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S
ince the introduction of Surface Plas-
mon Resonance (SPR) refractive index
sensing of gas and biomolecules based

on thin metal films almost three decades
ago, the interest in plasmon based sensing
technology has increased tremendously.1

The technological advances in conventional
SPR sensing have been remarkable, and the
commercializationof instruments has greatly
expanded the user community. Conven-
tional thin film SPR sensing is now a mature
technology that serves as a benchmark for
novel optical sensor solutions. The progress
in SPR biosensing has been accelerated by
progress in several “enabling technologies”,
in particular development of effective sur-
face chemistry and advanced microfluidic
systems. Similarly, enormous recent progress

in nanofabrication technologies and com-
putational electrodynamics have resulted in
rapid development of novel plasmonic ap-
plications, including biosensing based on
Localized Surface Plasmon Resonances (LSPR)
in metal nanostructures.
The decay length of the evanescent field

generated at plasmon resonance ranges
from about half the free-space wavelength
for propagating plasmons in thin films
down to just a fewnanometers in “hotspots”
around plasmonic nanostructures. Strongly
enhanced and localized nanoplasmonic
fields are key to surface-enhanced Raman2

and fluorescence3,4 spectroscopy, plasmon
assisted photolithography,5 and many other
nanophotonic applications of high cur-
rent interest. In particular, nanometric field
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ABSTRACT Ultrasensitive biosensing is one of the main driving

forces behind the dynamic research field of plasmonics. We have

previously demonstrated that the sensitivity of single nanoparticle

plasmon spectroscopy can be greatly enhanced by enzymatic

amplification of the refractive index footprint of individual protein

molecules, so-called plasmon-enhanced enzyme-linked immunosor-

bent assay (ELISA). The technique, which is based on generation of

an optically dense precipitate catalyzed by horseradish peroxidase at

the metal surface, allowed for colorimetric analysis of ultralow

molecular surface coverages with a limit of detection approaching the single molecule limit. However, the plasmonic response induced by a single enzyme

can be expected to vary for a number of reasons, including inhomogeneous broadening of the sensing properties of individual particles, variation in electric

field enhancement over the surface of a single particle and variation in size and morphology of the enzymatic precipitate. In this report, we discuss how

such inhomogeneities affect the possibility to quantify the number of molecules bound to a single nanoparticle. The discussion is based on simulations and

measurements of large arrays of well-separated gold nanoparticles fabricated by electron beam lithography (EBL). The new data confirms the intrinsic

single-molecule sensitivity of the technique but we were not able to clearly resolve the exact number of adsorbed molecules per single particle. The results

indicate that the main sources of uncertainty come from variations in sensitivity across the surface of individual particles and between different particles.

There is also a considerable uncertainty in the actual precipitate morphology produced by individual enzyme molecules. Possible routes toward further

improvements of the methodology are discussed.
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localization enables refractive index based LSPR detec-
tion ofmolecules attaching at or very close to themetal
surface, and this can be utilized for constructing ultra-
sensitive colorimetric biosensors.6�8 Compared to
classical SPR sensing, which requires a prism or grating
tomatch themomentum of the incident light with that
of the propagating plasmon, localized surface plas-
mons in single nanostructures can be excited and
measured in simple extinction or scattering experi-
ments, for example, by using dark-field microspectros-
copy.9,10 Since individual nanoparticles separated by a
few characteristic particle diameters from each other
effectively behave as isolated sensors, it is possible to
perform massively parallel analysis of large particle
sensor arrays by hyperspectral imaging.
One of the potentially most rewarding plasmonic

applications is to use LSPR sensing for ultrasensitive
detection of important disease markers. Recent meth-
odological advances have enabled label-free detection
of single protein molecules adsorbing to single LSPR
particles, thus demonstrating the intrinsic sensitivity of
the technique.11,12 However, using a single nanoparti-
cle for detecting low concentrations of target mol-
ecules is not very efficient since the small reaction
surface may lead to a vanishingly small probability of
biomolecular binding at equilibrium.13 A small total
surface area also increases the average time it takes
until a rare target molecule diffuses to and adsorbs to
the sensor.14 If ultrasensitive detection is the objective,
it is therefore necessary to use a single particle array as
a sensor platform. At low surface coverage, the advan-
tage of single particle resolution is then that the signal
from a few positive particles might be resolved in an
experiment in which each particle function as an
individual sensor while they tend to drown in themany
negatives in a standard ensemble averaged measure-
ment. Naturally, the advantage is fully realized only if
the signal induced by a singlemolecule is large enough
to be separated from the background. The limit of
detection is in principle then determined by the num-
ber of individual particles that can be analyzed. This is
indeed how Rissin et al.managed to reach a detection
limit in the subfemtomolar range.15 In the end, it was
the actual number of reaction chambers that could be
measured independently that defined the detection
limit.
An obvious crucial factor in all sensing methodolo-

gies is the magnitude of the signal induced by a single
target molecule. We have previously shown that enzy-
matic signal enhancement based on the well-known
ELISA methodology can lead to a dramatic increase of
the LSPR peak shift induced by protein adsorption.16�18

The technique is based on utilizing horse radish
peroxidase (HRP) to catalyze a precipitation reaction
of its enzyme substrate 3,30-diaminobenzidine (DAB)
on the surface of metal particles in order to increase
the “optical mass” associated with protein binding.16

The peak shift induced by the precipitate was on
average almost two orders ofmagnitude larger than from
the HRP protein alone. Using a single particle hyper-
spectral imaging technique previously described by
Bingham et al.,19 we managed to measure extremely
low surface coverage of HRP on multiple single parti-
cles with an overall detection efficiency in the single
molecule range.16 In this study, we continue our
investigations of the “plasmon-enhanced ELISA”meth-
odology with the primary objective of understanding
sources of inhomogeneous broadening in the single
particle response. We use electron beam lithography
(EBL) to fabricate large arrays of well-separated single
gold particles in order to generate statistically relevant
experimental data, and we use electrodynamics simu-
lations in order to understand the response of an
individual nanoparticle. We also investigate the mor-
phology of the precipitated DAB clusters using high-
resolution microscopy. We conclude by pointing out
possible future developments of the methodology.

RESULTS AND DISCUSSION

Figure 1 gives an overviewof the experimental setup
and methodology. Elastic scattering images and spec-
tra were recorded using dark-field illumination with
the nanoparticle arrays placed inside a stainless steel
flow cell mounted on an inverted optical microscope.
The liquid crystal tunable filter (LCTF, Varispec) is
placed between the dark field condenser and the lamp
used for plasmon excitation. The LCTF has a 10 nm
band-pass, and it covers a spectral range from 650 to
1100 nm. Using this measurement methodology, we
recorded individual particle spectra from arrays that
contained 700 individual particles simultaneously. For
comparison, we also recorded nanoparticle spectra
using standard dark-field spectroscopy and a fiber-
coupled spectrometer (B&W Tek Prime X). A schematic
of the reactions used for the biosensing experiments is
shown in Figure 1b. The biotinylated nanorods are
placed in the flow cell on the microscope stage, and a
certain concentration of streptavidin conjugated with
HRP (SA-HRP) is introduced. After incubation for 1 h,
the flow cell is rinsed with PBS buffer. The precipitation
reaction is initiated by introducing 1 mMDAB (Thermo
Scientific) and 1 mM H2O2 into the flow cell. The
reaction is then allowed to proceed for 6 min, after
which excess DAB is removed by thorough PBS rinsing.
Nanoparticle spectra were measured just before the
introduction of DAB and just after PBS rinsing. The
negative control is performed by precipitation of 1mM
DAB and 1 mM H2O2 without SA-HRP incubation.
Nonspecific adsorption is quantified by adsorbing
2 pM SA-HRP to a 100% thiol-PEG functionalized gold
particle surface and thereafter performing the precipi-
tation reaction.
Figure 2a shows two examples of scattering spec-

tra from individual single particles recorded using
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unpolarized white light. The particles support two
orthogonal in-plane dipolar plasmon oscillations with
dipolemoments parallel and perpendicular to the long
axis of the particle, respectively. The long-axis, or longi-
tudinal mode, is strongly red-shifted compared to the
short-axis, or transverse mode, due to depolarization

effects caused by the high aspect ratio.20 We first note
that the LCTF spectra compare favorably with ordinary
DF spectra measured using the optical spectrometer in
terms of signal-to-noise ratio. However, the main dif-
ference between the two measurement techniques
concerns the polarization sensitivity. Because of the
working principle of the LCTF, only one polarization
contributes to the image stacks, whereas the fiber-
coupled spectrometer records both orthogonal polar-
izations with equal sensitivity. In the experiments, we
therefore aligned the polarization direction trans-
mitted through the LCTF with the long axis of the
nanorods so that only the longitudinal plasmon band,
which is themost sensitive to refractive index changes,
contributed to the spectra. The fiber-coupled spectro-
meter, on the other hand, measures both transverse
and longitudinal plasmons.
Figure 2b shows that our FDTDmodel, which is built

on the dimensions extracted from the SEM image
shown in the inset of Figure 2a, captures the spectral
properties of the real nanoparticles rather well. The
model is based on the assumption that the experi-
mental spectra can be represented by the optical
properties of a completely isolated particle. This is a
reasonable simplification because the actual interpar-
ticle separation (3 μm) is such that near-field interpar-
ticle coupling is negligible while diffractive far-field
coupling is weak (strong diffractive coupling typically
requires that the particle separation is similar to the
LSPR excitation wavelength).10,21

The spectral differences between the twoparticles in
Figure 2a, which is most likely due to small differences
in particle shape, size, and/or degree of crystallinity,

Figure 1. (a) Schematic of the setup and the measurement procedure. The particle array is illuminated through a dark-field
(DF) condenser by white light from a xenon lamp that has been band-pass filtered by a liquid crystal tunable filter (LCTF).
Elastically scattered light from single particles in the array is collected by a 100� oil immersion objective and projected on a
CCD chip. Images are collected for a number of wavelengths, and the complete image stack is used to reconstruct spectra for
each individual particle in the array. (b) Schematic of SA-HRP induced enzymatic enhancement. The particle array is first
functionalizedwith thiolated PEGwith 1%biotin, and SA-HRP is then allowed to bind, after which the precipitation reaction is
started by introducing the enzyme substrate DAB. Precipitates formed on the metal surface cause a shift in the scattering
spectrum due to the refractive index sensitivity of the particle plasmons.

Figure 2. (a) Scattering spectra of two individual particles
measured by LCTF imaging (blue lines) and a fiber coupled
spectrometer (red lines). The inset shows a SEM image of a
single nanorod. (b) FDTD simulation of the elastic scattering
spectrum of a nanorod. The inset shows a picture of the
particle shape used for the simulation.
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illustrate the fact that different particles in an array can
be expected have slightly different LSPR properties in
general. We investigated to what extent this inhomo-
geneous broadening effect influences the particle
sensing properties by measuring the bulk refractive
index sensitivity of the individual particles in an array.
The quantification was based on measurements of the
LSPR positions in water (n = 1.33) and ethylene glycol
(n = 1.49), and the result is summarized as a histogram
in Figure 3. The mean of the bulk refractive index
sensitivity is 195 nm/RIU (refractive index unit) with a
standard deviation of 9 nm/RIU. The inset in Figure 3
shows that there is no clear correlation between the
sensitivity and the particles LSPR peak position,
although a weak positive slope might be discerned,
as can be anticipated from theory and previous studies.
Despite the widespread use of DAB staining for

electron microscopy studies of tissues, surprisingly
little has been reported about the actual size, morphol-
ogy and refractive index of precipitates catalyzed by
individual HRP enzymes. Moreover, real-time single
molecule fluorescence experiments have shown that
enzymes possess both static and dynamic inhomo-
geneity.22 Although our end-point measurements
should average out short-time temporal fluctuations
in HRP activity, one can still anticipate inhomogeneous
broadening effects due to the individuality of single
enzymemolecules. As summarized in Figure 4,we used
AFM and TEM imaging to shed some light on the
morphology of DAB precipitates and the possible role
of enzymatic variation. Figure 4a shows AFM results for
HRP on silicon. It is clear that there is a substantial
variation in the height of the structures we interpret as
DAB precipitates. TEM images after HRP induced pre-
cipitation on Formvar show structures with an even
higher degree of irregularity (Figure 4c). We used im-
age analysis to extract a characteristic radius for the
objects we interpret as DAB precipitates (Figure 4b).
The mean height extracted from the AFM measure-
ments was found to be 27 nm, while the characteristic
radii extracted from TEM images were 13 nm. The data
might thus be interpreted as evidence for more or less

spherical precipitates with an average radius of
∼13 nm. However, the TEM image also exhibits a film
like structure surrounding the dark rounded objects,
and it is difficult to rule out that this feature is not the
main HRP induced structure. Clearly, a detailed under-
standing of the physical characteristics of DAB preci-
pitates requires further study.
An additional potentially important source of inho-

mogeneous broadening is connected to the variation
in electromagnetic field-enhancement and RI sensitiv-
ity across the surface of an individual nanoparticle. We
simulated this effect using FDTD calculations by plac-
ing a single dielectric object at different positions
around the surface of a nanorod and checking the
resulting LSPR peak position compared to a bare nano-
rod. We modeled the precipitate as a hemisphere with

Figure 3. Variation in bulk refractive index sensitivity be-
tween different single nanoparticles in an array. The inset
shows the same data plotted versus the LSPR peak position
in water.

Figure 4. (a) Height distribution of DAB precipitates on a
silicon wafer measured by AFM. The inset shows an AFM
image of the precipitates. (b) The effective radius distribu-
tion of DAB precipitates on a Formvar surface measured by
TEM. (c) A TEM image of the DAB precipitates.
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n = 1.45. The value for the refractive index is chosen
due to the similarity in chemical composition between
a protein layer and DAB precipitates. Figure 5a,b shows
the resulting peak shift distributions for hemispheres
with radii of 25 and 13 nm, respectively. The average
peak shifts for these two dimensions are 1.2 and
0.35 nm, respectively. Note that the average shifts do
not scale linearly with volume, which would predict a
7 times higher shift for the 25 nmprecipitate compared
to the 13 nm one. This effect is a direct consequence of
the finite LSPR “sensing depth”, related to extension of
the electromagnetic near-field, which vary across the
surface and is of the same order of magnitude as the
precipitate radii used in the model. The strongly vary-
ing sensitivity is also reflected in the “bimodal” dis-
tribution function, which is due to the high sensitivity
points near the two tips caused by excitation of the
longitudinal plasmon resonance. We also modeled the
peak shift induced by thin films of refractive index
n = 1.45 (not shown). We found that a 1.5 nmDAB shell
homogenously deposited on top of the nanorod
produces a 2 nm peak shift.
Figure 6 summarizes experimental plasmon-en-

hanced ELISA results for HRP concentrations ranging
from 50 fM to 2 pM. The average peak-shifts and the
observed distributions are similar to our previous
report based on gold nanodisks made by hole-mask
colloidal lithography. As shown in Figure 6b, the
average peak shift varies essentially linearly with con-
centration at low enzyme concentration. This indicates
that the LSPR sensitivity is far from being saturated.

Because of the small surface area of a single nanorod
and the low concentrations used in the experiments,
we expect a very low number of HRP molecules on
each of the imaged particles. For low surface coverage
Γ, i.e., far from saturation, it can be assumed that the
molecular coverage follows the first part of the Langmuir
isotherm: Γ(t,c)� kontΓmaxc, where kon is the molecular
attachment rate, t is the incubation time, Γmax is the
maximum surface coverage, and c is the concentration.
The surface coverage is then directly proportional to
the concentration, which is what is seen experimen-
tally. However, toward the low concentration end of
the curve in Figure 6b, one needs to take into account
that there is a DAB induced background observed even
without HRP present on the sample. The average peak
shift of this background is ∼2 nm, which yields an
array averaged limit of detection (LOD) of the order
20�50 fM for the experimental conditions used.

Figure 5. (a) FDTD simulation of the distribution in LSPR
peak shifts induced by a single 25 nm radius (a) and a 13 nm
radius (b) hemispherical dielectric particle placed at differ-
ent position on a nanorod excitedwith incident polarization
parallel to the long axis. The insets show a map of the
induced peak shifts across the nanorod surface.

Figure 6. (a) Experimental peak shift distributions for four
different SA-HRP concentrations together with the negative
control distribution. (b) Average peak shift and standard
deviations (shown as error bars) versus SA-HRP concentra-
tion. The red line is a linear fit to the four lowest concentra-
tions. The blue line is a linear fit to the two negative
concentrations. The inset shows a magnification covering
the lowest concentrations. The red line crosses the blue line
at 20 fM.
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The deviation of the experimental data from the linear
fit at high concentrations is partly due to saturation,
that is, surface crowding that prevents more SA-HRP to
bind with maximum efficiency when the amount of
SA-HRP starts to accumulate. The high number of HRPs
per particle also reduces the precipitation response for
each of the HRPs, as we have observed previously.16

We simulated experimental data based on the in-
homogeneous broadening effects discussed above in
order to understand the origin of the peak shift distribu-
tions observed and estimate the actual number of HRP
molecules contributing to the observed peak shifts.

We generated peak shift distributions for 700 different
particles, eachwith a number of HRPmolecules chosen
according to a Poisson distribution corresponding to
a given average number of molecules per particle.
Figure 7a,b shows the result when each HRP is assumed
to generate a hemispherical precipitate of radius 25 and
13 nm, respectively. The simulation uses the sensitivity
distributions in Figure 5, and it is based on the assump-
tion that peak shifts generated by more than one
molecule are additive and that precipitates are formed
with equal probability over the nanorod surface. For
simplicity, we did not include any mutual exclusion or

Figure 7. Simulated peak shift distributions for 700 nanorods with varying average number of HRP (μHRP) molecules per
particle. Each particle is assumed to host an integer number of HRP chosen according to a Poisson distribution. The four
figures correspond to an assumption that each single HRP generates (a) a hemispherical precipitate with radius 25 nm, (b) a
hemispherical precipitate with radius 13 nm, (c) a thin film of thickness 2 nm, or (d) a thin film of thickness 0.5 nm. TheΔλ and
σΔλ values corresponds to the average and standard deviation peak shift, respectively.
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steric hindrance effects. In addition, we also added a
normally distributed background with an average of
2.1 nm and a standard deviation of 0.52 nm, obtained
from the blank experiment, to the simulated peak shifts
for each of the particles.We also simulated a casewhen
the precipitate is assumed to form a thin sheet with
a defined thickness over the particle. As shown in
Figure 7c,d, we looked at two cases, i.e., when a single
HRP is assumed to forma sheet of thickness 2 or 0.5 nm,
respectively. The thickness of a sheet increases with
the number of HRP per particle, which is again chosen
according to a Poisson distribution, andwe let the LSPR
sensitivity of each particle vary according to the ex-
perimentally observed variation in bulk RI sensitivity
shown in Figure 3. Once again a random peak shift
picked according to the normally distributed back-
ground was added to the peak shift for each of the
particles.
The average numbers of molecules per particle μHRP

in the simulation described above were chosen to
produce average peak shifts Δλ similar to the ones
found experimentally and the first thing to notice in
Figure 7 is that these numbers are indeed very small! In
particular, to generate a peak shift of the same magni-
tude as observed experimentally for the lowest molec-
ular concentration (50 fM), we need to assume one or
less than one molecule per particle irrespective of the
character of the simulated precipitate. This strongly
supports the main conclusion in our original report on
plasmon-enhanced ELISA, i.e., that the method in
principle provides single molecule sensitivity, even
though that conclusion was based on a completely
different method to determine the number of mol-
ecules per particle.16 The effective kon extracted from
the data in Figure 7 varies between 1.5� 106 and 5.5�
106 M�1 s�1, which is within the broad range of mea-
sured kon values previously reported for the streptavi-
din�biotin biorecognition process.23�25

The other clear conclusion from the simulation is
that the Poisson distribution in number of molecules
per individual particle is washed out due to the in-
homogeneous broadening caused by the sensitivity
distributions and the background. Thus, it is not pos-
sible to clearly demarcate shifts induced by 0, 1, 2, ...
molecules per particle etc. Further, the similarity be-
tween thewidths σΔλ of the distributions in Figure 7b,d
and the experimental broadenings speak for a rather
low peak shift response from a single HRP. This might
indicate that the radius of a precipitate is closer to the
13 nm extracted from the TEM images than the 25 nm
radius extracted from AFMmeasurements. However, it
is of course impossible to draw any clear conclusions
solely from the distribution simulations and the most
likely scenario is perhaps that a HRP can generate both
clusters and films of varying dimensions.
Although inhomogeneous broadening presently

prevents us from detecting individual single molecule

binding events, i.e., to achieve a “digital response”, it is
interesting to check how many particles in an array
exhibit statistically significant peak shifts compared to
background for the lowest concentrations. In Figure 8,
we have marked those particles in the 50 fM experi-
ment that exhibit peak shifts that differ from the
average negative background shift by more than 1.6,
2, and 2.4 σneg, where σneg is the standard deviation of
the negative distribution and the numbers correspond
to the 5, 3, and 1 percentiles in the negative distribu-
tion. The numbers of positive particles are 126, 84, and
41, corresponding to 24, 16, and 7% of the total num-
ber of particles. To consider a shift measured for a
single particle as a real response,Δλ obviously needs to
be well separated from the negative distribution. From
the simulation of the sensitivity distribution of the
particle, it appears that at least two to three HRPs were
required in order to produce a Δλ large enough to be
well separated from the negative distribution. For the
experiment with 300 fM, almost all of the particles have
made a peak shift larger than 2.4 σneg.

SUMMARY AND CONCLUSIONS

The true advantage of using a large array of single
particles for ultrasensitive molecular detection, instead
of an ensemble average, is realized only if single
binding events can be resolved with high confidence.
Ideally, one should be able to observe a bimodal dis-
tribution corresponding to 0 or 1molecules per particle
at the lowest concentrations. Thus, to realize the full
potential of the present system one would need to
decrease the negative background and at the same
time increase the magnitude and homogeneity of the
peak shift induced by a single HRP molecule.
The background effect is intimately connected to

the cause of DAB precipitation in the absence of HRP

Figure 8. LCTF particle image taken at 650 nm. Particles
with a peak shifts larger than 1.6, 2, and 2.4 σneg aremarked
with blue, green, and red circles, respectively.
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activity, which is presently unclear, and it is quite
possible that this is the most crucial limiting factor.
The response fromHRP can potentially be amplified by
decreasing the volume of the nanoparticle since the
peak shift is inversely proportional to the volume ratio
between the plasmonic particle and the dielectric
object causing the shift.26,12 Roughly speaking, by de-
creasing the volume of the sensor by 50%, one expects
to double the peak shift induced by a single precipi-
tate. This could be enough to be able to resolve a single
HRP, unless the background increases by the same
factor as the true signal. However, decreasing the
particle volume also decreases the scattering cross
section, which is proportional to volume squared,
and the resulting decrease in the amount of light
collected from a single particle makes it more difficult
to precisely determine the peak shift. On the other
hand, the temporal spectral fluctuations that we ob-
serve for a blank sample indicate that we are not in the
shot-noise limited regime (see Figure S1 in the Sup-
porting Information), so this route toward higher sen-
sitivity appears viable.
There are essentially two avenues toward a more

homogeneous LSPR response. Using nanoparticles with
a more homogenously distributed field-enhancement
would obviously decrease the spread in peak shifts
induced by a single HRP, thereby facilitating quantifi-
cation. On the other hand, a more uniform response
implies more rounded nanoparticles, which have smal-
ler refractive index sensitivities than elongated ones.28

The other route is completely opposite, that is, to use
particles with sensitivity “hotspots”, such as sharp

edges or narrow gaps between particles, which can
be completely saturated by a single precipitate while
the rest of the particle produces a negligible response.
However, for this to work in reality, one probably needs
to passivate the insensitive regions of the particle and/
or specifically functionalize the hot spot. One also
needs to take into account that this route implies a
radical decrease of the total nanoparticle area avail-
able/used for sensing, which may affect the reaction
time needed in an experiment.
In summary, we used spectral imaging with single

particle spatial resolution to analyze HRP induced
precipitation on an array of 700 gold nanorods fabri-
cated by electron beam lithography. By comparing
peakshifts recorded experimentally with electrody-
namic simulations, we concluded that the average peak
shift observed for the lowest measured HRP concentra-
tion corresponds to single molecule sensitivity. How-
ever, inhomogeneous broadening and background
effects prevented us from counting the exact number
of molecules present on each individual nanoparticle.
Altogether, we can conclude that there are no

simple solutions to achieve robust LSPR sensing with
single molecule resolution for ultrasensitive molecular
detection. Further progress will therefore most likely
involve optimization and refinement of a range of
factors, including measurement strategy, nanoparticle
fabrication, surface chemistry, reaction times, enzyme
substrate concentrations etc. Nevertheless, the fact
that the plasmon-enhanced ELISA method as such
has an overall sensitivity in the single molecule range
indicates that progress is possible and worthwhile.

EXPERIMENTAL METHODS

Sample Fabrication. Arrays of elongated gold nanoparticles
were fabricated using electron beam lithography (EBL, Jeol
JBX9300FS) on glass substrates. A double resist layer consisting
of 130 nm methyl methacrylate (MMA) and 70 nm ZEP520 was
used for better lift-off performance, and a 1 nm Cr layer was
used to improve the adhesion between gold and the substrate.
The dimensions of the particles, as determined by inspection in
a scanning electron microscope (SEM), was 60 � 120 nm, the
center-to-center distance between particles was 3 μm and
the thickness of the evaporated gold film was 40 nm. The
parameters were chosen to yield clearly resolvable images of
single particles and a long-axis plasmon resonance in the
red. All samples were thoroughly cleaned in TL1 (5:1:1 water,
30% hydrogen peroxide and 20% ammonium hydroxide)
before use.

Optical Measurements. The nanoparticle array is imaged
through a 100� oil-immersion objective with variable numer-
ical aperture on a 1 Mpixel electron-multiplying CCD camera
(Andor IXON 885). Array spectra are constructed from 200
images recorded with 1 nm shift of the center wavelength of
the LCTF using an exposure time of 1 s for each image. The total
measurement time for one image stack is∼4.5min. Tominimize
effects of pixel response variation and illumination inhomo-
geneity, a single particle spectrum is obtained by summing the
intensities of the pixels that correspond to that particular
particle for each of the measurement wavelengths, subtracting
the dark count, and dividing by a reference spectrum recorded

from the same camera pixels with the sample removed and the
objective aperture opened up.

Surface Functionalization of Nanorods and DAB Characterization. The
particle arrays are first immersed in a solution of 99% thiol-PEG
(molecular structure S-CH2-(CH2-O-CH2)7-CH2-OH)2) and 1% thiol-
EG-biotin (S-C2H4-CO-NH-(CH2-O-CH2)9-NH-CO-C4H8-Biotin)2
for more than 24 h.27 We investigated the morphology of DAB
precipitates using atomic forcemicroscopy (AFM, VeecoDimen-
sion 3100) and transmission electron microscopy (TEM, FEI
Tecnai G2). SA-HRP molecules were physisorbed on the surface
of a smooth silicon wafer for AFM studies or on the Formvar
surface of a TEM grid. The microscopy substrates were then
immersed in a DAB and H2O2 reaction mixture for 6 min before
rinsing and drying in N2 gas. The DAB precipitates thus formed
were imaged in the AFM operated in tapping mode using a
titanium nitrite tip with a ∼10 nm curvature and in the TEM
operated at 200 kV acceleration voltage.

Electrodynamics Simulations. We simulated the electromag-
netic response of the metal nanoparticles by the finite
difference time domain (FDTD) method using a commercial
software package (Lumerical Solutions, Inc.). The scattering
cross section versus wavelength for a single nanorod was
calculated using a minimum mesh size of 2 nm. The base
dimensions of the rod was set to 115 nm (long axis)� 65 nm
(short axis), the height was set to 40 nm, and we rounded the
shape by using an edge radius of 20 nm and a side wall taper
angle of 10�. The particle is placed on a glass substrate
(n = 1.45) in water (n = 1.33). We refer to the Supporting
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Information for more details of the conditions used to
simulate the precipitate induced plasmon shifts.
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