSPR mode, the
nanostructures absorb and scatter light intensely so that a
single nanostructure or nanoparticle can be observed by dark-
field microscopy.**** Among various plasmonic nanostructures,
the dipole nanoantenna, i.e. a pair of metal nanoparticles
spaced by a nanometric gap, has been attracting significant
attention due to its huge field enhancement in the gap, creating
a hotspot due to the strong coupling between the dipolar LSPRs
of each particle when they are brought close to one another in a
dimer configuration. It has been shown that the electric field
localized at the hotspots can lead to a field enhancement of two
orders of magnitude at the resonance frequency.*” Moreover,
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respect to the future detection of single molecules.

the resonance frequency of plasmonic dipole antennae can be
tuned to a desired value by varying the antenna length or gap
size, providing additional design flexibility.*® Optoelectronic
devices have taken advantage of the dipole nanoantennas
configuration, for example as emitters and detectors.***

It is known that the plasmon resonance of a metallic nano-
particle is highly sensitive to the refractive index change of the
surrounding medium, which is the underpinning principle of
plasmonic label-free biosensing. When biomolecules with a
higher refractive index than the surrounding medium bind to
metal nanoparticles, the increase in the local refractive index
will cause a spectral red-shift in the extinction or scattering
spectra. This is analogous to classical label-free surface plas-
mon resonance (SPR) biosensors based on the surface plasmon
polariton (SPP) excited at the metal/dielectric interface. The
propagating SPP can probe hundreds of nanometers into the
medium,*® whereas the LSPR typically only probes tens of
nanometers into the medium.> The longer field extension in
the SPR accounts for the 10-100 times higher sensitivity of the
medium's bulk refractive index change compared to the LSPR.>®
However, as most biomolecular analytes have a size of only a few
nanometers, only a small fraction of the intense fields is utilized
in SPR. In contrast, LSPR sensors possess probing volumes that
better match the size of biomolecules, and the electric field
enhancement around the metal nanoparticles is much larger
than that of SPR sensors. Thus, they are expected to have a
much higher surface sensitivity. A great potential associated
with the localized nature of LSPR is the possibility to create
miniature sensors with multiplex measurements. For this
purpose, molecular binding to single nanoparticles has been
investigated by several groups,”** demonstrating detectable
signals from a few hundred protein molecules.
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Since the LSPR based sensing mechanism is highly associ-
ated with the electric field distributions, the sensitivity is
usually distributed inhomogeneously on the sensor elements.
This is particularly apparent for optically coupled plasmonic
nanoantennas. In such a system, the hotspot locates in between
the nanoparticles (i.e. in the gap region), showing extremely
high sensitivity, while other regions provide significantly lower/
neglectable sensitivity accordingly. An improvement in the limit
of detection can be obtained by directed molecule binding to
the high-sensitivity areas.**?®

In this work, we demonstrate hybrid plasmonic nano-
antenna arrays for biosensing application, with a selective
biomolecule binding strategy to enhance the sensitivity. The
hybrid plasmonic nanoantennas with a 10 nm thick Ti disk
situated in the gap between a pair of Au nanorods were fabri-
cated by electron beam lithography (EBL) and the biosensing
experiments were studied by using dark-field micro-
spectroscopy. Material selective surface modification chemistry
was used to direct the biomolecular binding solely onto the Ti
disk in the gap of the nanoantenna, leaving other regions
unbound. Experimental results show that our hybrid plasmonic
nanoantenna arrays have greatly enhanced sensitivity, moving
one step further towards single-molecule detection.

2. Materials and methods

Materials

Thiol-poly(ethylene glycol)-biotin (SH-PEG-biotin, MW: 5 kDa)
and thiol-poly(ethylene glycol) (SH-PEG, MW: 5 kDa) were
purchased from NANOCS (United States), poly(i-lysine)-graft-
poly(ethylene glycol) (PLL-g-PEG, PLL MW: 20 kDa, PEG MW 2
kDa, the number of lysine units per grafted PEG chain was 3.5)
and nitrodopamine-poly(ethylene glycol)-biotin (ND-PEG-
biotin) were purchased from SuSoS (Switzerland). Phosphate
Buffered Saline (PBS) buffer, 3-(N-morpholino)propanesulfonic
acid (MOPS), K,SO,, NaCl, Na,SO, and streptavidin were
purchased from Sigma-Aldrich (Singapore).

Sample fabrication

Nanoantenna arrays were fabricated on a quartz substrate by
EBL. A 170 nm thick ZEP-520A resist was spin-coated onto a
glass substrate. The ZEP-520A resist was baked at 180 °C for
2 min. Designed patterns were exposed at a dose of 320 uC cm >
by using an electron beam with acceleration voltage of 100 kV
and a beam current of 50 pA. The exposed samples were
developed in O-xylene for 30 s and then rinsed in IPA for 20 s.
After metal deposition, the lift-off process was carried out by
soaking the sample in Remover 1165 overnight. The sample was
then rinsed with IPA and deionized water, and blown dry with
nitrogen gas.

Gold was selected as the material of our nanoantennas due
to its excellent chemical stability and the matured Au-thiol
binding chemistry in surface modification. To position the Ti
disks at the hotspots of the Au nanoantennas, the alignment
markers were first defined on the quartz substrate using EBL.
Then, the Ti disks and the Au nanoantennas were fabricated in
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two separate cycles. In the first cycle, a square pattern of 60 nm
x 60 nm was written according to the alignment marker posi-
tion. A 10 nm Ti film was deposited by electron beam evapo-
ration, followed by a lift-off process. Similarly, in the second
cycle, a nanoantenna was fabricated with an Au thickness of
50 nm (with a 2 nm Cr adhesion layer). As control samples, Au
nanorods and nanoantennas without Ti disks were fabricated at
the same time in the second cycle.

The surface morphologies of the fabricated samples were
characterized using a field emission scanning electron micro-
scope (FESEM). A very thin Pt film was coated onto the samples
to prevent the charging effect during SEM testing.

Surface modification and streptavidin binding

All samples had their surfaces treated with O, plasma after the
fabrication process to ensure the complete removal of resist
residuals. The surfaces of the Ti disks of the hybrid nano-
antenna samples spontaneously transformed into TiO, after
exposure to air.*” The nanoantenna samples were modified in
three steps. First, the samples were exposed to the SH-PEG (the
PEG-terminated alkanethiol) solution (0.5 mg ml™" in 0.01 M
PBS buffer) for 1 h, followed by rinsing with PBS buffer and
deionized (DI) water, and blow drying with nitrogen gas. The
SH-PEG binds to gold surfaces, but does not adsorb on SiO, or
TiO, surfaces. Second, the sample was incubated in the
ND-PEG-biotin solution at 60 °C for 4 h (0.1 mg ml™" in 0.1 M
MOPS buffer, pH = 6, with 0.6 M K,SO, and 0.6 M NacCl), fol-
lowed by rinsing in DI water and overnight immersion in PBS
buffer to remove weakly bound molecules. ND-PEG-biotin was
adsorbed onto TiO, exclusively in this step. Third, the remain-
ing Si0, surface was backfilled with PLL-g-PEG (0.1 mg ml~" in
PBS buffer) for 30 min, to avoid unspecific binding of proteins
to SiO, regions, followed by rinsing with PBS buffer and DI
water, and then blow drying with nitrogen gas.

The sample surface of the nanorods was modified in two
steps: first, the surface was exposed to an SH-PEG-biotin solu-
tion (0.5 mg ml™" in 0.01 M PBS buffer) for 1 h, followed by
rinsing with PBS buffer. Second, the surface was exposed to the
PLL-g-PEG solution (0.1 mg ml™" in PBS buffer) for 30 min,
followed by rinsing with PBS buffer and DI water, and then blow
drying with nitrogen gas.

Streptavidin was dissolved in PBS at a concentration of
500 nM. The samples were incubated with the streptavidin
solution under steady conditions for 30 min, followed by
rinsing with PBS and DI water, and then blow drying with
nitrogen gas.

Dark-field microscope measurement

An Olympus IX 71 inverted optical microscope equipped with
standard dark-field (DF) condenser and spectrometer was used
for the optical measurements, including the optical image and
spectrum recording of elastic scattering from the samples. A dry
DF condenser (NA = 0.8-0.92) was used to focus the un-polar-
ized white light onto the sample and a 20x objective lens (NA =
0.5) was employed to collect the scattering spectra and DF
images through a spectrometer and CCD camera, respectively.
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Numerical simulation

Lumerical FDTD solutions were used for the 3D finite-difference
time-domain (FDTD) simulations. The scattering cross section
spectra of the designed structures were studied. A total field
scattered field (TFSF) plane wave was applied as the source.
Perfect matched layers were used as an effective absorbing
boundary condition to investigate the individual behavior of the
nanoantennas.

The dielectric functions of Ti, Cr and quartz substrate were
obtained from Palik's book.*® The dielectric functions of Au
structures were obtained from the experimental data of Johnson
and Christy.* The refractive index of the molecular layer and
the streptavidin are 1.48 (ref. 40) and 1.45 (ref. 41), respectively.

3. Results and discussion

Three different nanostructures were applied in this work, whose
schematic structures are illustrated in Fig. 1(a). The left column
shows the hybrid nanoantenna, which consists of two separated
Au nanorods with a thin Ti disk placed in between. After the
surface modification, the Au and SiO, surfaces were deactivated
by SH-PEG and PLL-g-PEG,* respectively. The biotin functional
group was introduced onto the TiO, surface through the use of
ND-PEG-biotin. The attachment strategy of the ND-PEG-biotin
binding to the TiO, surface is based on catecholic chemistry,
where nitrodopamine (ND) binds to the TiO, surface via the
catechol group. In terms of the binding of metal cations to the
TiO, surface, two coordination schemes can come into play:
monodentate bonding or mixed monodentate-bidentate
bonding.” Due to the different isoelectric points (IEP) of SiO,
and TiO,, the biotin functional group is introduced onto the
TiO, surface exclusively.** After the streptavidin incubation, the
protein will bind to the gap of the nanoantenna due to the high
affinity specific biotin-streptavidin binding.** As the negative
control experiment for the streptavidin binding, the nano-
antennas without a Ti disk underwent the same surface modi-
fication as that of the hybrid nanoantennas, which is shown in
the middle column in Fig. 1(a). Another control experiment was
carried out on a single nanorod whose surface was modified by
SH-PEG-biotin, shown in the right column in Fig. 1(a). After
streptavidin incubation, the protein will bind to the whole
surface of the Au nanorod.

The hybrid nanoantenna was characterized before the
surface modification. Fig. 1(b) shows a dark-field image and the
representative SEM image of a plasmonic nanoantenna array.
The nanoantennas with controllable gap size were formed by
two Au nanorods with a size of 55 nm x 110 nm and a metal
thickness of 50 nm. The distance between neighboring nano-
antenna structures is 5 pm. Each nanoantenna appears as a
diffraction-limited light source. A reddish color corresponding
to light scattered by individual nanoantenna was observed
under DF illumination. Fig. 2(a) and (b) show the measured and
simulated scattering spectra for two hybrid nanoantenna arrays
with gap sizes of 20 nm and 45 nm, respectively. We can see that
with decreasing gap size, there is a red shift of the resonance
peak wavelength both in measured and simulated scattering
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Fig. 1 (a) Schematic illustration of the biomolecular binding on the
different nanostructures and (b) representative dark-field and corre-
sponding SEM images of hybrid nanoantennas. Scale bars in the dark-
field and SEM images are 20 pm and 10 pm respectively.

spectra. The scattering spectra in Fig. 2(a) were measured using
unpolarized light. Under un-polarized light, the dipole nano-
antennas present two resonances with one at low energy for
excitation along the long axis of the dimer (longitudinal mode)
and one at higher energy for excitation perpendicular to the
long axis of the dimer (transverse mode). In the case of our
nanoantenna structures, the scattering cross-section under
transverse polarization is much smaller than that of longitu-
dinal polarization. Thus, the superposition of the two reso-
nances makes the shape of the resonance obtained a little bit
asymmetric, as seen in the measured scattering spectra in
Fig. 2(a). In the simulated scattering spectra in Fig. 2(b),
longitudinally polarized light was applied to clearly show the
surface plasmon resonance effect in the scattering spectrum.
Fig. 2(c) is the simulated electric field intensity distribution at
the resonance wavelength. The mappings were created by
sampling the near-field region of the nanoantenna excited by
longitudinally polarized light. In the gap region, the LSPRs
couple with each other and lead to greatly enhanced field
intensities at the hotspots. From Fig. 2(c), we can also clearly see
that the electric field intensity at the hotspots increases with
decreasing gap size as the plasmon coupling becomes stronger
for a smaller gap size.

We chose biotin-streptavidin affinity binding for the bio-
sensing investigation. Fig. 3(a) shows the scattering spectra of
the biotin functionalized hybrid nanoantenna array with a gap
size of 20 nm, before and after the streptavidin binding. After
the streptavidin binding, a clear LSPR peak red shift of 8 nm is
observed in the spectra. A control experiment using a

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Experimental and (b) simulated optical scattering, and (c) electric field distributions of the nanoantenna arrays with different gap sizes
(20 and 45 nm) before surface modification at longitudinal polarization light illumination (E-field along x direction), for the gap of 20 nm at a
resonance wavelength of 642 nm (left), and for the gap of 45 nm at resonance wavelength of 635 nm (right).

nanoantenna array without a Ti disk was also carried out, as
shown in Fig. 3(b). There is no clear peak shift observed, indi-
cating that the red shift in the hybrid nanoantenna array results
from selective streptavidin binding. This low unspecific binding
response also proves that both SH-PEG and PLL-g-PEG are
efficient in the prevention of unspecific protein adsorption.
Fig. 3(c) shows the simulated optical responses for biomolecule
absorption with different biomolecule layer thicknesses at the
hotspot of a nanoantenna. We can see that with increasing
biomolecule thickness, the peak wavelength red-shifts gradu-
ally. From the simulation, a biomolecular layer with a thickness
of 4 nm causes a red shift of 7 nm in the peak wavelength. With
a 30 min incubation in 500 nM streptavidin solution, it is
expected that the streptavidin is saturated on the surface and
that the biomolecule thickness is about 4 nm.*® Our experi-
mental result is in good agreement with the simulation.

The sensitivity of the hybrid nanoantennas depends strongly
on the electric field confinement at the hotspots. Stronger field
confinement will give rise to a higher sensitivity. In order to

This journal is © The Royal Society of Chemistry 2014

prove this, we tested the optical scattering spectra of the hybrid
nanoantennas with a gap size of 45 nm in response to strepta-
vidin exposure, as shown in Fig. 4. A much smaller peak shift of
~3 nm is observed compared to the case with a gap size of
20 nm, since the field intensity decreases dramatically with
increasing gap size.

As a comparison, the optical scattering response for the gold
nanorod array on streptavidin binding was also measured. In
this case, the biotin functional group was introduced onto the
gold surface by SH-PEG-biotin. After incubation in 500 nM
streptavidin for 30 min, the whole Au nanorod surface was
saturated with streptavidin molecules. A clear resonance red
shift of 12 nm is observed as shown in Fig. 5.

In terms of the peak shift in the scattering spectra, the
nanorods show a larger red shift than that of 20 nm hybrid
nanoantennas in streptavidin detection, as shown in Fig. 6(a).
However, considering the bioactive area is proportional to the
number of bound molecules and the different bioactive surface
area of the nanoantennas and nanorods, the optical response

Nanoscale, 2014, 6, 1416-1422 | 1419
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Fig. 3 Scattering spectra of nanoantenna arrays (a) with and (b) without
Ti disks with a gap size of 20 nm before and after streptavidin binding,
and (c) simulated scattering spectra of the hybrid nanoantenna array
with different biomolecule layer thicknesses. Insets in (a) and (b) are the
enlarged peaks and the SEM images of the nanoantenna used in the
measurements. Insets in (c) are the enlarged peaks and the schematic of
the simulation model. The scale bars in SEM images are 100 nm.

triggered per single molecule in the hybrid nanoantennas is
actually much higher than that of the nanorod. In our experi-
ments, the individual nanorod has a bioactive area about
10 times larger than the individual nanoantenna. The triggered
signal per molecule for the 20 nm gap nanoantennas is actually
6 times higher than nanorods, as shown in Fig. 6(b). Even the
45 nm gap nanoantennas have a higher sensitivity per molecule
than the nanorods, but the enhancement factor decreases as the
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Fig. 4 Scattering spectra of the nanoantenna array with a gap size of
45 nm before and after streptavidin binding. Insets are the enlarged
peaks and the SEM image. The scale bar in SEM image is 100 nm.
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Fig. 5 Scattering spectra of the single nanorod array before and after
streptavidin binding. Insets are the enlarged peaks and the SEM image.
The scale bar in SEM image is 100 nm.

gap size increases. At saturation response, the surface coverage
by the streptavidin is 53%." If approximating the streptavidin
molecules as hard spheres with a diameter of 4 nm,* it is
estimated that 350 streptavidin molecules were bound on each
Ti disk in the case of the nanoantenna with a 20 nm gap. This is
equivalent to a sensitivity of 0.023 nm peak wavelength shift per
streptavidin molecule, which could be resolvable for a state-of-
the-art spectrometer. In comparison to streptavidin selectively
binding to a nanohole where molecular sensitivity is about
0.005 nm peak wavelength shift per streptavidin molecule,* our
result is 4 times higher. Our molecular sensitivity is even higher
than that of the silver sphere, which is 0.018 nm peak wave-
length shift per streptavidin molecule.”

4. Conclusions

In summary, we have demonstrated an extremely high sensi-
tivity in biosensing using hybrid plasmonic nanoantennas with
selective biomolecule binding at the hotspots. With a materials-
selective surface modification strategy and a proper selection of
the hybrid nanoantenna composition materials of Au and Ti,
streptavidin binding can be directed exclusively to the hotspots

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Comparison of wavelength shift introduced by streptavidin
binding to different arrays and (b) corresponding sensitivity in wave-
length shift per molecule.

of the nanoantenna. Both experimental and simulation
results have confirmed that the localized electric field at the
hotspots of the nanoantennas and the selective molecule
binding are the key factors contributing to the enhanced
sensitivity. The optical response of the nanoantennas in terms
of peak wavelength red shift in the scattering spectra
increases as the gap size decreases. The wavelength shift per
molecule in 20 nm gap hybrid nanoantennas is enhanced by 6
times compared to that of nanorods. Our hybrid nano-
antennas provide a very promising route towards future
single-molecule detection.
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