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Abstract Localized surface plasmon resonances of metallic
nanoparticles can be used for biosensing because of their sensi-
tive dependence on the refractive index of the surrounding me-
dium. The binding of molecules to the particles causes a change
of the effective refractive index in their close vicinity, which
leads to a reversible shift of the resonance. We present simula-
tions and sensing experiments of a plasmon resonance based
biosensor that makes use of the narrow antisymmetric resonance
in coupled plasmonic vertical dimers. The sensitivity of the
antisymmetric resonance is compared with that of a surface
lattice resonance for refractive index sensing of bulk and of thin
layers of molecules. The functionality of such a sensor surface is
demonstrated via a testosterone immunoassay for detection of
antibody from a solution by binding to surface-immobilized
antigen in a fluidic channel.
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Introduction

Lab-on-a-chip detection is becoming increasingly important for
point-of-care applications, including the detection of viruses,
and hand-held applications, e.g. water monitoring. Therefore
small, label-free sensors with fast read-out are required. One
possibility is to make use of plasmonic nanostructures. When
excited by light, metallic nanoparticles have a resonance in their
spectrum, which is referred to as a localized surface plasmon
resonance (LSPR). The resonance wavelength depends, among
other parameters, on the refractive index of the particles’ sur-
rounding. The approach of using this dependency for sensing
applications, e.g. for the detection of biomolecules [1–6] or as
gas sensors [7], has been pursued for some time. Different kinds
of particle, including nanopyramids [8], colloidal nanoparticles
[9], nanorods [10], nano-islands [11], elliptical nanodiscs [12],
and nanotriangles [13], have been investigated, using either
single or ensembles of particles.

An advantage of LSPR sensors over other established sens-
ing methods, for example chemiluminescence [14] or
fluorescence-based immunoassays [15], is that the analyte does
not have to be labeled, because its very presence after binding to
the recognition structure modifies the detection signal. The time
scale for such an immunoassay is very short, typically only a
fewminutes, and even real-time binding kinetics can be studied.
Furthermore, the detection volume can be chosen to be very
small. The small area for optical read-out, of a few micrometers
squared or even less, combined with the implementation in a
microfluidic channel, enables application as lab-on-a-chip.

The specific binding of an analyte to a recognition structure
at the surface of a nanoparticle causes a small change in the
effective refractive index of the particle’s surrounding. This
leads to a shift of the resonance in the optical extinction spec-
trum of the particle. Even single binding events may be de-
tectable by this technique [16].
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The sensitivity of sensors based on LSPR shifts can be
character ized by the shi f t of the resonance per
refractive index unit (RIU). The figure of merit (FOM) is
defined as the ratio of the sensitivity to the resonance
linewidth [17].

The FOM may be used as a measure of the quality of the
sensor. The higher the FOM, the better even small changes of
the refractive index should be detectable. Typical sensitivities
of the resonance of plasmonic nanostructures are of the order
of several hundred nanometers per refractive index unit. For
typical linewidths of plasmonic resonances of several tens of
nanometers, this results in standard FOMs well below 10.
High FOMs could, e.g., be achieved for very narrow Fano
resonances. This has been revealed for plasmonic nanohole
arrays, which yielded FOMs of over 100 [18].

Strong shifts and a small resonance linewidth are beneficial
for the detection of even small concentrations of biomole-
cules, which result in a low coverage of the particles’ surface
with molecules. Periodically arranged nanostructures can ad-
ditionally have narrow features in their extinction spectra
caused by interaction of the nanostructures with the light
diffracted by the array [19, 20]. This resonance arises at the
wavelength matching the lattice constant of the array multi-
plied with the refractive index of the surrounding. It is referred
to as the surface lattice resonance (SLR). The SLR is most
pronounced and narrow in an index-matched environment
[21]. Biomolecular detection mostly takes place in a water
environment (n=1.33). For that reason the index of the sub-
strate in this work has been adjusted by using a magnesium
fluoride layer (n=1.38) instead of glass (n=1.51).

This work concentrates on arrays of plasmonic vertical di-
mers. They consist of two metal discs stacked as a sandwich
with a narrow dielectric spacer in between (Fig. 1a). They typ-
ically have two resonances in their spectra when excited with
light polarized perpendicular to the dimer axis [22, 23]. These
resonances originate from plasmon hybridization resulting from
coupling of the discs [24]. The first mode is a symmetric mode

with the dipole moments in the nanodiscs oriented parallel to
each other, which occurs at wavelengths near the resonance of a
single disc. A second, antisymmetric mode with antiparallel
dipole moments appears at lower energies. This mode is also
referred to as a magnetic dipole mode, because the magnetic
field in the spacer between the discs has a dipolar appearance
[25]. Vertical dimers may also be used for surface-enhanced
Raman scattering, because their two resonances can simulta-
neously enhance the excitation and the scattered wavelengths
[26]. This geometry is chosen because, as simulations indicate,
the linewidth of the antisymmetric resonance is smaller than that
of the symmetric resonance or the resonance of single discs. As
far as we are aware, regular arrays of vertical dimers have not
been applied to molecular sensing before. Figure 1b shows the
simulated transmission of light through samples with a single
disc with a resonance at 620 nm, a vertical dimer with two
resonances at 590 nm and 845 nm, and a periodic arrangement
of vertical dimers in a square array with an additional SLR. The
refractive index sensitivities of the antisymmetric dimer reso-
nance and the SLR are investigated by simulations and optical
measurements, and by molecular sensing in a fluidic channel.

Materials and methods

Simulations

The spectrally resolved extinction and the distribution of the
electrical near-field of periodic arrays of vertical dimers were
simulated using the finite element method with COMSOL
Multiphysics. The model was built as a cuboid with an in
and out port for electromagnetic excitation, with the electric
field of intensity I0 polarized parallel to the substrate on the top
and on the bottom, respectively. Periodic boundary conditions
were applied to the surfaces on the sides. The extinction was
evaluated at the out port. From the transmitted intensity IT,
extinction spectra are calculated using (I0− IT)/I0. In the

Fig. 1 (a) Schematic of the vertical gold–SiO2–gold dimers. (b)
Comparison of the simulated extinction spectra of a single disc with one
resonance at 620 nm (black, bottom), a vertical dimer with a symmetric and
an antisymmetric resonance at 590 nm and 845 nm, respectively (blue,

middle), and an array of vertical dimers with an additional SLR at
755 nm (red, top). The curves are offset for clarity. (c) SEM image of an
array of vertical dimers in top-view and of a single structure under a view-
ing angle of 75 °. The size of the scale bars is 100 nm
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extinction spectrum, plasmon resonances appear as peaks. For
the refractive index and the absorption coefficient of gold the
data from Johnson and Christy were used [27]. The refractive
index of the cuboid was set to 1.38 in the lower half (magne-
sium fluoride substrate) and to 1.33 in the upper half (water
immersion). For the spectrally resolved evaluation of the over-
all near-field the normalized electric field strength was inte-
grated over the particle’s surface. In the near-field spectra the
resonances are visible as peaks. To evaluate the spatially re-
solved distribution of the near-field, the normalized electric
field strength E/E0 was evaluated in every point of a cross-
sectional plane through the particle normal to the substrate
surface and along one of the array axes.

Fabrication

The vertical dimers were fabricated on 18 mm×18 mm micro-
scope glass coverslips (thickness approximately 130 μm),
which had been previously covered with a layer of 500 nm
magnesium fluoride (n=1.38) by thermal evaporation. A dou-
ble layer of PMMA (total thickness approximately 300 nm)
was spin coated onto the samples, followed by the deposition
of a 15 nm layer of aluminium by thermal evaporation to ensure
conductivity during electron-beam lithography. The resist was
exposed with a Philips XL30 scanning electron microscope,
with an energy of 30 keV and doses from 30 fC to 150 fC, to
form patterns of circles of different diameters and distances
after chemical development in a mixture of isopropanol and
methyl isobutyl ketone. This was followed by the deposition
of a sandwich of gold and silicon dioxide layers with the de-
sired thicknesses by thermal and electron-beam evaporation,
respectively. During the evaporation the diameter of the holes
in the resist decreases laterally as a result of deposition on top of
the resist, which leads to slightly tapered structures. A lift-off
yielded the arrays of vertical dimer structures. Figure 1c shows
an array of vertical dimers in top-view and a single vertical
dimer under an angle of 75°.

For the fabrication of a microfluidic channel a mold was
created by structuring SU-8 resist by optical lithography on a
silicon wafer. PDMS (Sylgard 184) was poured onto the mold,
hardened at 150 °C on a hotplate for 15 min, and peeled off.
Holes were punched into the PDMS sheet to enable
the connection of tubes. A glass coverslip with nanostructures
was brought into contact with the PDMS to form a closed chan-
nel. The adhesion was promoted by activating the PDMS sur-
face in an oxygen plasma. The channel had a length of 1.5 cm
and a width of 200 μm. The channel height was 100 μm.

Optical characterization

The samples were characterized by optical extinction mea-
surements in an inverted microscope (Nikon Eclipse Ti-U).
The PDMS flow cell with the glass sample was illuminated

by collimated white light incident perpendicular to the sample
surface. A halogen lamp with a linear polarizer was used. The
transmitted light was collected by an objective (20×, NA=
0.5). By use of a pinhole, only light originating from a circle
with a diameter of 10 μm in the object plane was selected and
guided to a spectrometer (Ocean Optics QE 6500) to measure
the transmission spectra. The extinction was derived from the
transmission as described in the BSimulations^ section.

Reagents and materials

6-Amino-1-hexanethiol hydrochloride, dimethylformamid, N,
N′-diisopropylcarbodiimide, sodium dodecyl sulfate (SDS),
testosterone 3-(O-carboxymethyl)oxime, and all common
chemicals were purchased from Sigma–Aldrich, Deisenhof,
Germany. Monoclonal mouse antibodies to testosterone
(IgG1, Clone 7003) and polyclonal antibodies to mouse IgG
were purchased from Acris Antibodies GmbH, Herford, Ger-
many. For regeneration of the sensor surface, a solution of
0.5 % SDS (w/v, pH 1.5) in Milli-Q water was used. As buffer
solution phosphate-buffered saline (PBS) was prepared using
150 mmol L−1 NaCl and 10 mmol L−1 KH2PO4, and the pH
was adjusted to 7.4.

Results and discussion

Characterization of vertical dimer arrays

To characterize the vertical dimers, simulations of the near-field
of two gold discswith heights of 40 nm, separated by a dielectric
(n=1.46) spacer, were performed. The disc diameter and the
spacer thickness were varied. As a result of the fabrication pro-
cess, the experimental dimers are slightly tapered. This fact was
taken into account in the simulations with an angle of the side-
walls of 17 ° as measured by SEM. The polarization of the
exciting electromagnetic field was parallel to the plane of the
substrate. In Fig. 2a the spacer thickness was kept constant at
10 nm, and the base diameter was varied from 60 nm to 130 nm
in 10 nm steps. The antisymmetric mode, which overlaps with
the symmetric mode for small disc dimensions, shifts to larger
wavelengths when the diameter is increased. A similar behavior
is observed when decreasing the spacer thickness while keeping
the diameter constant. In Fig. 2b the base diameter was kept
constant at 100 nm, and the spacer thickness was varied from
25 nm to 5 nm, which shifts the antisymmetric resonance from
overlapping with the symmetric mode to a wavelength of ap-
proximately 900 nm. The curves were vertically offset in both
cases for clarity. As can be seen in the simulations, the linewidth
of the antisymmetric mode is smaller than that of the symmetric
mode. This makes it better suited for refractive index sensing. It
can be shifted over a large wavelength range by varying the
diameter of the discs and/or the spacer thickness. The near-
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field maps (Fig. 2c, d) show that the distribution of the electric
field strength for the symmetric mode is similar to the case of
single discs with hotspots at the edges, and particularly at the
bottom edge. For the antisymmetric mode the electric field is

mainly located between the discs in the dielectric spacer and just
outside the spacer. This means the spots of high field intensity
are shifted away from the substrate further into the surrounding
medium, which could be beneficial for molecular sensing.

Figure 2e shows simulated extinction spectra of a non-
periodic arrangement of vertical dimers (bottom) and of arrays
with varying periods of 400 nm to 600 nm in 50 nm steps. The
antisymmetric mode occurs at approximately 850 nm, and the
SLR is shifted through the spectrum for different particle dis-
tances. Figure 2f shows an extinction measurement of a ver-
tical disc array with a period of 505 nm. The symmetric dimer
resonance occurs at approximately 635 nm, the antisymmetric
resonance at approximately 820 nm. The position of the SLR
at 715 nm is in accordance with the simulations. Compared
with the simulations the SLR in the optical measurements is
broader, which could be caused by lattice inhomogeneity.

Sensitivity tests

The sensitivity of the periodic arrays of vertical dimers to
changes in the refractive index was examined by immersing a
sample in solutions of water (n=1.33) and glycerin (n=1.47)
with different mixing ratios in a flow cell. The solutions were
prepared such that their refractive index changes in steps of
0.01. Figure 3a shows extinction spectra of vertical dimers in

Fig. 2 (a, b) Simulations of the normalized near-field strength integrated
over the surface of vertical dimers. In (a) the base diameter is varied from
60 nm to 130 nm (bottom to top) in 10 nm steps with a fixed spacer of
10 nm. In (b) the spacer thickness is 25 nm, 20 nm, 15 nm, and down to
5 nm in 2.5 nm steps (bottom to top) with a fixed base diameter of 100 nm.
Increasing the diameter or decreasing the spacer thickness leads to a redshift
of the antisymmetric resonance. (c, d) The near-field distributions of (c) the
symmetric mode and (d) the antisymmetric mode in units of E/E0. (e)
Simulated extinction spectra for random distribution (bottom) and arrays
with periods varying from 400 nm to 600 nm (second from bottom to top) in
50 nm steps. (f) Experimental extinction spectrum of vertical dimers with a
diameter of 120 nm, a disc height of 40 nm, a 10 nm silicon dioxide spacer,
and a period of 505 nm. The curves in (a), (b), and (e) are offset for clarity

Fig. 3 (a) Sensitivity measurements in water–glycerin solutions with
different mixing ratios to vary the refractive index. The zooms into (b)
the SLR and (c) the antisymmetric resonance show the shifting peak
wavelengths in the solutions with refractive indices from 1.33 to 1.36 in
steps of 0.01 (left to right)
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solutions with n=1.33–1.36. As can be seen in the zooms on
the SLR and the antisymmetric mode in Fig. 3b, c, the position
of the resonance wavelength depending on the refractive index
progresses nearly linearly, and the shift in the different solutions
gives sensitivities for the SLR and the antisymmetric dimer
resonance of 326 nm and 248 nm per RIU, respectively. The
line-width of the SLR is 38 nm, resulting in a FOM of ca. 8.6.
The linewidth of the antisymmetric dimer resonance is 62 nm,
giving a reasonable FOM of 4. The sensitivity of the symmetric
resonance, which occurs at approximately 630 nm, of 110 nm
per RIU is comparatively low.

Figure 4a shows the results of simulations of the
refractive index sensitivity. Two cases were considered either
by changing the bulk dielectric, or by changing the refractive
index of only a 7 nm thin layer around the structure to simulate
biomolecule adsorption. For the bulk simulations the refractive
index was changed from 1.33 to 1.35. For the molecules an
index of 1.5 was assumed. As can be seen in the zooms into
the resonances in Fig. 4b, c, the bulk change causes a shift of
the SLR of 6.8 nm and of 5.6 nm for the antisymmetric dimer
resonance. This results in simulated bulk sensitivities of 340 nm
per RIU for the SLR and 280 nm per RIU for the antisymmetric
resonance, which both are a little higher than in the experiment,
but still have good agreement. For the thin layer, however, the
SLR shifts only by approximately 2.5 nm, whereas the shift of
the dimer resonance of 20.1 nm is far stronger, because the

near-field only probes the direct vicinity of the particles. This
difference reveals that the lattice resonance, which originates
from diffraction and is delocalized over the whole array, seems
to be better suited for bulk sensing applications, whereas the
antisymmetric dimer mode is well suited for molecular sensing.

Testosterone-antibody sensing

Adimer sensing surfacewas testedwith an immunoassay for the
detection of testosterone antibody from a solution. Therefore the
nanostructures were coated with a specific recognition structure
as shown in Fig. 5a. In the first step the gold dimers were
functionalized with short linker molecules. This was done by
immersing the substrate in a solution of aminohexanethiol in
ethanol with a concentration of 0.84 mg mL−1 for 24 h to form
a self-assembled monolayer on the gold surface. For the second
step testosterone oxime was dissolved (87 mg mL−1) in a solu-
tion of diisopropylcarbodiimide in dimethylformamide (concen-
tration of 0.1 mg mL−1). The solution was applied to the sample
surface and sandwiched with another glass coverslip. Over 40 h
incubation the testosterone oximewas immobilized on the nano-
structures’ surface by chemical binding to the aminohexanethiol.
Finally the sample was rinsed with ethanol and blown dry with
nitrogen. A schematic of the process can be seen in Fig. 5a.

The glass coverslip was again mounted onto a PDMS flow
cell as described above. A peristaltic pump was connected to
the channel with plastic tubing to enable a controlled flow of
the solutions.

The sensing experiments were again conducted with the
inverted microscope, where the structures were excited by
parallel white light from the top through the PDMS, and the
extinction of the nanostructure arrays was measured by re-
cording the transmission with the spectrometer. The measure-
ments were performed at a constant flow of the liquids. Spec-
tra were taken in defined steps of time, and the peaks were
fitted to obtain the resonance wavelengths. Before the sensing
experiments a buffer solution (PBS) was pumped through the
flow channel for 1 h. Then solutions of testosterone antibody
in PBS, with different concentrations, were run over the sur-
face, each followed by PBS again. For the regeneration of the
sensor surface, a sodium dodecyl sulfate solution, which pro-
motes the dissociation of the antibody from the testosterone,
was pumped through the channel. To investigate the reproduc-
ibility of the process, binding and regeneration was repeated
several times in several experiments.

The resonance peak wavelength plotted over time for one
concentration series is shown in Fig. 5b for the antisymmetric
dimer resonance and in Fig. 5c for the SLR. Antibody binding
and regeneration was repeated eight times with different anti-
body concentrations in the solutions. The total volume of the
antibody solution used for each cycle and the flow velocity
were kept constant. The flow cell was thus exposed to the
antibody solution for the same length of time in each case.

Fig. 4 (a) Simulations of the effect of a refractive index change of the
bulk immersion liquid from 1.33 to 1.35 (blue dashed line) and of a 7 nm
thin layer from 1.33 to 1.5 (red dotted line) on the SLR and the
antisymmetric dimer resonance. (b) The zoom into the SLR reveals that
it is more sensitive to bulk changes, whereas the antisymmetric mode in
(c) is very sensitive to changes in a thin layer
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In cycles 1, 2, and 6 a concentration of 50 mg L−1 anti-
testosterone antibodies was used. Shifts of approximately
4.5 nm, 2.3 nm, and 2.4 nm, respectively, caused by molecule
binding were observed for the antisymmetric resonance. The
SLR had shifts of 1.3 nm, 0.7 nm, and 0.7 nm, respectively, for
this concentration. The stronger shifts of the antisymmetric reso-
nance compared with the SLR are in agreement with the results
of the simulations. For cycle 1 the shift was clearly the strongest.
This may indicate either that some linker molecules are removed,
or that the bound antibodies are incompletely removed in the first
regeneration. In cycles 3 and 4 the structures were exposed to
5 mg L−1, with similar results of 1.6 nm and 1.4 nm shifts,
respectively, of the antisymmetric resonance (shifts of 0.4 nm
and 0.3 nm, respectively, of the SLR). Over cycles 5 to 8 the
concentration was decreased from 200 mg L−1 through
50 mg L−1 and 5 mg L−1 to 1 mg L−1. This led to maximum
shifts of the antisymmetric mode of 2.6 nm, 2.4 nm, 1.1 nm, and
0.6 nm, respectively. The maximum shifts of the SLR were
0.7 nm and 0.3 nm for cycles 5 and 6, respectively. For the two
smallest concentrations no shift of the SLR could be measured.

The time-dependent evolution of the shifts of the antisym-
metric resonance for these cycles is shown in Fig. 5d. The
number of binding events and thus the resonance shift de-
pends on the kinetics of antibody–antigen binding and the
transport from the solution to the structures. The resonance
shift was plotted over time, starting when the antibody solu-
tion was expected to have reached the flow cell. It increases in
a concentration-dependent manner. After 5 min the flow cell

was exposed to buffer solution again, and thus no more anti-
bodies were supplied. In this time the concentration-
dependent saturation of antibody binding at the structures,
and thus the maximum shift for each concentration, was near-
ly reached for all concentrations. A slight further increase of
the shift could be caused by diffusion of antibodies to the
buffer solution in the tubes and the flow channel.

Figure 5e shows the maximum resonance shifts (i.e. the
shifts of the equilibrium values after binding or, if equilibrium
has not been reached, the highest observed values in the pla-
teau) for each of the eight cycles. They were calculated as the
differences of the peak wavelengths in buffer solution before
and after antibody binding. Compared with the values mea-
sured in the early stages of the experiment, a decrease of the
shift is observed after some cycles of antibody binding and
regeneration for equal antibody concentrations. Also, the reso-
nance wavelength of the structures in the buffer solution shifts
slightly to shorter wavelengths over the course of the experi-
ments. This again could be caused by a dissociation of linker
molecules in the flow or during the regeneration over time. The
effect is stronger for the dimer resonance.

Figure 5f shows a calibration curve for the antisymmetric
resonance [28]. The strongest average shifts for high concen-
trations were approximately 3 nm. A limit of detection was
estimated by evaluating the three-sigma limit of the lowest
measured concentration of 1 mg L−1 [29]. This results in a
limit of detection of 0.9 mg L−1, which corresponds to
6 nmol L−1 for the investigated antibody.

Fig. 5 (a) Schematic layout of
the sensing surface with specific
recognition structure. Peak
wavelength of (b) the
antisymmetric dimer resonance,
and (c) the surface lattice
resonance over time for the
different binding and recycling
cycles. (d) Shift of the
antisymmetric resonance over
time for different concentrations,
followed by PBS buffer after
5 min. (e) Maximum peak shift
for both resonances for each
antibody binding cycle (left/blue
the antisymmetric dimer
resonance, right/red the SLR). (f)
Calibration curve for the sensing
surface for the anti-testosterone
antibody immunoassay:
measured values for 1 mg L−1,
2 mg L−1, 5 mg L−1, 50 mg L−1,
and 200 mg L−1. The limit of
detection is marked by the dashed
line
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The selectivity of the antibody sensor was tested by compar-
ing the nonspecific binding of a solution of antibody to mouse
IgG and of a BSA solution with the specific binding of anti-
testosterone antibody solutions of the same concentrations. In
both cases shifts were observed, but these were substantially
lower than those observed for the anti-testosterone. Neverthe-
less, the selectivity still needs to be further optimized.

Conclusions

We investigated arrays of plasmonic vertical dimers for
refractive index sensing in a biosensor. The sensitivities of
the surface lattice resonance mode and the antisymmetric di-
mer mode to bulk index changes and to changes in a thin layer
were compared. Simulations and experiments revealed that
the antisymmetric dimer mode is more sensitive to changes
in the direct vicinity of the structures as caused by the binding
of molecules. The sensor surface was used in a testosterone
immunoassay, and the binding of anti-testosterone antibodies
to a specific recognition structure on the nanodimers was
repeatably detected for different concentrations.
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