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ABSTRACT We show that aligned gold nanotube arrays capable of supporting plasmonic resonances can be

used as high performance refractive index sensors in biomolecular binding reactions. A methodology to examine

the sensing ability of the inside and outside walls of the nanotube structures is presented. The sensitivity of the

plasmonic nanotubes is found to increase as the nanotube walls are exposed, and the sensing characteristic of the

inside and outside walls is shown to be different. Finite element simulations showed good qualitative agreement

with the observed behavior. Free standing gold nanotubes displayed bulk sensitivities in the region of 250 nm

per refractive index unit and a signal-to-noise ratio better than 1000 upon protein binding which is highly

competitive with state-of-the-art label-free sensors.
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iosensors are essential in areas such

as disease diagnostics, environmen-

tal monitoring, and food safety and
are also vital tools in the investigation of
biological phenomena. Fluorescence-based
methods have proven useful, for example,
in both genomic and proteomic microarray-
based analyses'? and for imaging, includ-
ing single molecule detection inside living
cells.>* However, labeling molecules with
fluorophores can be expensive and time-
consuming, and for certain applications it
may not even be feasible. In addition, bio-
logical reactions in general rely on the
three-dimensional structure of the biomole-
cules which may be affected by the addi-
tion of a fluorescent marker. Therefore,
there has been a drive for bioanalytical sen-
sor techniques that do not require label-
ing, but instead detect the target molecules
directly. The transduction mechanism can
be mechanical, such as in the quartz crystal
microbalance with dissipation monitoring
(QCM-D) that monitors changes in reso-
nance frequency and damping of a piezo-
electric oscillator during, for example, ad-
sorption of biomolecules.>® A nanowire
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field-effect sensor instead detects changes
in conductivity on the sensor, which can be
measured electrically.” The third main trans-
ducer principle is optical, where surface
plasmon resonance (SPR) is one of the most
commonly used methods today.? Here,
changes in the refractive index (RI) near a
flat metal surface are monitored optically by
probing changes in the surface plasmon
resonance (surface plasmons are collective
oscillations of the free electrons near the
metal interface).

In conventional SPR, light needs to
couple to surface plasmon polaritons using
prisms (Kretschmann configuration).® In
contrast, in nanostructured metal films and
metal nanoparticles, plasmon resonances
can be excited by direct illumination with-
out any special arrangements and mea-
sured using conventional transmission-
mode spectroscopy.'®"" This significantly
simplifies the experimental setup, which is
one of the reasons for the increasing popu-
larity of nanoplasmonic biosensors. The op-
tical properties of metallic nanoparticles
are governed by localized surface plasmon
resonances (LSPRs) which are displayed as,
for example, peaks in an extinction spec-
trum (extinction = —In(transmission)). The
LSPR position in the wavelength is sensitive
to changes in Rl in close proximity to the
metal.'®

A biomolecular recognition reaction of,
for example, antigens binding to antibod-
ies immobilized on the sensor surface can
then be probed in real-time by monitoring
shifts in the extinction peak wavelength.
This suggests that the performance can be
improved by increasing the sensitivity of
the plasmonic resonance to changes in RI
near the metal surface. This has been stud-
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ied, for example, by varying both the shape of the nano-
structure and also the material or type of support.'>'*
Further, to optimize the signal-to-noise ratio, which ul-
timately determines the lowest concentration of an an-
alyte that is measurable, it is crucial to keep the noise
level at a minimum. For LSPR sensors this means maxi-
mizing the precision with which the plasmonic reso-
nance can be probed in real-time. For example, the
peak position of a sharp peak might be monitored with
better precision than a peak with large peak width. Fur-
ther, it has been shown that monitoring the centroid
of the peak (wavelength at the center of mass of the
peak) can reduce the noise level significantly.’

From a practical as well as commercial point of view
it is valuable to use low-cost and scalable fabrication
methods. Therefore, several techniques that enable par-
allel fabrication of surface-supported plasmonic nano-
structures have been developed, including nanosphere
lithography,'® sparse colloidal lithography,'” hole-
mask lithography,'® and nanoimprint lithography.'®
Another promising approach is to use thin substrate-
supported porous alumina as a template for elec-
trodeposition of metals.?° This method allows a wide
range of nanostructures to be produced in a relatively
simple fashion, such as both released and freestanding
nanorods of different materials, including segmented?’
and coaxial structures.*>~2*

While the refractive index sensing capability of many
plasmonic nanostructures has been reported,?® 3 to
our knowledge there have been no studies of noble
metal nanotubes as label-free sensors. In this paper we
demonstrate the high potential of vertically aligned
gold nanotube arrays for label-free bioanalytical sens-
ing. Bulk sensitivity of both the inside and outside walls
of the nanotubes is determined, and interfacial sensitiv-
ity to the response induced by biomolecular binding re-
actions is studied. The results are compared with finite
element simulations and explained by field distribu-
tions associated with the plasmonic resonance pecu-
liar to the nanotube geometry.

Recently, we presented a method, schematically il-
lustrated in Figure 1, to fabricate arrays of gold nano-
tubes by electrodeposition of gold around polypyrrole
nanorods in a thin anodic alumina (AAO) template.3?
First, a nanoporous AAO template is fabricated on a
substrate by anodizing an aluminum thin film on a thin
gold under-layer. Then, polypyrrole is deposited into
the AAO pores (Figure 1A) by electropolymerization.
The AAO pores are then chemically etched using NaOH,
creating shells around the polypyrrole nanorods (Fig-
ure 1B). Gold is then electrodeposited into the shells
(Figure 1C). At the next stage, the polypyrrole is re-
moved by plasma etching (Figure 1D). An outer shell is
then formed by chemical etching as before (Figure 1E).
If the etch is continued, the AAO matrix is completely
removed (Figure 1F) to reveal freestanding arrays of
gold nanotubes attached to the substrate (Figure 1G).
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Figure 1. Summary of the fabrication process for gold nanotube ar-
rays and SEM image of the resulting structure. The sample dimensions
inner diameter (i), outer diameter (o), and pitch (p) are indicated.
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Figure 2. Extinction spectra obtained in water for a gold nanotube
sample at different stages during the fabrication. The sample has av-
erage tube dimensions of length = 120 nm, inner diameter i = 22 nm,
and outer diameter o = 44 nm and p = 55 nm. Angle of incidence 0
=0°.
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Figure 3. Extinction spectra for different concentrations of glycerol in water (0—40 wt %/Rl = 1.333—1.368). (A) Experimentally ac-
quired from a sample with only inside walls exposed and (B) the respective FEM simulated spectra, (C) Experimentally acquired for
both inside and outside walls exposed and (D) the respective FEM simulated spectra. The arrows indicate the direction of peak shift
with increasing refractive index. 6 = 0°.
RESULTS AND DISCUSSION is in agreement with the fact that the Rl inside the
Figure 2 shows optical extinction spectra acquired gold nanotubes decreases from around 1.45 for the
from transmission measurements at normal incidence polypyrrole to 1.333 for water.>® It is known that post
with the samples immersed in water. Using normal inci- annealing samples results in an increase in the gold’s

dence radiation significantly simplifies the experimen- mean-free path leading to a reduction of the imagi-
tal setup in terms of biosensing applications as it ren- nary part of the permittivity of Au.>*3> As the sample
ders the use of specific angles and polarized light heats slightly during plasma etching this transition

unnecessary. Longitudinal plasmonic?®*?* modes will could also be partially attributable to this effect. The
only be observed for angle of incidence (6) other than “outside and inside walls exposed” trace (blue) was

zero, and hence in the spectra presented the plasmonic  acquired following chemical etching of the alumina
mode observed is a transverse one. The trace labeled in 0.03 M sodium hydroxide (NaOH) for 30 s to cre-

“walls not exposed” (green) corresponds with the sche- ate an outer shell around the tubes. This structure
matic in Figure 1C and shows an extinction peak at ap-  corresponds with that illustrated in Figure 1E. The
proximately 775 nm corresponding to a transverse plas-  extinction peak decreases and blue shifts by around
monic resonance. The spectrum labeled “inside walls 65 nm following the partial alumina etch because
exposed” (red) was acquired following removal of the of the decrease in the effective Rl of the water-filled
polypyrrole by plasma etching in a 3:1 argon—oxygen  shell. As seen in the trace “free-standing tubes”, the
atmosphere at 15 W for 10 min (schematic Figure 1D). peak is further suppressed, broadened, and blue-
From this treatment the extinction peak was seen to in-  shifted following the removal of all of the alumina
crease, sharpen, and blue-shift slightly. The blue-shift (depicted in Figure 1F).
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The nanotube plasmonic resonance sensitivity was
then investigated with respect to changes in Rl of the
surrounding medium through immersion in different
concentrations of glycerol dissolved in water (0—40 wt
%). The RI of each solution was verified using an Abbe
refractometer.

Spectra obtained for inside walls exposed and in-
side and outside walls exposed are shown in Figure 3
panels A and C, respectively. Also shown for compari-
son are spectra generated using finite element model-
ing (FEM) software Comsol Multiphysics 3.5a (RF Mod-
ule). The models assume a square lattice arrangement
with typical parameters (pitch, 55 nm; length, 100 nm;
inner diameter, 22 nm; outer diameter, 44 nm; and gold
permittivity with a reduced mean free path of 3
nm)_34,35

The simulated spectra of this complex system
are not meant to be a fit to data but are for qualita-
tive comparison with observations when the refrac-
tive index changes. Differences between the real ma-
terial constants and model are expected leading to
deviations of the exact position of the resonances in
the modeled and experimental spectra. The reso-
nance behavior in response to the refractive index
change of the surroundings is completely repro-
duced by the model.

In agreement with the simulations, the experimen-
tal spectra reveal that both the inside and the outside
of the nanotubes are sensitive to Rl changes. It was seen
earlier (Figure 2) that only exposing the nanotube in-
side walls resulted in a blue-shift of the extinction peak
and an increase in extinction related to the reduced re-
fractive index inside the nanotubes. These trends are
confirmed on increasing the refractive index (Figure 3A)
resulting in a red-shift and reduction of the extinction
peak and are in qualitative agreement with simulations
(Figure 3B). When both inside and outside walls are ex-
posed (Figure 3C,D), again, the extinction peak red-
shifts with R, but this time the extinction increases ac-
cording to both experiment and simulation.

The dependence of peak extinction on refractive in-
dex is graphically illustrated in Figure 4, revealing linear-
ity in both cases, which is consistent with FEM results.
To evaluate the bulk sensitivity of the nanostructures
the extinction peak shift (A\yea) Was plotted against
the change in Rl (Figure 5). The bulk sensitivity is de-
fined as m = ANpear/ARI and could be determined from
linear fits to the experimental data points.

The figure shows that before the tube walls are ex-
posed the samples are essentially insensitive to the
changes in Rl of the solutions. This behavior suggests
that the electromagnetic field of the nanotubes’ plas-
monic excitation is confined within the matrix. After the
inside walls are exposed the structure becomes sensi-
tive to changes in Rl of the bulk medium with a sensi-
tivity of 98 nm/RIU (refractive index units). With both in-
side and outside walls being exposed, the bulk
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Figure 4. Change in extinction at the peak wavelength as a result of
immersion in different concentrations of glycerol in water (0—40 wt
%) for a sample with only inside walls of nanotubes exposed and for
a sample with both inside and outside walls exposed. The solid lines
are linear fits to the data points. 0 = 0°.

sensitivity increased to 225 nm/RIU. Thus the exposure
of both inside and outside walls increases the sensitiv-
ity of the transducer.

A sensitivity of 225 nm/RIU for the nanotube arrays
is competitive with that of other gold-based LSPR struc-
tures with resonances around 650 nm, and it is ex-
pected that it can be further improved by tuning the
plasmonic nanotube resonance toward the red region
of the wavelength range.'®3%3” Our system, however,
provides additional advantages such as broad spectral
tuneability and a large effective surface area.

Numerical modeling was also used to gain an in-
sight into the underlying nature of the sensitivity of
the nanotube surfaces. The electromagnetic field distri-
bution for a free-standing nanotube in an array ex-
cited by a plane wave at normal incidence is shown in
Figure 6. The field enhancement along the outer tube
walls in Figure 6A supports the experimental observa-
tions which showed that the exposure of the outside
walls of the nanotube yields high sensitivity. Near the
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Figure 5. Sensitivity of the wavelength of the extinction peak
to changes in refractive index by immersion in different concen-

trations of glycerol in water (0—40 wt %) for the same struc-
ture at different stages of the fabrication process. 6 = 0°.
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Figure 6. The FEM simulated distributions of the norm of electric field in free-standing gold nanotube arrays at the wave-

length at which extinction is a maximum. Cross-section A shows the distribution of the field along the length of the nano-
tubes, image B shows the distribution for a cross-section at 25 nm from the rim of the nanotube, and image C is the distri-
bution at the rim itself. The model assumed a pitch of 55 nm; nanotube length, 100 nm; inner diameter, 22 nm; and outer

diameter, 44 nm. 6 = 0°.

rim of the nanotube the field is significant both inside
and outside the tube.

Finally, the ability of free-standing nanotubes to de-
tect biomolecular binding was evaluated through the
binding of NeutrAvidin protein to the tubes. For this ex-
periment the sample was placed in a flow cell and the
plasmonic resonance was monitored in real-time via the
centroid of the peak (wavelength at the center of
mass).'® The flow cell was first filled with buffer fol-
lowed by the addition of 10 wg/mL NeutrAvidin
(167nM) at the time 0 min (Figure 7). This resulted in a
monotonic binding curve that saturates at a remark-
ably high shift of around 16 nm. Indeed, this shift
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Figure 7. Temporal variation in the centroid position during ad-
sorption of 10 ug/mL NeutrAvidin (added at 0 min) to a free-
standing gold nanotube array. The inset shows a zoomed sec-
tion of the graph and illustrates both the noise level (~1 x 10~
nm) and the temporal resolution (~5 s) of the measurement. 6
=0°.
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should be considered large even compared with those
induced by protein adsorption on nanoplasmonic sen-
sors with higher bulk sensitivity than the presented
structure.' It is also interesting to note that the pro-
tein uptake is significantly slower than that expected
under stagnant conditions at this concentration. This
could be due to protein-binding to the rims of the tubes
slowing down the diffusion of molecules to the insides
of the tubes. This, combined with the large differences
in field strength over the nanostructure’s surface could
enable size selective biomolecular filtering.

In summary, we have successfully fabricated verti-
cally aligned gold nanotube arrays on glass substrates
using a self-assembly technique and explored the bulk
and interfacial sensitivity of their optical properties to
refractive index variations. The free-standing tubes dis-
played very competitive sensitivities as compared with
other LSPR-based nanoplasmonic structures and exhib-
ited a very large peak shift and signal-to-noise ratio in
biomolecular binding experiments using the protein
NeutrAvidin.

Apart from the importance and applicability of high
performance Rl sensors in general, arrays of free-
standing plasmonic nanotubes have the potential to
be used to penetrate cells without interfering with their
survival.?” Combined with recent developments where
LSPR sensing from microscale areas has been achieved
without loss in signal-to-noise ratio compared with
macroscale sensing,*® the fact that the field strength is
highest at the rim of the nanotubes could enable a
unique means of probing cell interiors down to the
single cell level.
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METHODS

Substrate-Bound Gold Nanotube Array Fabrication Process. The
samples were prepared through a multistage process thor-
oughly described previously.3? First, 8 nm tantalum pentoxide
(Ta;0s), 5 nm gold (for subsequent electrodepositions), and 400
nm aluminum films were magnetron-sputter deposited onto
glass substrates in an ambient pressure of 5 pbar. The Ta,0s ad-
hesion layer was sputtered in a 20% oxygen/80% argon mix-
ture, while pure argon was used for the others. Anodization of
the aluminum was performed in 0.3 M sulfuric acid (~1 °C) at
constant voltage using a platinum counterelectrode. Following
anodization the nanoporous alumina templates were etched in
30 mM NaOH to remove the barrier layer from the base of the re-
sulting pores. The duration of this etch also determines the diam-
eter of the subsequently deposited sacrificial polymer wires.

Polypyrrole (PPy) was deposited into the AAO template using
a standard three-electrode cell at an electropolymerization volt-
age of +1.5V against a platinum reference wire. The electrolyte
was an acetonitrile solution containing 0.5 M pyrrole monomer
and 0.3 M tetraethylammonium-p-toluene sulfonate.>® The AAO
pores surrounding the PPy nanowires were widened using a 30
mM NaOH etch and gold was electrodeposited versus a saturated
calomel electrode into the resulting shell from a sodium
thiosulfate—sulfite bath.*® The PPy nanowires were removed by
reactive plasma etching in a 3:1 argon—oxygen atmosphere at
low power (15 W). The AAO template may also be removed us-
ing NaOH etching to reveal free-standing gold nanotubes.

Optical Characterization System. To characterize the Rl sensing ca-
pability of the samples, they were mounted in a transparent flow
cell arrangement and optical transmission spectra were ac-
quired via a 1.5 mm diameter fiber bundle placed directly be-
hind the sample. The fiber is coupled to a spectrograph (Andor,
Shamrock 303i) and CCD camera (Andor, Newton) under com-
puter control. The optical response was kinetically recorded as
the samples were immersed in different concentrations of glyc-
erol (Sigma-Aldrich) dissolved in water (0—40 wt %). The RI of
each solution was verified using an Abbe refractometer. Analy-
sis of nanotube dimensions was performed using a JEOL 6500F
scanning electron microscope.

FEM. Finite element simulations of the near and far-field opti-
cal response were carried out using Comsol Multiphysics 3.5a
(RF Module) software.
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