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he ability of surface plasmons to con-

fine and transport electromagnetic

(EM) energy has boosted the devel-
opment of integrated nanophotonic circui-
try combining subwavelength EM field
localization and moderate propagation dis-
tances. When using thin metal films or
stripes as waveguides, a trade-off between
confinement and propagation is necessary.
Whereas short-range surface plasmon po-
laritons (SPPs) offer strong confinement,
their propagation distance is strongly sup-
pressed by inherent ohmic losses. On the
contrary, long-range SPPs exhibit propaga-
tion distances longer than one centimeter
in the infrared at the cost of poor spatial
mode localization.>™ To tackle this trade-
off, other waveguiding schemes have been
proposed, such as metal—insulator—metal-,°
hybrid-"® and channel waveguides,® of-
fering both low propagation losses and
strong mode confinement up to telecom-
munication frequencies. To achieve addi-
tional mode confinement and miniaturiza-
tion, an alternative approach for nanoplas-
monic waveguiding is offered by ordered
arrays of metal nanoparticles. For interpar-
ticle separation distances lower than the
size of the nanostructures, near-field optical
coupling assures interparticle energy trans-
fer with EM confinement well below the
diffraction-limit. Following this path, linear
chains of ordered nanoparticles have in-
deed proven their potential as nanoplasmo-
nic waveguides.'® Extension of these linear
chains into two-dimensional arrays of metal
nanostructures revealed the existence of in-
plane plasmon modes based on either near-
field interactions or diffractive far-field
effects,’ =7 and out-of-plane subradiant
lattice modes.'® However, in all these cases
the necessity of short interparticle distances
and/or precise particle ordering puts serious
demands on the employed fabrication tech-
niques, typically requiring expensive meth-
ods that inhibit the patterning of large
surface areas.
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ABSTRACT Encouraged by the capacity of surface plasmons to confine and propagate
electromagnetic fields, waveguiding concepts have been developed, including combinations of
continuous metal films or ordered arrays of metal nanoparticles. So far, waveguiding in the latter
systems has been based on near-field or diffractive coupling. Herein, we show that monolayers of
sparse and disordered gold nanoparticles support a novel transverse-electric guided mode that,
contrary to previous work, relies on the strong enhancement of the polarizability upon excitation of
the nanoparticle LSPR, creating an effective refractive index sufficiently high to support light
guidance over a large range of frequencies. Excitation of this guided mode offers interesting
nanophotonics features and applications such as a tunable total absorption spectral band, attractive
for light harvesting applications, or the generation of a large amplification of the sensitivity to
changes of refractive index accompanied with striking enhancement of the limit of detection in real

biosensing experiments.

KEYWORDS: nanoplasmonic waveguide - light-harvesting - label-free biosensing -
gold nanodisks - optical biosensor

Herein, we report on a novel type of in-
plane guided mode present in extremely
thin monolayers of sparse and randomly
distributed plasmonic nanoparticles. Com-
pared to previous works, due to the large
interparticle distances and their random
distribution, no near-field or diffractive ef-
fects lie on the basis of this waveguiding
behavior. Instead, these guided modes arise
as a consequence of the large enhancement
of the effective refractive index (RI) of the
monolayer, thus creating an effective med-
ium of plasmonic meta-atoms with large
polarizability. Excitation of these guided
modes in total internal reflection (TIR) can
drastically increase light/matter interaction
leading to interesting effects such as tun-
able total absorption of the
photons with an extremely low quantity of
plasmonic material, or large amplification of
the sensitivity and limits of detection in

incident
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biosensing measurements. The interest of . .
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these applications is boosted by the possi-  and accepted October 7, 2011.

bility to fabricate the random plasmonic
monolayers with robust, low-cost, and wafer-
scale self-assembled colloidal lithography

Published online October 08, 2011
10.1021/nn203432z

techniques.w ©2011 American Chemical Society

VOL.5 = NO.11 = 9179-9186 = 2011 A@i%i

N 9179

WWwWW.acsnano.org



THEORETICAL ANALYSIS

The waveguiding properties 2D nanoparticle arrays
can be modeled by different theoretical models,
among which those based on generalized sheet transi-
tion conditions (GSTC)?° or dipolar approximations can
be highlighted.?' However, in this work the optical
properties of a random and sparse distribution of
subwavelength-sized nanoparticles are accurately de-
scribed by the Maxwell—Garnett (MG) effective med-
ium theory, in which the inhomogeneous medium is
treated as a homogeneous medium with an effective
refractive index. This approach is justified given the
very low density of nanodisks to neglect near-field
interactions. We model these disk-shaped nanostruc-
tures as infinitely small gold oblate ellipsoidal geome-
tries, with a 1:5 aspect ratio between the short and long
axis, respectively, being buried in a homogeneous
dielectric (n = 1.33), as shown in Figure 1a. The shape
anisotropy of the nanoparticles creates an effective
optical birefringence and, therefore, distinction has to
be made between the in- and out-of-plane effective
refractive index (ne¢ = 17 + ix). Figure 1b shows the
calculated real (#;,) and imaginary part (;,) of the in-
plane ne¢ of the anisotropic medium for different
nanoellipsoid surface densities (F) as a function of
the wavelength. The spectra exhibit a typical reso-
nance shape with a large increase of 7;, and «;, near
the localized surface plasmon resonance (LSPR) of a
single ellipsoid (A .spg =~ 660 nm). Over the entire
analyzed wavelength range, higher disk densities are
accompanied by higher values of #;, and «;,. For
volume concentrations as low as 6%, the effective RI
in the vicinity of the resonance is already substantially
larger than that of any material in nature. In contrast,
the out-of-plane neg reveals much smaller values of
Nout aNd ko With a blue-shifted peak, consequence of
the weak polarizability of the ellipsoids in this direction
(Figure 1¢). Such behavior unambiguously shows the
fundamental role that the LSPR plays in the optical
properties of the effective medium.

The large enhancement of nes suggests the ability of
these effective medium layers to act like nanophotonic
waveguides, as long as the refractive index of the
effective layer is larger than that of its cladding layers.
This requirement is easily met for A = 650 nm and F >
2%, assuming the effective medium to be confined
between glass (n = 1.52) and water (n = 1.33). To
confirm the capacity of the effective media to support
guided waves, wavelength-dependent mode solutions
are calculated for different polarizations via a transfer
matrix formalism valid for arbitrary anisotropic
multilayers.?>?3 To model a nanoplasmonic waveguide
we assume that the thickness of the monolayer is only
20 nm, comprised between two cladding layers (glass,
1.52 and water, n = 1.33). The chosen layer
thickness of 20 nm, together with the imposed aspect

n =
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ratio of 5:1, therefore inherently results in nanoellipsoid
diameters of 100 nm. The low values of 7, and Koyt
rule out the existence of transversal magnetic (TM)
modes; however, the transversal electric (TE) polariza-
tion only depends on 7;, and «;,, Which are both greatly
amplified near the resonance. As a consequence,
guided mode solutions and their associated dispersion
relation can be found for TE polarization when F > 2%,
as shown by the solid lines in Figure 1d.

For low concentrations (F &~ 2%) the guided mode is
restricted to a very short energy range. Because of the
overall increase of ne for larger nanoellipsoid densi-
ties, the dispersion curves nicely illustrate that denser
nanoparticle layers are expected to sustain waveguid-
ing behavior over a longer energy range. The disper-
sion relations exhibit a region of anomalous dispersion
(dE/dk) < 0 and dn/dA > 0) in the high energy range,
typically characterized by quasi-bound, leaky modes.
This region transitions into a regime of normal disper-
sion (dE/dkj > 0 and dn/dA < 0) showing large wave-
vector values (kj) near the resonance energy of the
single ellipsoids. In these regions, «;, is greatly ampli-
fied (Figure 1b), yielding strong damping and hence
very short propagation distance (Figure 1e). However,
at lower energies (E < 1.77 eV, 4 > 700 nm) guided
modes with propagation distances larger than 100 um
can be achieved, owing to the drastic reduction of «;,
while keeping large values of #;,. For all concentrations
there is a cutoff energy below which the guided mode
is transformed into a leaky mode that is radiated
toward the high Rl substrate. Interestingly, near the
cutoff energy the dispersion relation lies within the
glass light cone, suggesting the possibility of excitation
via prism-coupling in TIR. It should be noted that
for effective medium layers thinner than 20 nm, the
mode solutions are restricted to narrower energy
ranges at similar volume concentrations of nanoparticles
(Supporting Information, Figure S1). In contrast, thicker
layers impose larger wavevectors of the supported
guided modes, which restricts the prism coupling
excitation to incidence angles very close to 90°. As a
consequence, we have chosen the layer thickness to be
20 nm, assuring both strong dispersion and the possi-
bility of prism-coupled excitation at lower incidence
angles (70—80°). This selection will also allow the
experimental verification with monolayers of nanopar-
ticles with low volume to minimize their scattering
cross section and dephasing effects. This excitation
mechanism is demonstrated in Figure 2a and 2¢, where
the angle-dependent TE reflectivity spectra are calcu-
lated for F = 2% and F = 8%, respectively. The latter is
done for a prism-coupled Kretschmann configuration,*
employing a transfer matrix formalism.>* In both cases,
reflectivity spectra exhibit a transition from a shallow
peak at low incidence angle to a pronounced dip above
TIR (g > 61°). Below this critical angle, a stationary
resonance is expected at A ~ 660 nm (E ~ 1.87 eV),
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Figure 1. Calculated optical properties corresponding to monolayers of sparse and randomly ordered arrays of gold
nanoellipsoids for different nanoparticle densities (F = 2—10%). (a) Schematics of the modeled Maxwell—Garnett effective
medium, showing gold oblate spheroids in an otherwise homogeneous dielectric layer (n = 1.33) (b) Real 7;, and imaginary
part k;, of the of the in-plane and (c) out-of-plane refractive indices as a function of the wavelength 1. (d) TE-guided mode
dispersion curves (straight lines) and spectral resonance positions of angle-dependent reflectivity spectra (dash-dotted lines).
(e) Propagation distances d of the TE-guided modes as a function of the mode energy E, together with waveguide schematics

(inset).

corresponding to the resonance of a single nanoellip-
soid excited along its long axis. However, when 6 is
surpassed, the observed dip is shifted toward higher
wavelengths, showing strong dispersion. In agreement
with the dispersion curves of Figure 1d this phenomen-
on is more pronounced for F = 8%, resulting in a total
red-shift of 75 nm at 6 = 85°. As expected, this strong
dispersion is not observed when TM excitation is used
(Supporting Information, Figure S2).

Such drastic changes in the TE reflectivity spectra
already suggest the existence and possibility of excita-
tion of a guided mode. However, this effect can be
unambiguously shown depicting the resonance
energies of the reflectivity spectra in Figure 1d
(dash—dotted curves). Although the high-k; region is
inaccessible via TIR, the energy position of the reflec-
tivity dips can match the dispersion relation of the
guided mode in the vicinity of the cutoff energy for all
nanoellipsoid concentrations (F = 2—10%). Only at this
point, the phase matching condition is fulfilled and
100% of the energy is transferred to the guided mode.
The latter is clearly illustrated in Figure 2 panelsaandc,
where the dark blue areas in the TIR region correspond
to reflectivity values close to 0%. For low concentra-
tions this phase matching occurs at 6 = 70° at a
wavelength that is slightly red-shifted compared to
the LSPR of a single ellipsoid. In contrast, the dispersion
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relation at higher concentrations imposes larger inci-
dence angles and substantially longer wavelengths to
satisfy the phase matching condition, thus explaining
the strong red-shift of the reflectivity dip for F=8% (6 =
85°). Note that for angles other than those correspond-
ing to perfect light coupling, wave excitation is still
possible, but the latter will occur less efficiently, result-
ing in less pronounced resonance reflectivity dips. The
graphs in Figure 2b and 2d exemplify the extraordinary
coupling of light into the guided modes, and moreover
show that by using the incidence angle as a variable,
the optical behavior of the effective medium can be
tuned from that of an homogeneous ensemble of
isolated nanoparticles, dominated by their LSPR, into
a nanoplasmonic waveguiding medium characterized
by extremely high levels of light absorption. This
expected extraordinary degree of light uptake is un-
precedented, especially considering the random or-
dering, low surface density, and the limited thickness
(20 nm) of the modeled effective medium. In analogy,
complete light absorption can also be achieved with
SPPs that propagate along a planar 50 nm gold film.?®
Given the low nanoellipsoid densities (F = 2—10%)
needed to achieve the same result, it becomes appar-
ent that this effective medium requires up to 125 times
less plasmonic material to absorb the same amount
of light. Indeed, even for very low particle densities
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Figure 2. Calculated reflectivity spectra corresponding to
monolayers of sparse and randomly ordered arrays of gold
nanoellipsoid for F = 2% and F = 8%. (a) TE reflectivity
spectra for F = 2% as a function of the incidence angle 6 and
the wavelength 1. (b) Reflectivity spectra corresponding to
6 =10°and 0 = 70° for F = 2%, depicting the reflectivity as a
function of the wavelength 4. (c) TE reflectivity spectra for
F = 8% as a function of the incidence angle 6 and the
wavelength A. (d) Reflectivity spectra corresponding to

6 =10° and 6 = 85° for F = 8%, depicting the reflectivity as a
function of the wavelength 4.

(F = 2%) the absorbance of the plasmonic monolayer
can be amplified from 20% at normal incidence to total
absorption at 6 = 70° incidence, which combined with
very short mode propagation makes these effective
layers very suitable as light harvesting devices. Energy
harvesting generally aims for heat generation via
nanoscale energy confinement, requiring the em-
ployed plasmonic structures to be tunable over a broad
spectral range, thereby maintaining their light absorp-
tion efficiency.?” Interestingly, the total absorption
band can be tuned over the entire visible and NIR
spectral ranges by changing the aspect ratio
(Supporting Information, Figure S3), density, or com-
position of the employed nanoellipsoids, as well as the
external RI.

Another effect that highlights the drastic change of
the optical properties when the guided mode is ex-
cited is the sensitivity of the nanoplasmonic effective
media to the refractive index changes of the external
medium (Figure 3a), which constitutes the well-known
basis of biosensing applications.?®3° Below the critical
angle, the sensitivity to the changes of refractive index
(g = Adrspr/An) exactly fits the sensitivity of a single
nanoellipsoid (75 ~ 275 nm RIU")*" which is in
agreement with the localized nature of the resonance
in this regime. Most interestingly, once the waveguid-
ing behavior sets in, 775 increases in a drastic manner.
Clearly, this sensitivity enhancement is more pro-
nounced for larger particle densities, surpassing
900 nm RIU ' for F = 10% at 0 = 85°, implying a more
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Figure 3. Theoretical bulk sensitivity analysis for mono-
layers of sparse and randomly ordered arrays of gold
nanoellipsoids (F = 2—10%). (a) Bulk sensitivities 75 calcu-
lated for F = 2—10% as a function of the incidence angle 6.
(b) Calculated spectral mode dispersion curves (F = 8%),
depicting the resonance wavelength 1 spg as a function of
the wave-vector k for bulk dielectric environments given by
n = 1.33 (straight line) and n = 1.35 (dashed line).

than 3-fold amplification of 7 with respect to isolated
nanoellipsoids. Such sensitivity amplification is a clear
sign of the waveguiding behavior, as can be deduced
from the variation of the dispersion relation of the
guided mode under a Rl change (Figure 3b). Near the
LSPR wavelength the Rl change induces a red-shift of
the dispersion relation equal to that of the single
nanoellipsoid (A4 spr = 6 nm), reflecting the localized
nature of the excitation. In contrast, close to the cutoff
wavelength, where the guided mode can be excited
perfectly, the change in the dispersion relation gen-
erates a red-shift which is more than three times larger
than the LSPR shift, thus explaining the drastic sensi-
tivity enhancement upon mode excitation. Next to
such valuable amplification of #g, the extremely pro-
nounced dips achieved when the phase matching
condition is fulfilled also have striking effects on the
signal-to-noise ratio of biosensing measurements,
even with very low density of plasmonic nanoparticles,
as will be demonstrated below.

EXPERIMENTAL RESULTS

To experimentally verify these theoretical predic-
tions, short-ordered arrays of gold nanodisks (diameter
D =100 nm, height H =20 nm) were prepared on glass
substrates by hole-mask colloidal lithography,'® allow-
ing the fabrication of random distributions of metal
nanodisks with tunable density. Figure 4 panels a and
b represent the experimental TE reflectivity spectraas a
function of 8 of two monolayers with different density
(F ~ 5% (A) and F ~ 7.5% (B)), clearly exemplifying all
predicted signatures related to the excitation of a
guided mode. First, the shallow reflectivity peaks lo-
cated at A spr ~ 710 nm below the critical angle,
which correspond to the resonance wavelength of a
single nanodisk seating on glass, are transformed into
profound dips in TIR. This transformation is accompa-
nied by a substantial red-shift of the dip position for
increasing incidence angles (A4 spr ~ 44 nm (A) and
Aldispr ~ 87 nm (B) at & = 85°). This dispersion is
depicted in Figure 4c in energy-scale, where the
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Figure 4. Experimental dispersion relations corresponding
to sparse nanodisk arrays with disk densities given by F ~
5% (A) and F ~ 7.5% (B). (a) TE reflectivity spectra showing
the reflectivity as a function of the incidence angle 6 and the
wavelength 4, together with SEM image (inset) for nanodisk
sample A and (b) sample B. (c) Experimental dispersion
relations corresponding to the reflectivity spectra of sam-
ples A and B, depicting the resonance energy E as a function
of the wave-vector k;. (d) Dip-shaped reflectivity spectra
upon perfect mode excitation for sample A (6 = 70°) and

B (6 = 85°), together with their peak-shaped spectral
response obtained at 6 = 30°.

encircled points correspond to spectra where the
phase matching condition is satisfied, resulting in
almost zero reflection. Since the amount of scattered
light trespassing the nanodisk arrays is extremely small
compared to the light used for mode excitation
(Supporting Information, Figure S4), it is safe to state
that almost all in-coupled light is harvested by these
nanostructured layers, yielding absorbance coeffi-
cients of approximately 96%—97% (Figure 4d). Note
that all the experimental results are red-shifted with
respect to the theoretical predictions due to near-field
interaction of the nanodisks with the substrate, which
is not taken into account in the MG formalism. On the
other hand, no dispersion is observed for the TM
polarization (Supporting Information, Figure S5), as a
consequence of the expected absence of available
guided modes. Conclusively, this observed spectral
behavior undisputedly shows the different response
exhibited by the nanodisks depending on the excita-
tion conditions.

The waveguiding behavior is further demonstrated
by the drastic change of the sensitivity of the plasmo-
nic monolayers to the changes of refractive index. The
bulk sensitivity of samples of different nanodisk den-
sity was tested by carrying out real-time and in-flow
reflectivity measurements, thereby varying the bulk
dielectric surrounding of the nanodisks (ARI = 0.02).
Figure 5a shows that below the critical angle the
experimental sensitivity (150 nm RIU™") is comparable

OTTE ET AL.

to that of similar nanodisk arrays on glass3'3? As a
direct result of the interaction of the nanodisks with the
high Rl glass substrate, this value is substantially
smaller than the theoretical values of a nanoellipsoid
totally surrounded by water.?® Interestingly, the sensi-
tivity in TIR (6 = 80°) for TM polarized light is similar to
the one corresponding to low angle TE measurements
(Figure 5a), which underlines the localized behavior for
this polarization and the impossibility to excite guided
modes. In contrast, Figure 5a shows that once the
modal dispersion regime is launched in TIR for TE
polarization, a steep rise of #g is measured, increasing
for larger incidence angles, with an overall larger
enhancement for higher disk occupancies. Strongly
influenced by the mode propagation at high incidence
angles, it becomes thus possible to experimentally
achieve an exceptional 4-fold increase of 5y for the
high disk density substrate. The real-time measure-
ment traces of both nanodisk samples, corresponding
to their highest measured bulk sensitivity (6 = 85°), are
depicted in Figure 5b, thereby unambiguously illus-
trating this strong enhancement of the sensing per-
formance. Consequently, these guided modes in
random arrays of gold nanodisks profile themselves
as very promising sensing platforms for real label-free
biosensing applications.

On the other hand, even more important than the
amplification of the sensitivity, the transition from
weak reflectivity peaks below the critical angle into
extremely profound dips in TIR can provide outstand-
ing enhancements of the signal-to-noise ratio of the
biosensing measurements. To illustrate this capability
of the guiding modes we selected a low density
nanodisk monolayer (5—6%) and we carried out a
biosensing immunoassay, based on the specific detec-
tion of monoclonal antibodies previously produced
against carbaryl (Carb),>*~3° a relevant and widely used
pesticide. For these experiments, simultaneous mon-
itoring of the real-time spectral displacements of the
reflectivity spectra are performed at two different
excitation angles (0 = 20° and 6 = 75°) using the same
white light illumination intensity and identical acquisi-
tion conditions (exposure time 3 ms and 300 spectral
accumulations). On the basis of previously discussed
results, 6 = 20° corresponds to a regime dictated by the
LSPR of the nanodisks, while effective excitation of a
guided mode is guaranteed at 0 = 75°. To create a self-
assembled biological receptor layer for the specific
detection of the antibody (anti-Carb), a five-step cova-
lent immobilization protocol was carried out, whose
corresponding real-time tracking of the resonance shift
(Adispr) is shown in Figure 5c. As can be observed,
Al spris approximately 50% larger in TIR, which fits the
expected enhancement of the sensitivity at that nano-
disk concentration and illumination angle (Figure 5a),
proving the improved sensing performance of the
guided modes. However, next to the larger absolute
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Figure 5. Experimental results involving label-free bulk- and biosensing features. (a) Angle-dependent TE and TM bulk
sensitivities 77g of nanodisk arrays with disk densities given by F ~ 5% (A) and F =~ 7.5% (B). (b) Tracking of the spectral
resonance shifts A, spg for samples A (0 = 85°) and B (6 = 20°, 6 = 85°, § = 80°/TM) as a function of time. (c) Real-time
simultaneous tracking (6 = 20° and 6 = 80°) of the spectral resonance shift A4, spg corresponding to the five-step
immobilization protocol of Carb-BSA. (d) Detection curves of anti-Carb [3 «g/mL] at 6 = 20° and 6 = 80°, showing the time-
dependent resonance shift Al spg. (€) Calibration curve of the anti-Carb detection assay, depicting the signal-to-noise ratio

S/N as a function of the antiCarb concentration.

resonance shifts measured at 8 = 75° this signal
exhibits a noise level as low as 3 pm, despite of an
acquisition performed with a low cost portable CCD
spectrophotometer at room temperature with short
integration time (<1 s), and the employment of only
one-third of the pixels in the tracking algorithm. In
Figure 5d, where simultaneous immunodetection sig-
nals of anti-Carb (3 ug/mL) at 6 = 20° and 6 = 75° are
depicted, such dramatic noise suppression becomes
apparent, showing a noise level difference of more
than 1 order of magnitude between both measure-
ment angles. This strong noise decrease is caused by
the larger absolute signals of the resonance dips when
perfect phase matching is achieved. Despite the almost
perfect absorption band in the TIR configuration, the
total amount of photons used in the tracking algorithm
is 30-fold larger than below the critical angle. Since
the noise level sets a limit to the discrimination of
the smallest possible wavelength shift, the signal-to-noise
ratio (S/N) is the desired variable to characterize the
sensing performance of these nanoplasmonic struc-
tures. Following this path, and exploiting the regen-
eration potential of the immobilized biological recep-
tor layer, detection of anti-Carb was carried out for a
range of different concentrations (0.25—3 ug/mL). The
obtained calibration curve, depicting S/N as a function of
the antibody concentration (Figure 5e) exhibits a larger
slope, and hence, an improved sensing compared to the
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value obtained for 6 = 20°, that is 7.2 (ug/mL)’1, results
in an exceptional S/N enhancement of 1 order of
magnitude. A corresponding limit of detection (LOD),
defined as three times the noise level, as low as 38 ng/mL
can be achieved. The response of this system thus
shows the great potential that the guided modes in
these sparse arrays of gold nanodisks have as biosensing
platforms.

DISCUSSION

The novel waveguiding mechanism presented in this
work is not restricted to gold nanodisks and can be applied
to any sparse and random distribution of plasmonic nano-
particles, such as nanoprisms, nanorods, or core—shell
nanostructures. Their inherent higher bulk sensitivity
compared to nanodisks, allows expecting unprecedented
sensitivities when the guided mode is launched. In addi-
tion, the waveguiding concept based on monolayers
of plasmonic meta-atoms could also be expanded to
achieve more exotic nanophotonic features with the
introduction of plasmonic meta-molecules, such as inter-
acting plasmonic dimers®™*” or nanosandwiches*°
These hybrid systems could combine the generation of
additional effective birefringence effects, the creation of
hot-spots or dark modes within the meta-molecules,
with the excitation of the guided mode to amplify light/
matter interaction, thus opening the path to envisage
novel nanophotonic applications in light harvesting,
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biosensing, or enhanced light emission/detection. Finally,
it is worth noticing that the propagation distance of
the analyzed guided modes can be substantially en-
hanced in a homogeneous configuration with a similar
refractive index in substrate and cladding layers. In this

METHODS

Simulations. Optical properties of the sparse arrays of nano-
disks were calculated using the Maxwell—Garnett effective
medium approximation, modeling the nanodisks as infinitely
small oblate spheroids (aspect ratio = 5:1) embedded in a
homogeneous dielectric (n = 1.33) using different disk densities
(F = 2—10%).*° Optical constants of gold reported by Johnson
and Christy were used.*' For the angle- and polarization-
dependent reflectivity spectra a transfer matrix formalism was
employed, comprising the effective medium (D = 20 nm)
between two cladding layers (glass, n = 1.52 and water, n =
1.33).%> Bulk sensitivities were determined by inducing a Rl
change of An = 0.005 with respect to the RI of water (n = 1.33).
Dispersion relation and mode propagation distances were
calculated via an analytical formalism to determine the wave-
guiding properties of planar anisotropic multilayers.?*

Fabrication. Sparse arrays of gold nanodisks (D =100 nm, H =
20 nm (Ti/Au = 1/19 nm)) were fabricated on glass substrates
(Menzel-Glaser, nr.4) via hole-mask colloidal lithography. To
vary the disk occupancy, prior to the drop-coating of polyster-
ene beads (D = 100 nm, W/V = 0.2%, Invitrogen), a diallyldi-
methylammonium chloride (7 kD, Sigma-Aldrich) layer with V/V
ratios ranging from 1.5% to 3% was deposited on top of a
poly(diallyldimethylammonium chloride) (200 kD, V/V = 2%,
Sigma-Aldrich) and poly(sodium 4-styrene sulfonate) (70 kD,
V/V = 2%, Sigma-Aldrich) bilayer. Before use, all samples were
cleaned by consecutive 1-min sonication cycles in acetone,
ethanol, and deionized water (2x) and dried under a constant
flow of N,. The samples were then placed in an ozone generator
for 20 min, followed by thorough rinsing with deionized water,
and then dried with N,.

Measurements. Reflectivity spectra were obtained by exciting
the nanostructures with a collimated halogen light source (HL-
2000, Micropack) with TE or TM polarization, reaching the
substrate via a hemicylindrical glass prism (K9, n ~ 1.512),
contacting the sample via refractive index matching oil
(Nikon, n ~ 1.515). Nanodisk substrates were comprised be-
tween the prism and a custom-made flow cell (Delrin, volume ~
4 uL). Both incident and reflected optical paths were mounted
on arms rotating around the center point of the flow cell,
guaranteeing the ability to carry out angle-dependent analyses.
The reflected light was collected and fiber-coupled to a CCD
spectrometer (Ocean Optics, Spectrasuite Jaz Module). Reflec-
tivity spectra were acquired every 3 ms, with a total integration
time of 900 ms (300 spectral accumulations). All spectra were
normalized with a broad-band reference spectrum, obtained in
TIR using the same acquisition settings. Tracking of the real-time
resonance peak position was achieved via a high-degree poly-
nomial fit, using the commercially available Wolfram Mathema-
tica software package. Bulk sensitivity measurements were
carried out by injecting a 12.8% glycerol solution (n = 1.3525)
and extracting the induced spectral shift with respect to water
(n = 1.3325). All presented values of #g are averages over two
separate measurements.

Surface Functionalization and Biosensing Measurements. A clean
gold nanodisk surface was biofunctionalized under a constant
flow of deionized H,O at 20 uL/min. Both glass and gold were
modified with carboxylic groups by injecting a 0.5% solution of
carboxyethylsilanetriol sodium salt (CTES, Gelest LTd., UK) in
distilled water followed by a solution of a carboxy- and thiol-
terminated compound that contains four units of ethylene
glycol (PEG) (CO,H-EG-SH, 100 uM in 5 mM carbonate buffer).
A derivative of the pesticide carbaryl conjugated to a carrier
protein (Carb-BSA) was covalently attached to the carboxylic

OTTE ET AL.

configuration propagation distances larger than one
millimeter are expected even for very low concentration
nanoparticles for wavelengths in the NIR (Supporting
Information, Figure S6), thus enabling integrated-optics
applications.

groups by means of the well-known carbodiimide reaction. First
a mixture of 1-ethyl-3(-3 dimethylamino-propyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS), EDC/
NHS (0.2 M/0.05 M in MES buffer) was injected in order to
activate the carboxylic groups, followed by Carb-BSA (20 «g/mL
in PBS) allowing for the free amino groups present in the
conjugate to react. All remaining unreacted NHS-activated
esters were deactivated by blocking the modified surface
with ethanolamine (1 M, pH 8.5). Detection of specific antibody
against carbaryl (monoclonal antibody Anticarb) at different
concentrations (0.25—3 ug/mL) was carried out using PBS
as interaction buffer. Regeneration of the bioactive surface
was achieved by injecting a basic 100 mM NaOH solution
for 30 s.
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