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A
n important group of optical sen-
sors is based on exploiting surface
plasmon resonances (SPR) to detect

small refractive index (RI) changes in close
proximity to the sensing surface. Surface
plasmons are generated at the interface be-
tween a metal and a dielectric. When this in-
terface is planar, the plasmon can propa-
gate in the form of an oscillating charge
wave and is referred to as a surface plas-
mon polariton (SPP).1 Excitation of an SPP
with light of a suitable frequency, results in
resonant energy transfer into the SPP, yield-
ing a strong attenuation of the reflected sig-
nal when the sensor is optically interro-
gated. Spectroscopic analysis of this
reflected signal therefore results in a dip-
like response in the reflectivity spectrum.
Sensors based on SPPs have been inten-
sively studied and their use in medical diag-
nostics, environmental monitoring, food
quality and safety analysis has been re-
ported even using real samples.2 Since they
offer attractive properties such as real-time
and label-free detection, SPP sensors have
profiled themselves as the most widely em-
ployed and commercialized optical biosen-
sors.3

Contrary to an SPP, a localized surface
plasmon resonance (LSPR) is attributed to
the resonant collective oscillation of the
conduction electrons within a subwave-
length metallic nanostructure.4 The LSPR
condition is strongly affected by the com-
position, size, shape and the surrounding
dielectric environment of the nanostruc-
ture, the latter being the factor on which
the sensing capabilities of nanoparticles
rely.5�7 Typically, the LSPR energies of metal
nanostructures are located in the visible or
near-infrared regions of the electromag-
netic spectrum, and their resonantly en-

hanced extinction cross sections are suffi-
ciently high to allow imaging and optical
characterization of single particles by
means of dark field scattering spectros-
copy, resulting in peak-shaped spectral re-
sponses. Because of the possibilities that
such measurements offer for miniaturiza-
tion and multiplexing, LSPR-based sensing
has attracted the interest of many research-
ers over the past decade.4,8

Although both sensing platforms offer
specific advantages, their performance is
mainly evaluated through their capability
to detect changes in the monitored quan-
tity (the refractive index), which ultimately
determines the sensitivity (�) of the sensor.
As both sensing schemes are generally
characterized by a peak-shaped response,
� can be defined as the shift of the peak po-
sition PSPR upon dielectric changes in the en-
vironment, where PSPR will be either the
wavelength position �SPR or the energy po-
sition ESPR of the resonance. When taking
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ABSTRACT We present a theoretical and experimental study involving the sensing characteristics of

wavelength-interrogated plasmonic sensors based on surface plasmon polaritons (SPP) in planar gold films and

on localized surface plasmon resonances (LSPR) of single gold nanorods. The tunability of both sensing platforms

allowed us to analyze their bulk and surface sensing characteristics as a function of the plasmon resonance

position. We demonstrate that a general figure of merit (FOM), which is equivalent in wavelength and energy

scales, can be employed to mutually compare both sensing schemes. Most interestingly, this FOM has revealed a

spectral region for which the surface sensitivity performance of both sensor types is optimized, which we attribute

to the intrinsic dielectric properties of plasmonic materials. Additionally, in good agreement with theoretical

predictions, we experimentally demonstrate that, although the SPP sensor offers a much better bulk sensitivity,

the LSPR sensor shows an approximately 15% better performance for surface sensitivity measurements when its

FOM is optimized. However, optimization of the substrate refractive index and the accessibility of the relevant

molecules to the nanoparticles can lead to a total 3-fold improvement of the FOM in LSPR sensors.

KEYWORDS: surface plasmon resonance · localized surface plasmon
resonance · sensing · biosensing · sensitivity · figure of merit · nanorods.
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biosensing considerations into account, it should be
noted that, typically, the electromagnetic fields used
as sensing probes in SPP and LSPR detection penetrate
deeper into the dielectric than the usual layer thick-
nesses of adsorbed biomolecules. For the propagating
plasmon, this effect is much more pronounced, with de-
cay lengths varying between 100 and 500 nm,9 whereas
for a single nanorod, according to our simulations, (see
Supporting Information), the sensitivity of the nano-
structure saturates at a distance between 50 and 80 nm
from the particle’s surface, depending on the particle
geometry. Therefore, distinction has to be made be-
tween bulk RI changes and local changes very close to
the sensing surface.10 In terms of sensitivity, this means
that the bulk sensitivity (�B) can be expressed as the
variation of PSPR per bulk RI (nbulk) unit change:

ηB )
δPSPR

δnbulk
(1)

On the other hand, the surface sensitivity (�S) can
be characterized as the PSPR shift with respect to the
thickness variation of an assembled thin layer (dbio)
(with a specific, constant RI) on top of the sensing sub-
strate:

ηS )
δPSPR

δdbio
(2)

A second factor affecting the sensing performance
of the sensor is its resolving precision to detect changes
of the monitored quantity. This parameter is typically
represented by the full width at half-maximum (fwhm)
of the resonance peak: a sharp peak facilitates the reg-
istration of a peak shift and vice versa.

Therefore, when considering the performance of a
sensor, it is necessary to evaluate both sensitivity and
peak width. A good example supporting this statement
is the bulk sensitivity of LSPR-based sensors with the
same geometry: analysis in wavelength scale reveals
that whereas this quantity increases linearly when the
resonance is red-shifted,11 the peak width follows the
same trend,12 and therefore a trade-off is required to de-
termine the optimized sensing region. A figure of merit
(FOM), defined as

FOM ) η
fwhm

(3)

correlates both quantities and can be used to quantify
the general performance of a sensor and to allow com-
parison with that of other sensing schemes.13 Also, a
FOM neutralizes the controversy that may arise when
comparing sensitivities and fwhm values in wavelength
and energy scales, as we demonstrate here.

Theoretical and experimental studies on sensitivi-
ties of wavelength-interrogated SPP sensors have been

reported,2 and this investigation has recently been ex-

tended to the field of nanoparticle-based sensing

platforms.10,11,14,15 In this work, we present a compara-

tive theoretical and experimental analysis, involving the

sensing features of wavelength interrogated SPP sen-

sors and LSPR sensors based on single nanoparticles

with rodlike geometry, with the aim of extracting a gen-

eral trend, valid for all plasmonic sensors. We take ad-

vantage of the spectral tunability of these systems to

study their bulk and surface sensitivities as a function

of plasmon resonance position. For both sensing

schemes, we obtained FOMs for bulk and surface sensi-

tivities, which revealed that the FOMs in wavelength

and energy scales are equivalent and that an optimized

spectral sensing range can be established for plas-

monic sensors, which can be ascribed to the intrinsic

plasmonic spectral properties of gold. First, we discuss

bulk and surface sensitivity theoretical simulations, sub-

sequently followed by an analysis involving the sub-

strate effect on the sensitivity of immobilized nanorods.

Next, we present the experimental results that confirm

the theoretical findings. Again, the bulk sensitivity of

both sensing schemes is discussed first, followed by the

outcome of the surface sensitivity measurements.

RESULTS AND DISCUSSION
Theoretical Predictions. The bulk and surface sensitivi-

ties for both SPP- and LSPR-based sensing methods

were simulated according to the schematic models de-

picted in Figure 1. For the SPP sensors we considered a

Kretschmann configuration with a glass prism (n �

1.52) and a sensing substrate composed of a 1.5 nm ti-

tanium sticking layer and a 50 nm gold layer, resem-

bling the commercially obtained substrates used in the

experiments. On the other hand, for the LSPR analysis

Figure 1. Schematic representation of both SPP (A) and LSPR
(B) sensing schemes. The SPP Kretschmann setup consists
of a gold sensing substrate, sandwiched between a prism
and a bulk dielectric medium (nBULK). Contrary, the LSPR
sensing platform is modeled as a gold nanoellipsoid (MLWA)
or a gold nanorod (FDTD) embedded in a dielectric environ-
ment (nBULK). Surface sensitivity measurements are simu-
lated by modeling a thin layer (n � 1.50) over the sensing
substrates of both sensor types.
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we simulated rodlike gold nanoparticles of different as-

pect ratios. The selection of this morphology was moti-

vated by the wide spectral tunability of gold nanorods

while keeping small particle volumes, thus minimizing

dephasing effects. In this theoretical analysis, gold

nanoparticles were modeled following two different ap-

proaches: first, an ellipsoidal geometry was assumed

through implementation of a modified long-

wavelength approximation model (MLWA),16 which en-

abled us to analytically calculate the polarizability of

these nanostructures; second, we accurately repro-

duced the experimental nanorod morphology as

spherically capped cylinders and implemented it in a

rigorous finite-difference time-domain (FDTD) method,

in which both the finite size of the particles and the ef-

fect of the substrate on the sensing performance of the

particles are considered. The peak positions of both

sensing systems were spectrally tuned between 600

and 1000 nm by changing either the incidence angle

(64�78 degrees) of the incident light beam (SPP) or the

aspect ratio (2�6) of the modeled nanorods (LSPR). In

both sensing schemes, simulations of bulk sensitivity

were carried out by varying the RI of the surrounding di-

electric, whereas surface sensitivity was tested model-

ing the coating of a 1 nm thick uniform shell layer (n �

1.50) on the sensing substrate (see Figure 1). As previ-

ously mentioned, in FDTD the substrate (n � 1.52) was

considered for both bulk and surface sensitivity simula-

tions (see Methods section for details).

Figure 2 summarizes the results ob-
tained from the bulk sensitivity simulations
for both SPP and LSPR sensing schemes.
The plots on the left-hand panel depict the
normalized bulk sensitivity �B, fwhm, and
the corresponding FOM values in wave-
length scale as a function of peak position
�SPR, while the graphs on the right-hand
panel represent the same quantities, but
converted to energy scale.

When comparing the bulk sensing per-
formance of both sensor types, analysis of
�B in terms of wavelength (Figure 2A)
shows, for both configurations, a roughly
linear increase as the peak position is red-
shifted. This effect is due to the longer pen-
etration of the electromagnetic (EM) field in-
side the dielectric at longer resonant
wavelengths, thus providing a larger vol-
ume that is sensitive toward RI changes (see
Supporting Information). Additionally, com-
parison of �B between both sensing
schemes reveals that the sensitivity calcu-
lated for SPP sensors is roughly 1 order of
magnitude larger than that of their LSPR
counterparts. Again, this difference can be
explained by a much longer penetration

depth of the confined EM field in the external dielectric
medium for SPP-based sensors. For the LSPR, comparison
of MLWA and FDTD methods shows that both the trends
and the obtained values for �B, fwhm, and FOM are ap-
proximately the same. Therefore, as long as the character-
istic size of the nanoparticle is kept small compared to
the wavelength of light and the nanoparticle is embed-
ded in an homogeneous dielectric medium, the MLWA
approach is justified and can be safely used to examine
the sensing performance of these nanostructures, exploit-
ing this method’s much shorter calculation times com-
pared to FDTD simulations.

However, if we mutually compare sensitivity and
fwhm values between wavelength and energy scales
(Figure 2A�D), controversy may arise. For example, in
the wavelength domain, the LSPR bulk sensitivity
monotonically increases with �SPR, whereas in the en-
ergy plot the slope changes at ESPR � 1.75 eV. When
considering the fwhm, the observed trends are even
more controversial. In this case, SPP sensors show larger
peak widths for higher values of ESPR, whereas wave-
length representation suggests that lower resonance
wavelengths are accompanied by narrower peaks. Also,
for the LSPR sensing scheme, an abrupt fwhm increase
is observed at a threshold value of ESPR � 1.8 eV,
whereas for smaller energies the peak width is more or
less constant; this shows very little resemblance with
the fwhm change in the wavelength scale.

All this apparent controversy can be eliminated by
using the FOM as the parameter of choice, since it can

Figure 2. Calculated bulk sensitivity �B, fwhm, and the corresponding FOM
for both SPP (red circles) and LSPR sensing platforms in wavelength (A,C,E)
and energy (B,D,F) scales. For the LSPR-based sensor, results obtained
with both the MLWA (blue triangles) and the FDTD method (green crosses)
are included. All data points are plotted vs resonance wavelength (�SPR)
and energy (ESPR).
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be mathematically demonstrated that the FOM in en-
ergy and wavelength domains are approximately
equivalent (see Supporting Information). Such equiva-
lency is confirmed in the calculated results shown in
Figure 2E,F. From these values we can see that the bulk
FOM of SPP sensors is roughly 1 order of magnitude
larger than that of LSPR sensors, even though the over-
all peak widths in the latter are substantially smaller.
For SPP sensors, the bulk FOM exhibits a linear behav-
ior, from which it can be deduced that the performance
of this sensor improves at longer resonance wave-
lengths, that is, lower excitation energies. In contrast,
examination of the LSPR bulk FOM reveals a different
trend, with the FOM showing a maximum located at
�SPR � 700 nm, corresponding to ESPR � 1.75 eV. Close
to this value, the balance between sensitivity and reso-
lution is maximized, resulting in an optimized sensing
region. Note that from this point on, with FOM-
equivalency established in energy and wavelength re-
gimes, all figures displaying sensitivity, fwhm, or FOM
values will only be plotted in wavelength scale.

From a biosensing point of view, surface sensitivity
and surface FOM are the relevant parameters to de-
scribe the sensing performance and, as shown in Fig-
ure 3, this can result in a very different behavior when
compared to the bulk sensitivity calculations. Examina-
tion of �S shows that the spectral shifts of the LSPR for
the analyzed wavelength range are larger than those
calculated for the SPP configuration. For both sensor
types, surface sensitivity consistently increases as �SPR

is red-shifted, though also in both cases the slope gets
smaller at longer �SPR. Again, because the evanescent
field has an increased penetration depth into the dielec-
tric at longer �SPR, the EM-field is expected to be less
confined near the surface and thus the sensitivity will
decrease.

Due to the higher �S values and lower peak widths
obtained for the LSPR sensors, their FOM values are
typically higher than those for their SPP counterparts.
As in the bulk sensitivity simulations, the surface FOM

of the LSPR sensor displays a maximum, again located
at �SPR � 700 nm. However, for the SPP sensor, the FOM
values increase as �SPR is red-shifted, though signs of
saturation become apparent for SPR wavelengths
above �SPR � 700 nm, and a slight decrease for �SPR �

1000 nm was noted (not shown). When comparing the
FOM maxima of both sensing schemes, a 3-fold increase
in surface FOM was found for the LSPR sensor, reflect-
ing the stronger confinement of the EM field around the
plasmonic nanostructures.

From these bulk and surface calculations, we can
conclude that, although superior bulk sensing perfor-
mance was found for the SPP device, a better surface
sensing performance is expected for the LSPR-based
sensing platform. Furthermore, the observed maximum
surface FOM values suggest the existence of an opti-
mum spectral sensing range for both LSPR and SPP sen-
sors. For SPP sensors a broad optimum region can be
defined between 700 and 1000 nm, whereas a narrower
optimum spectral range around an excitation wave-
length of 700 nm is predicted for LSPR sensing.

However, we have so far considered that the metal
nanoparticles are surrounded by a uniform dielectric
medium and are homogenously coated with a thin di-
electric layer. However, for practical biosensing applica-
tions, attachment of the nanoparticles to a solid sub-
strate is required, thus allowing in-flow assays, kinetic
analysis, surface regeneration, and multiplexing. The
substrate, which generally has a higher RI than the sens-
ing environment (the solvent), can significantly hinder
the sensing performance of the nanoparticles. To iden-
tify and quantify the effect of the substrate on the per-
formance of the LSPR-based sensing scheme, we car-
ried out FDTD calculations of the bulk and surface
sensitivities of single gold nanorods lying on top of a
silica substrate (n � 1.52). For the surface sensitivity
simulations, only the part of the nanorod contacting
the substrate was excluded from the modeling of a 1
nm thick layer with a RI of 1.50, resulting in a total sur-
face coverage larger than 95%. The resulting bulk and
surface FOMs are displayed in Figure 4. Although the
observed trends for the FOM remain unchanged, the
bulk sensitivity shows that, indeed, the actual calculated
values are significantly lower as compared to those
obtained for particles entirely surrounded by a

Figure 3. Calculated surface sensitivities �S (A) and the cor-
responding FOMs (B) for the SPP (red circles) and the LSPR
(blue triangles for MLWA and green stars for FDTD) sensing
platforms as a function of spectral position of resonant
wavelength �SPR.

Figure 4. Bulk and surface sensitivities of the LSPR sensing
scheme for nanorods modeled on top of a glass substrate,
calculated with the FDTD method.A
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homogeneous dielectric medium, resulting in a 40% de-

crease of the bulk sensitivity. However, the surface sen-

sitivity is approximately equal due to the almost com-

plete surface coverage assumed in the calculations.

In an effort to confirm these theoretical findings and

elucidate the effects of the substrate on the final sensi-

tivity of the LSPR systems, we carried out a systematic

experimental study on both SPP and LSPR sensors.

Experiments. To compare the experimental bulk and

surface sensitivities of SPP and LSPR sensors we em-

ployed an SPP sensing setup in Kretschmann configura-

tion,17 which allowed us to spectrally tune the SPP reso-

nance by varying the light incidence angle. Within an

angle range between 64 and 78 degrees, we were able

to tune the SPP resonance between 600 and 900 nm.

For the LSPR sensing platform, tunability was achieved

by using gold nanorods with aspect ratios ranging from

2 up to 4.5, allowing us to spectrally tune the reso-

nance between 600 and 800 nm. These nanoparticles,

fabricated by wet chemistry (see Methods), were immo-

bilized on glass substrates via electrostatic interac-

tions, using polyelectrolytes, and the scattering spectra

from single nanoparticles were acquired using dark-

field microspectroscopy.18

Bulk sensitivity measurements were carried out by

gradually varying the RI of the external dielectric me-

dium (see Supporting Information). Figure 5 shows the

results of these experiments for SPP (A,C,E) and LSPR

(B,D,F). For both sensing platforms, �B was found to lin-

early increase as �SPR was red-shifted. Furthermore, the

obtained bulk sensitivity of the SPP sensor is an order of

magnitude larger than that of its LSPR counterpart. Re-

garding peak widths, similar trends in the fwhm of the

SPP and LSPR sensors compared to the theoretical cal-

culations were obtained, except for the long wave-

length region of the SPP sensor. Such differences stem

from the Kretschmann excitation of the surface plas-

mon in the SPP sensor with a hemicylindrical prism (see

Supporting Information) and explain the apparent satu-

ration of the FOM in this region (see Figure 5E). How-

ever, an overall quantitative agreement between theory

and experiment in the FOM was obtained. On the other

hand, a substantial experimental reduction of �B and

FOM can be appreciated for the results on nanoparti-

cles when compared to the theoretical calculations of

these nanostructures surrounded by a uniform dielec-

tric medium (Figure 2), but accurately matching the pre-

dicted results of the FDTD calculations for nanorods

on a substrate (Figure 4). The 40% reduction of the bulk

sensitivity with respect to the nanoparticles in a homo-

geneous medium confirms that the nanorods “see” a

smaller effective RI change as compared to the induced

external RI change, as a consequence of the high refrac-

tive index of the substrate and the concentration of a

substantial part of the near field of the nanorods within

the glass region.

Interestingly, as indicated from the theoretical analy-

sis, the gathered experimental results evidence that,

for bulk RI measurements, the FOM of gold nanorod-

based sensors exhibits a maximum at approximately

�SPR � 700 nm. However, from the much longer spec-

tral shifts obtained for the SPP sensor, one can estab-

lish that these sensors clearly outperform the LSPR sen-

sors in bulk RI detection.

The surface sensitivity of both sensing platforms

was investigated through the in-flow deposition of

poly(diallyldimethylammonium chloride) (PDDA) and

poly(sodium 4-styrenesulfonate) (PSS) polyelectrolyte

monolayers (layers RI � 1.50),19 exploiting the ability of

such polyelectrolytes to create conformal multilayers

on planar or nanostructured solid substrates. The re-

sults of these measurements are illustrated in Figure 6,

where �s and the corresponding surface FOM,

Figure 5. Experimental results of the bulk sensitivity mea-
surements carried out on the SPP (red dots: A,C,E) and LSPR
(blue triangles: B,D,F) sensors. The solid and dashed lines
represent the corresponding theoretical values, according
to Figure 2. The bulk sensitivity �B, fwhm, and FOM were
plotted as a function of the spectral position of the reso-
nance peak �SPR.

Figure 6. Experimental results representing the surface sen-
sitivity �S and the accompanying FOM as a function of �SPR

for both SPP (A, C) and LSPR (B, D) sensing schemes. The in-
set in panel B shows the spectral peak shifts as a conse-
quence of the deposition of PDDA/PSS bilayers for a gold
nanorod.
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averaged over four monolayers, are displayed for both
sensor configurations. As an example of these measure-
ments, the inset of Figure 6B shows the induced peak
shifts as a consequence of the successive deposition of
two polymer bilayers for a nanorod with longitudinal
surface plasmon peaking at 711 nm in water.

As becomes clear from the figure, SPP and LSPR sen-
sors show a monotonic growth of �s over the analyzed
wavelength range, and their FOMs exhibit the expected
optimized sensing region for resonances located
around 700 nm, confirming what was already per-
ceived in the theoretical simulations: this maximum in
the FOM defines an optimized surface sensing region
for plasmonic sensing, where the ratio between the in-
duced spectral shifts and the losses due to internal
damping mechanisms is optimized. This allows for the
a priori optimal determination of the rod geometry or
the incidence angle, in order to fully exploit the surface
sensing performance of these systems, as also has been
considered by Nusz et al. for nanoparticles.20

The spectral peak shifts of the SPP sensor range
from approximately 2 to 8 nm per assembled polyelec-
trolyte monolayer. Assuming that the refractive index of
the polyelectrolytes is 1.50, a thickness around 1 nm
per monolayer of polyelectrolyte can be estimated from
the measurements, which permits a direct comparison
with the theoretical values of the surface sensitivities
and FOMs.

These measurements show a drastically lower sur-
face sensitivity for the nanoparticles, since their spec-
tral shifts vary between 1.5 and 3 nm per polymer
monolayer. This means a 60% drop of surface sensitiv-
ity and FOMs with respect to the theoretical calcula-
tions. However, we should remember that in the calcu-
lations, a surface coverage of the nanorods larger than
95% was assumed, whereas the experimentally
achieved surface coverage can be substantially smaller,
around 50% or even lower. Such considerable surface
coverage reduction can be due to the electrostatic re-
pulsion generated by the molecules attached to the
surface, which hinder access to the region between
nanorod and glass substrate.

This effect is very likely to be present in biosensing
applications, especially for larger biomolecules, such as
proteins, unless the substrate is totally inert to unspe-
cific adsorption. Despite of the large reduction of the
surface sensitivity in the LSPR sensing scheme, the over-
all narrower peaks compared to SPP sensor are ulti-
mately responsible for the resulting higher surface FOM
values for the LSPR sensors. Hence, we can conclude
that, for surface sensitivity measurements, nanorod-
based sensors have offered approximately 15% better
performance than their SPP counterpart when their
FOM was maximized. However, even larger FOM val-
ues could be achieved by improving the access of tar-
get molecules to the active sensing surface of the nano-
particles, toward the 3-fold enhancement predicted in

the theoretical calculations. This can be envisaged
through positioning gold nanoparticles on dielectric
nanopillars,21 or using low refractive index and inert
substrates, such as fluoropolymers.22 Another notewor-
thy alternative to increase the sensor performance in-
volves the use of silver as the plasmonic material, since
its lower absorption compared to gold guarantees
higher FOM values.

Judging from the surface FOM of both sensor types
we can conclude that a substantial improvement of the
sensor performance can be achieved by simply separat-
ing the resonance wavelength from the gold inter-
band transitions. However, as a consequence of the op-
timized sensing region, no additional benefit is
obtained by red-shifting the resonance indefinitely to-
ward the infrared, which in addition involves complicat-
ing the detection systems, especially for single particle
sensing. In this respect, colloidal nanorods probably of-
fer the best sensing features in terms of sensitivity and
resolution due to their particularly narrow peaks. For
the same reasons, nanospheres are poor candidates for
LSPR sensing, since the red-shift required to achieve
higher sensitivity is accompanied by strong dephasing
damping. When compared to the widely employed SPP
biosensor, these results support the viable use of this
LSPR-based sensing scheme in biosensing applications.
However, for nanoplasmonic sensors, biosensing detec-
tion should be kept within 10�15 nm from the sur-
face. Beyond that distance, the sensitivity is strongly
damped, thus limiting the biosensing application to
small molecules and advising against, for example,
sandwich assays.

In an attempt to determine the origin of these opti-
mized spectral sensing ranges, we analyze here the op-
tical properties of plasmonic materials. In an ideal metal,
the spectral plasmonic behavior is restricted to a spec-
tral range between two boundaries: the high energy
limit, given by the plasma frequency, and the low en-
ergy limit in which the metal starts acting as a perfect
conductor. Above the plasma frequency, the dielectric
constant of the metal becomes positive, thus prevent-
ing the excitation of surface plasmons. On the other
hand, for low energies, the penetration of the EM fields
in the metal is very weak and the plasmonic behavior
is lost. Accordingly, between these boundaries, one can
expect a spectral range in which plasmons exhibit an
optimized performance.

From the analysis of the resonance conditions of
both sensor types, it can be concluded that the real
part of the dielectric constant �Re of the metal deter-
mines the spectral position of the resonance and ac-
cording to Miller and Lazarides11 the bulk sensitivity also
depends linearly on �Re, while the imaginary part �Im is
responsible for the damping. Since the FOM is a mea-
sure for the trade-off between the spectral shifts (spec-
tral position of the resonance) and the peak widths
(damping), we propose that the maximum of the
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�Re/�Im ratio should coincide with the optimal sensing
areas as extracted from the FOMs. Figure 7 depicts the
absolute value of this ratio as a function of wavelength
using the optical properties of gold employed for our
calculations. From this figure we can extract a peak-
shaped trend with a range of maximum values located
between approximately 700 and 900 nm, indicating
that it is in this region, where the ratio between the sen-
sitivity and the fwhm is optimized.

A more detailed derivation supporting this state-
ment can be obtained starting off from a Drude model
for free electrons, which represents the archetypical
model of plasmonic materials. From the ratio between
the real and imaginary parts of the dielectric constant,
an analytical equation of the maximum value of �Re/�Im

can be derived, given by (see Supporting Information):

λmax )
√3ε∞Γλp

√Γ2 - ε∞λp
2

(4)

In eq 4 �� (dimensionless) is the dielectric constant of
the metal at infinite frequency, 	 (nm) is a measure for
the damping of the oscillation, and �p (nm) is the
plasma wavelength of the metal. If we assume �� �

8.786, 	 � 16496 nm, and �p � 139.9 nm, which fit gold
optical constants for wavelengths longer than 550 nm
(see Supporting Information), a maximum located at

718.5 nm is found. When comparing this wavelength
to the sensing FOMs, we can see that it closely corre-
sponds to the position of the maximum derived from
the LSPR FOMs and the start of the saturation observed
in the SPP surface FOM. Therefore, we conclude that
the overall behavior of these FOMs can be attributed
to the intrinsic optical properties of the plasmonic
material.

CONCLUSIONS
We presented comparative theoretical and experi-

mental analyses of the sensing performance of
wavelength-interrogated plasmonic sensors based on
propagating and localized surface plasmon resonances.
We exploited the tunability of both sensing platforms
to spectrally vary the resonances in order to analyze
their bulk and surface sensing characteristics as a func-
tion of their resonance position. A FOM, which relates
the sensitivity and resolving power of the sensing plat-
forms, was used to extract a general behavior for these
plasmonic sensor types. We demonstrated FOM equiva-
lency in both wavelength and energy scales. Further-
more, the FOM corresponding to the surface sensitivity
of both sensing schemes revealed the existence of an
optimized spectral sensing range, which we assign to
the intrinsic optical properties of the employed plas-
monic material. For the LSPR sensor, this optimized
sensing region corresponds to nanorods with excita-
tion resonances close to �SPR � 700 nm. On the other
hand, the SPP sensor exhibits a broader optimized sur-
face sensing region comprising resonance wavelengths
between 700 and 1000 nm. Although the SPP sensor
clearly benefits from higher bulk sensitivity when com-
pared to its LSPR counterpart, the latter sensor type has
proven a 15% better surface sensitivity performance.
However, theoretical calculations suggest that a 3-fold
improvement of the FOM could be achieved for metal
nanoparticles by improving the access of the molecules
to the sensing surface.

METHODS
Optical Constants. Optical constants of gold reported by

Johnson and Christy23 were used for the calculations. Modeling
of the titanium sticking layer in the SPP simulations was carried
out using optical constants retrieved from Weber.24

SPP Simulations. To model SPP based sensors, a transfer matrix
formalism was employed to calculate the reflectivity of a TM polar-
ized EM wave impinging at the sensing substrate at a single inci-
dence angle,25 using a Kretschmann configuration:17 prism as inci-
dent medium (n � 1.52), 1.5 nm titanium sticking layer with a 50
nm gold layer on top (resembling commercially obtained sub-
strates used in the experiments), and water as the sensing me-
dium (n � 1.33). The surface sensitivity was modeled by coating
the metal layer with a 1 nm thick dielectric layer (n � 1.5). The bulk
sensitivity was normalized by dividing the difference in peak posi-
tion with the difference in refractive index. The surface sensitivity
was evaluated by comparing the peak positions with and without
the modeled coating layer on top of the substrate. FWHMs were
measured at the half intensity of the peak maximum.

MLWA Calculations. Interaction of metal nanoparticles with light
was investigated through implementation of the modified long-
wavelength approximation (MLWA).16 This method permits the
use of the electrostatic approximation for nanoparticles with
typical sizes up to 10% of the wavelength of light. This is
achieved by introducing corrections for radiative damping and
depolarization of the collective electron oscillation. Although in
the experiments rod-shaped particles were measured, in the
simulations we opted for an ellipsoidal geometry, since for this
geometry an analytical expression for the polarization can be de-
rived.26 Using the aspect ratio of the particle as a variable, while
maintaining the two short-axes of the particle at 20 nm, we were
able to spectrally tune the LSPR. Bulk and surface sensitivity
simulations were carried out as previously discussed for the SPP
simulations.

FDTD Calculations. Nanorods were modeled as cylinders caped
by hemispheres. A mesh size of 2 nm was used in the bulk sen-
sitivity calculations in a homogeneous medium, whereas 0.5 nm
mesh was used to model the surface sensitivity of the nanorods
and the calculations with the glass substrate. The width of the

Figure 7. Absolute values of the ratio between real and
imaginary parts of the dielectric constant of gold, displayed
as a function of the wavelength � of light.
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nanorods was fixed at 20 nm. Only the longitudinal plasmon
resonance of Au nanorods was calculated by setting the electric
field of the plane wave parallel to the longitudinal direction of
the Au nanorods. To investigate substrate effects, an edge of the
nanorod was contacted to a modeled substrate (n � 1.52). For
surface sensitivity simulations of the rods in the presence of a
substrate, the overlapping part of the dielectric coating with the
substrate was overridden by the substrate. After calculation, the
positions of the resonance peaks in the scattering spectra were
located. Bulk and surface sensitivity parameters were obtained in
the same manner as done in the SPP simulations.

SPP Experiments. Commercially available gold substrates (50 

2 nm Au, 1.5 
 0.3 nm Ti) were cleaned immersing them briefly
in a freshly prepared 3:1 piranha solution (H2SO4/H2O2), prior to
attachment onto a hemicylindrical glass prism via refractive in-
dex matching oil for the Kretschmann configuration. This part of
the setup was attached to a motorized rotary plate, allowing
the system to rotate with respect to a fixed halogen light source
(HL-2000, Mikropack), such that the incidence angle of the colli-
mated incoming TM-polarized light could be varied. A corrective
lens system, rotating along the same axis, was used to collect
the reflected light leaving the prism with a multimode optical fi-
ber. Finally, a spectrometer (Shamrock SR-303i, Andor) con-
nected to a cooled CCD detector (Newton, Andor) was used to
analyze the collected light. For the bulk sensitivity measure-
ments, mixtures of H2O and a saline buffer were prepared cover-
ing a range of values of the RI varying between n �
1.3325�1.3415. Injection of these samples into the flow cell al-
lowed us to analyze the SPR spectra as a function of both the
bulk RI and the incidence angle of the incoming light. For the
surface sensitivity measurements, PDDA and PSS polymer (Mw

� 100000) solutions (2 wt %) were prepared. Making use of elec-
trostatic affinity of PDDA to both gold and PSS, subsequent in-
jection of PDDA and PSS resulted in the in-flow formation of
polyelectrolyte multilayers on top of the gold substrate.

LSPR Experiments. Gold nanorods were prepared following the
Ag�-assisted method proposed by Nikoobakht et al.27 and modi-
fied by Liu et al.28 Briefly, first a gold seed solution was pre-
pared by borohydride reduction of 5 mL of 0.25 mM HAuCl4 in
an aqueous 0.1 M CTAB solution. For the synthesis of the gold
nanorods, 24 L of seed solution was added to a growth solu-
tion containing 0.1 M CTAB, 0.5 mM HAuCl4, 0.75 mM ascorbic
acid, and 0.12 mM silver nitrate and in the presence or the ab-
sence of 0.019 M HCl. The nanorods thus synthesized have an av-
erage length, width, and aspect ratio of 72.1 
 10.2, 19.0 
 2.9,
and 3.86 
 0.77 nm and 53.0 
 8.1, 21.3 
 3.1, and 2.52 
 0.46
nm, respectively. The nanorods were electrostatically attached to
glass slides. Briefly, after piranha (3H2SO4/1H2O2) cleaning, the
glass slides were incubated for 2 min in a PDDA 2 wt % solu-
tion, followed by extensive water rinsing, yielding the formation
of a PDDA monolayer on top of the glass slide. Gold nanorods
with varying aspect ratios and coated with PSS were then depos-
ited following the same incubation procedure as described
above. Subsequently, the samples were placed in an ozone gen-
erator for 10 min, to remove all the remaining organic com-
pounds. Finally, a new PDDA monolayer was deposited for sta-
bility purposes. An inverted microscope (Eclipse Ti�U, Nikon)
equipped with a halogen 100 W light source and fiber-coupled
to the above-mentioned spectrometer, was utilized to obtain the
elastic scattering spectra of single nanoparticles by means of
dark field microscopy. Two different dark field condensers (Dry
NA 0.90�0.80 and Oil NA 1.43�1.20, Nikon), in combination with
a 100� oil immersion objective (Plan Fluor 100� NA 0.5�1.3
Oil, Nikon) were employed to collect light scattered by single
nanoparticles. A Teflon flow cell, sealed by two glass slides, one
of them containing the immobilized nanorods, was employed to
carry out the sensitivity measurements. For surface sensitivity
studies, polyelectrolyte multilayers were deposited in-flow,
through the alternating injection of 2 wt % PDDA and PSS solu-
tions. Elastic scattering spectra of single nanorods were obtained
at a slow continuous flow of water after each polyelectrolyte bi-
layer deposition.
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