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ABSTRACT

The optical responses of 75 —150 nm diameter gold nanorings to changes in local refractive index have been quantified by near-infrared
extinction spectroscopy and compared to DDA calculations and an analytical approach. The “bulk” refractive index sensitivities of gold nanorings

are substantially (>5 times) larger than those of nanodisks with similar diameters. Nanorings retain a significantly larger sensitivity than
nanodisks at the same spectral position, demonstrating a clear shape dependence that may correlate to a systematic difference in the influence

of the dielectric substrate. The nanoring bulk refractive index sensitivity scales linearly with plasmon peak position. The spectral sensitivity

to thin films of alkanethiols gave a shift of ~ ~5.2 nm/CH unit while bulk sensitivities as high as 880 nm/RIU were observed, the highest such
reported sensitivities. Both bulk and thin dielectric film sensitivities correlated well with theory. Real-time label-free monitoring of protein
hinding via molecular recognition was demonstrated.

The optical properties of noble metal nanoparticles have rings2° and nanoric&! Major efforts have gone into studying
received significant research attention in recent years as athe sensitivity of such structures to changes in the local
result of their potential applications as components in refractive index as bulk or thin film¥, with significantly
technologies as diverse as waveguitiphotonic circuits; increased bulk sensitivity values being reported for sfars,
molecular rulers, chemical/biological sensofs’and bio- cubes!® and nanoricé The potential for their use as
imaging agent8.The optical properties are dominated by ytrasensitive detectors of biomolecular recognition events
the eXCitation Of CO”eCtiVe OSCi”ationS Of the nanopartides’ comes from both the high refractive index Sensitivity and
conduction band electrons, called localized surface plasmonghort range of the associated optical fiefti§he field profile
resonances (LSPRs), by the incoming electromagnetic wavesyag heen studied theoretic&f§2for a number of structures,
At the LSPR,. the incoming light is absorbeq or scattered by ity typical decays lengths (:20 nm) being less than the
the nanoparticles, and concurrently, there is an electromagg;, e of the particles. While the small detection volumes open
netic field enhancement close t_o thg particles. The ENergyine potential to detect the binding of small numbers of
of the LSPR depends on the particle size, shape, COmposmonUnlabeled biomolecules, the associated short decay lengths

interparticle spacing, and dielectric environmeiite later . . L .

T ; complicate the detection of binding events by immunoassays,
property opens a route (o refractive index sensing where where antibody or antibody fragments immobilized on the
adsorbate-induced changes in the local dielectric environment . Y y rag .

nanoparticles move the molecular recognition evenl®

is utilized for detection of molecular-binding events in the ¢ h ; h h T duced. A
particle nanoenvironmef®:!! Localized surface plasmons "M fom the surface where the sensitivity s reduced. An

have been explored in a range of nanoparticle shapes suctpdditional challenge when quantifying such interactions is
as disks? trianglest® sphered* cubes’s crescentdé and to take into account the inhomogeneous field over the length

stars!” More complex structures, interpreted in terms of scale of the adsorbing biomolecules. Theoretical calculations
coupled plasmonic resonances, have also been widely studie@redict that the volume confined by nanoriffysand

including holes in thin metal film& nanoshell¢? nano- nanoshell® has a relatively uniform enhanced electric field
and may, therefore, be easier to apply in quantified biosens-
* Corresponding author. E-mail: duncan@inano.dk. Telephohd5 ing applications. A number of different prototype LSPR
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carbohydrate protein?*2>and lipid—proteirt® binding. The

first nonmodel application of the LSPR nanosensor was
demonstrated by Haes et al., who studied the interaction
between molecules possibly involved in Alzheimer’s dis-
eas€. Great efforts have also been made to extend the LSPR
sensing scheme down to a single nanopartiefé:2° In-
creased refractive index sensitivity has been achieved by
shifting LSPR resonances to longer wavelength, however,
in many cases, this leads to significant increases in structure
size and detection volume. One route to red-shifting reso-
nances while retaining low interaction volumes has been to
make use of plasmon hybridization in nanosh&llsano-
rings2° nanorice?* and nanosandwiché&%.Sun and Xi&'
showed that gold nanoshells exhibit larger LSPR peak shifts
than solid gold nanospheres, with comparable diameters,
provided that the particles experienced the same change of
refractive index in their vicinity. Nanorings are a 2D analogue
for nanoshells, where the empty core potentially is accessible
for various sensing schemes at the nanometer scale.

Here we explore the LSPR resonance sensitivity of
nanorings to bulk refractive index changes, demonstrating a
linear relationship between sensitivity and spectral position
for LSPR’s situated in the near-infrared (NIR). A direct
comparison of sensitivities of two structural features (nano-
rings and nanodisks) in the NIR is made with significantly
higher sensitivities for nanorings at the same spectral
positions. The sensitivity of nanoring LSPRs to thin dielectric
films, with different thicknesses, is studied using self-
assembled alkanethiol monolayers. As a proof of concept,
we follow kinetically the adsorption of biotinylated albumin

o ... Figure 1. (A) Schematic depiction of the nanoring fabrication.
and subsequent molecular recognition of neutravidin in (1) Polystyrene colloidal particles are deposited, by electrostatic

buffer. self-assembly, onto the substrate in a dispersed layer. (2)-A 20
Gold nanorings were prepared on soda lime or borofloat 40 nm thick gold film is evaporated onto the particle coated
glass substrates using colloidal lithography, as describegsubstrate at normal incidence. (3) Argon ion beam etching is used

0 L2 . - . . to remove the gold film. During the etching, secondary sputtering
elsewheré? The fabrication is schematically depicted in creates a gold shell around the base of the polystyrene particles.

Figurg 1a. In brief, polysty.r.ene colloidal partic;les (5040 ~ (4) The remainder of the polystyrene particles is removed by UV-
nm diameter sulfate-modified latex, Interfacial Dynamics ozone treatment, resulting in free-standing Au nanorings on the
Corporation) were deposited, as sacrificial polymer masks, substrate. (B and C) SEM micrographs of 150 nm diameter gold

in a dispersed layer onto the glass substrates using electro’norings made using a 20 nm thick sacrificial gold layer on a Si
static self-assembly. A 20 or 40 nm thick sacrificial gold wafer substrate at normal incidence and & respectively. (D
y: g and E) Gold nanorings (150 nm diameter) made using a 40 nm

film was, subsequently, thermally evaporated through the thick sacrificial gold layers at normal incidence and® &,
colloidal mask to act as local sputter source. A collimated respectively.

argon ion beam was then used to etch away the gold film

and, through secondary sputtering of material, create a goldtures with diameters between-7%50 nm were successfully
shell around the undersides of the polystyrene particles. Afterfabricated. Parts-be of Figure 1 show SEM images, from
removal of the remains of the polystyrene particles with UV- the top (b and d) and at 8dilt (c and e), of nanorings with
ozone treatment and subsequent water rinse, free-standingpproximately 150 nm diameter on a silicon substrates. The
ringlike gold structures remained on the surface. Au disks electrostatic self-assembly of colloidal particle masks pro-
were fabricated using holemask lithography? Before use, duces arrays of structures with a short-range order with a
samples used in bulk refractive index measurements andcharacteristic inter-ring spacing of-3 diameters (see ref
biosensing experiments were exposed to a solution of 80%34 for details of the analysis approach). The approach of
ethylene glycol in deionized water (MilliQ), and samples templating ring structures from sacrificial particles via
used for chemosensing were exposed to ethanotfiz h secondary sputtering of local material produces highly
in order to saturate solvent-induced structural chaftj€be circular individual rings with thin walls and smooth sides.
morphology of each individual sample was characterized The thinning of the walls toward the top of the ring structure
using atomic force microscopy (AFM) and scanning electron can lead to roughening of the upper ridge. Such roughening
microscopy (SEM) to determine the height, outer diameter, does not appear to correlate to the optical properties but
and surface density of the nanorings. Ring-like gold struc- contributes to inhomogeneity, from structure to structure,

Nano Lett., Vol. 7, No. 5, 2007 1257



0.35 e We have investigated gold nanorings on glass substrates

0.3 —g=2ggm as potential label-free optical transduction elements in a
— = nm . . . . .
3 g.25 — @=150nm nanoscale biosensor. Different refractive index environments

were produced around nanoring samples in a liquid exchange
cell, with a total volume of+110uL, placed perpendicular

to the incoming light beam. Bulk refractive index measure-
ments were made by subsequently exchanging for liquids
with varying refractive index and recording the extinction

] . . - . spectra. HO or DO with, respectively, 0, 20, 50, 70, and
500 700 900 1100 1300 1500 1700 90% ethylene glycol (EG) were used to obtain indexes of
Wavelength (nm) refraction ranging between 1.33 and 1.42, relevant for the
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90 detection of biological molecules in an aqueous environment.
_ 8o - Liquids were exchanged so that the EG concentration was
E 70 P increased in steps from 0 to 90% and then decreased, in steps,
g: et ,r_’:, back to 0%. In each series, a final measurement in,a N
» a0l 163&“‘:25:9‘“1(1;3:') 1150 :/,::, Pl env!r_onment was made tq ensure that the plasmon peak
S ool Jieis ‘e position had returned to its initial value.,O was used
o 2] P 4 2=150nm instead of HO to avoid complications associated with the
& 10, 4{%"’ :gggm absorption of electromagnetic radiation byGHimolecules
Y A at wavelengths larger than1400 nm. The KO resonances

4¢I33 1:34 135 1.36 1.37 138 139 14 141 142 143 limit the spectral range at which useful biosensing can be

Index of refraction performed in water using light transmission. However, the

Figure 2. (A) Tuning of the LSPR peak wavelength by changing interference from KO light absorption may be avoided by

the diameter of the g?‘“orings- TThhe d.iamete:qs QiVe';1 in the figl!”edusing detection in total internal reflection mo#digure 2b
are average outer diameters. The inset shows the normalize : :
extinction spectra. (B) LSPR peak shifts, relative to the peak shows the shift of the nanoring LSPR peak, measured by

positions inn = 1.33, when immersing the nanoring structures in exti_nction spectroscopy, in bulk media V_Vith refr_active in.dex
different dielectric media. The inset shows the normalized spectra varied from 1.33 to 1.42 for nanorings with varying
obtained when immersing 75 nm outer diameter rings4@ With diameters. The spectral positions of the LPSR peaks were
varying concentrations of ethylene glycol. Error bars show standard quantitatively determined from extinction spectra by measur-
deviations. . . .
ing numerically the center of mass of the upper 10% portion

within the sample. By increasing the thickness of the Au ©f the peak after binning the data. Multiple measurements
film from 20 to 40 nm, the shape of the sidewalls can be of refractive index se_nsmwty (minimum 3) were m_ad_e for
changed and their thickness increased. This is shown in€ach sample and displayed as a standard deviation. An
Figure 1, where the ring structures in partsdwere made example of a bulk rt_afractn/_e index measurement going frc_Jm
using a 20 nm thick sacrificial Au layer, while those in parts 0 t©© 90% EG, for rings with 75 nm diameter, is shown in
d—e were made using a 40 nm thick layer. The optical the inset of Figure 2b. A roughly linear shift of the LSPR
properties of systematically varied Au nanorings were peak to longer wavelength as the refractive index is increased
investigated by optical extinction spectroscopy (measure-in S€en, which is in agreement with previously published
ments were made on a Cary 500 BVis—NIR spectropho- ~ dataon, e.g., Au disk&,pits in Au film,?® Au nanoshells}-36
tometer, using a sampling area of approximately 502jym ~ and Ag triangles’ Experimentally, we obtained peak shifts
Figure 2a shows the extinction spectra of nanorings with Per refractive index unit (RIU) ranging between 5&B0
outer diameters approximately 75, 90, 120, and 150 nm madenm. For a given thickness of the Au sacrificial film, the
with a sacrificial film thickness of 20 nm. Nanorings exhibit nanoring sensitivity was observed to increase as the ring
a strong optical excitation in the NIR region of the spectrum. diameter increased. Increasing the Au film thickness caused
We have previously reported such excitations, which can bethe sensitivity to decrease. The recorded LSPR peak shifts
attributed to localized surface plasmon resonances confinedwith change in refractive index were significantly larger than
within the ring geometry® The nanoring LSPR'’s are red- those observed for Au disksand pits® made using a similar
shifted more than 400 nm from that of solid Au disks with techniques, and Ag trianglésComparison of structures of
similar diameterd? The wavelength of the nanoring LSPR  similar size and material but of different shape yields&
is strongly dependent on the diameter of the nanorings, times larger bulk refractive index sensitivity for nanorings
shifting to longer wavelengths as the diameter of the ring over for example nanodisk&The peak shifts for nanorings
structures increases. Changing the diameter of the nanoringsire of a similar order of magnitude to those observed for
between 75150 nm allowed tuning of the LSPR peak nanoshell¥-*¢and nanoricé!which are hybridized systems
wavelength between approximately 16aB00 nm. Increas-  similar to that of nanorings. The bulk sensitivity of 880 nm/
ing the thickness of the ring wall by evaporation of a thicker RIU observed for 150 nm diameter rings formed with a 20
gold film caused the LSPR to shift to shorter wavelengths. nm sacrificial gold layer is higher than that reported for
This is in agreement with previously published theoretical nanoshells and nanorice and, to the best of our knowledge,
and experimental results. is the highest reported for a nanoparticle system. The “figure

1258 Nano Lett, Vol. 7, No. 5, 2007



of merit” (FOM) was introduced by Sherry et‘alto directly 1000

compare the overall performance of single nanoparticles as E so0{ ¢ Fnos R

chemical sensors. Itis defined as the peak shift per refractive I 8001 — :nn mm o

index unit divided by the full with at half-maximum, s :::: e ereory ﬁ s
calculated in electron volts. The ensemble of structures Em_ + 7
reported here having bulk refractive index sensitivit§80 < 400] AT

nm/RIU has FOM~2. However, single-particle measure- Em. -

ments are needed to correct for inhomogeneous broadening g 2001

and are likely to give significantly higher FOM values. E 100+

Previously repo!‘ted FOM values are 5#r single nanocubes 0 200 460 600 o0 1000 1300 1300 1600 1800 2000
and 10.7 for single nanostars. LSPR peak wavelength, n=1.33 (nm)

For nanoring structures, we observe both a shift to longer
wavelength of LSPR excitation and a larger sensitivity to Figure 3. LSPR peak shift per refractive index unit as a function
bulk refractive index as the ring diameter is increased for a of the peak position for surrounding media= 1.33. Experimental
constant sacrificial gold layer thickness. A strong correlation 9ata for Au rings and disks is presented. Data for disks with peak

betw K it d itivity t fractive ind wavelengths<800 nm is reproduced from Hanarp et&The solid
etween peak position and sensitivity 1o Tefractive INdeX 5,q qotted lines were calculated using an analytical approach from

appears to exist. In Figure 3, LSPR sensitivity to changes in ajzpurua et al2° assuming 0% (“ring model”) and 17% (“ring
the bulk dielectric environment (i.e., peak shift per RIU), is model*"), respectively, influence from the substrate to the total
plotted against the position of the LPSR peak for different refractive index. The dashed line was calculated using spheroid
nanorings. Ring samples were made using a 20 or 40 nmt_heory and assuming a 50% |n_f|uence fror_n the subs_tra@e. Calcula-

e . tions were made for a change in surrounding refractive index from
sacrificial gold Iayer'_ Those made with 20 nm golqllaye.rs 1.33 to 1.42. Error bars show standard deviations. The error bars
had average outer diameters (and LPSR peak positioms in for disk samples were smaller than the figure symbols.

= 1.33): 75 nm (1058t 4 and 1122+ 5nm), 90 nm (1255

+ 3 nm), 120 nm (1354: 10 nm), and 150 nm (154% 1 analytical approach and the experimental data (the dotted

nm). Rings made using a 40 nm sacrificial gold layer had jine i Figure 3). A relatively good fit could only be obtained
average outer diameters (and LSPR peak positioms=n with substrate influences in the range-1E%.

1.33): 120 nm (11945 4 nm) and 150 nm (1223 3 nm). A structure-independent linear relationship between sen-

We observe a linear relationship between nanoring LSPR .. .
s S . sitivity and peak wavelength for gold structures below 130
resonance position and LSPR sensitivity to bulk refractive R .
nm in size and with resonance below800 nm was

index. Th.|s relationship holds true_ foraII. ring cor_1f|gurat|on§ suggested by Miller and Lazarid@The authors utilized
tested. Aizpurua et al. used the dispersion relation for a thin . . ) )
numerical calculation approaches and did not include sub-

slab to obtain an analytical model for the LSPR modes of a ! L
o . . : : ) strates. The suggested analytical approximation represents
slablike ring. Assuming a Drude-like dielectric function for L I . X
X ; . . . some type of upper limit to sensitivity. We investigated the
gold and a surrounding medium with a real dielectric A o
. . . structural dependence of the refractive index sensitivity of
function, the expression for the lowest-order symmetric (low- . . . .
LSPRs with resonances in the near-infrared by comparing
energy) mode reduces to . . L
arrays of nanoring structures to arrays of nanodisks within
the same spectral region. The spectral position of the disks
was tuned into the NIR by tuning their aspect ratio. The bulk
refractive index sensitivities of nanodisks of 20 or 25 nm
height and made using 1930 nm particles are plotted

Apis the bulk plasmon wavelength the refractive index of ~ against spectral position (im= 1.33) in Figure 3. Nanodisks
the surrounding mediung, the dielectric function of gold, =~ With LSPRs in the visible region of the spectrum are
d the wall thickness, and the radius of the ring. This model ~ reproduced from Hanarp et af? For Au structures supported
gives a similar linear relationship between LSPR peak at solid substrates with resonances in the NIR, we observed
position and sensitivity in the NIR region of the spectrum @ significant structural dependence and a higher sensitivity
(solid line in Figure 3) as the experimental data although for Aunanorings compared to nanodisks with a similar LSPR
with a higher absolute sensitivity. The presence of a substrateP€ak position.

that is not included in this analytical approach has been The reported sensitivities for nanorfédit with observed
widely reported to influence the spectral position and refractive index vs spectral position relationship seen in
measured refractive index sensitivity of LSPRs. A simple Figure 3. However, we report a higher absolute sensitivity
approach to take into account the substrate is to utilize anfor nanorings at longer wavelengths:880 nm/refractive
effective refractive index combining the substrate and index unit.

surrounding dielectric properties and calculating the resultant  Electrostatic ellipsoid theory was used to estimate the bulk
spectral shifts for changes in surrounding refractive index. refractive index sensitivities for nanodisks by approximating
Assuming a substrate refractive index of 1.52 and that the the disks with an oblate spheroid. The spheroid was treated
shift induced by the substrate corresponds to around 17%as an induced dipole for which the dipolar polarizability was
of that induced when a nanoparticle is fully embedded in calculated as a function of spheroid geometry and bulk
such a substrate, a good fit was obtained between thedielectric response functions of the metallic particle and the

—d/a
nzl +e

AZAP 1_e—d/a

+ €
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surrounding dielectric medium. For larger spheroids, finite 90

wavelength effects were taken into account by adding a g 801 (a) ¢
radiation damping and a dynamic depolarization term to the £ 701 o
polarizability function®? By calculating LSPR resonance E o0, el
positions for specific structural aspect ratios in different 2 50 i
refractive index media, the bulk refractive index sensitivity & *° A ¢
was obtained. In the same way as was done in the analytical g %01 -7
model for rings, we took into account the substrate by & 2 % ,+’

. h . . . . . =1 10 1 -
utilizing effective refractive indices, calculated by including o +
a contribution from both the substrate and the surrounding 0 2 4 6 8 10 12 14 16 18
medium and correlating changes in spectral position to x+1, CH3(CH2)xSH

changes in surrounding media refractive index. We obtained
a good correlation between the theoretically determined and
experimental bulk sensitivities vs spectral position for
including a substrate effect of 50% (dashed line in Figure
3).

Within the same spectral range, we observe a marked
difference in the apparent influence of the substrate on
nanorings {17%) and nanodisks~(50%). That a good fit
between theory and experiment is obtained for all the rings
studied for a single effective substrate condition implies that
there is a systematic difference in the influence of the
substrate related to the shape of the nanopatrticle. Dielectric
material placed close to the metal surface of a nanoparticle
has a strong influence on the spectral position of the L8PR.
A crude approach to estimating the relative effect of a
substrate on localized surface plasmons supported in different
nanoparticles is to utilize a parameter reflecting percentage
of the nanoparticle in the vicinity of the substrate. We
estimated the percentage of the surface area of the different
ring and disk nanoparticles in direct contact with the —/210 w0 o o ”L&‘ .
substrate, utilizing an idealized geometry with vertical side Distance (nm)
walls and constant wall thickness, obtaining—2®% for

(c)

-
=]

=]

Int. enhancement factor
[-]

rings and 4+46% for disks in the same spectral region, F19ure 4. (A) LSPR peak shifts measured after adsorption of
alkanethiols onto 75 nm outer diameter Au rings. Extrapolating a

depending on the specific geometry of each particle type. yreng |ine fitted to the data points obtained for%6 carbon
The percentage contact areas fit qualitatively with the alkanethiols, gives the intercept 15 nm. Error bars show standard
substrate effects obtained from fitting. In reality, the ring deviations. (B) Intensity enhancement factor calculated at mid-
geometries are nonideal, being narrower at the top andheight of a ring structure surrounded by= 1.00 media. (C)
bottom, suggesting that the substrate contact percentages fo"tensity enhancement factor along the blue line in figure b.

rings are overestimated. Interestingly, utilizing a 50% gyrface rather than bulk changes. The sensing characteristics
substrate effect for the rings calculation yields a reasonably ,nder such conditions are expected to be influenced by both
good fit to the experimental disk data, and likewise utilizing ihe pulk sensitivity and the profile and homogeneity of the
a 17% substrate for a simple ellipsoid theory yields a gecay of the optical field away from the particle surface.
relatively good fit for the experimental ring data. These \ye performed chemosensing experiments with alkanethiol
results suggest that a significant part of the structure sejf-assembled monolayers of defined thickness to investigate
dependent difference in refractive index sensitivity observed the sensitivity of the LSPR’s to thin dielectric layers.
between nanorings and nanodisks in the NIR (and by Figure 4a shows LSPR peak shifts caused by the adsorp-
implication many other structures) may result from system- tjon of varying length alkanethiols to nanorings with 75 nm
atic differences in the influence of the substrate. Design of guter diameter. By varying the length of the thiols, high
surface-bound nanostructures with minimized LSPR near- refractive index layers of varying thickness can be formed
field overlap with the substrates may provide a route t0 on the nanorings. Measurements were performed with
enhanced sensitivity nanoscale optical biosensors. straight chain alkanethiols having 2, 4, 6, 10, 12, 14, and 16
We demonstrate that localized surface plasmon resonancegarbons, respectively. The samples were rinsed in water,
in nanorings are highly sensitive to changes in the surround-dried with N, gas, and extinction spectra recorded before
ing bulk refractive index with potential for use as sensors. incubating in ~5 ug/mL thiol in ethanol for >24 h.
The application of such systems for the detection of Physisorbed thiol was removed by immersing the samples
molecular recognition or binding events typically involves in ethanol over night. After rinsing in water, the samples
the change of refractive index of thin films close to the metal were dried with N gas and extinction spectra recorded.
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Ethanethiol gave rise to larger peak shifts than butanethiol, the ring and along the polarization direction of the incident
most likely because the ethanethiol molecules are too shortlight, gives the decay length e¥8 nm from the outer wall
to form a well organized layer under the conditions used of the ring. The field inside the ring is observed to decay

here. In agreement with previous publicatidh’33we find with an estimated decay length of a few nanometers, which
that the LSPR peak red-shifts linearly with increasing number is likely to be a result of artifacts from the DDA approach,
of carbon atomsx + 1, in the alkanethiol molecule fore which here utilizes a discrete mesh size of 2 nm, making

[3—15]. For gold nanorings, the peak shift per carbon atom estimation of the field decay very close to the surface
was found to be about5.2 nm. This can be compared to difficult. At longer distancesX5 nm) from the surface, a
0.7 nm found for hole arrays in an Au fifhand 4.4 nm slower decay is seen with a decay length of the order of 24
found for single Ag nanoprisn®.The thin film sensitivity nm. The agreement between the experimentally determined
observed here is the highest reported for a nanoparticledecay length for the corresponding nanorings~df2 nm,
system. The linear regime extrapolates to a negative peakwhich is the average decay length for the whole structure,
shift of ~15 nm for the thiol group (i.e., without any and that determined from DDA-calculated field plots (8 nm
carbons). This shift is of the same magnitude (although outer wall and 24 nm inner wall) is surprisingly good given
slightly larger) than has previously been observed fof®Au that DDA calculations are not expected to give field
and Ag®3 nanostructures. information on the length scale of the thiolsZ nm).

Combining the information obtained from the bulk refrac- Higher absolute bulk sensitivity for nanopatrticle structures
tive index measurements and the thiol adsorption experimentscan be obtained by producing appropriate shapes of structures
allows the estimation of the spatial extent, i.e., the decay with resonances in the NIR. For nanodisks and other simple
length ¢ of the induced field. In general, this is done by plasmonic structures, this typically leads a significant increase
calculating an average refractive index for the adsorbed layerof size of structures with concomitant increase in the
and the surrounding medium, using the intensity of light at detection volume. Larger detection volumes require larger
each point as the weighing factor, which then determines numbers of molecules to fill them and the sensitivity per
the plasmon wavelength through the appropriate resonancemolecule adsorbed may actually decrease as larger structures
condition® This method has previously been used to estimate with longer wavelength and more “bulk” sensitive resonances
the decay length in holes in an Au fil®d Assuming that the  are utilized. Nanorings in common to nanoshé&lisanorice’!
field decays exponentially away from the surface, that the and nanosandwich&scan produce resonances in the NIR
refractive index of the thiol layer is 1.5, and that the thickness for still relatively small structures. On the other hand, short
increase per Clgroup is 0.12 nn4? gives the decay length  optical decay lengths with associated short sensitivity ranges
0 = 12 nm. This value is similar to that obtained for can complicate the detection of macromolecules, where both
nanoholes in Au filri® and much smaller than that expected the capture molecule and analyte often have significant
for LSPRs at disks in the same wavelength rediofihese physical size. The detection event may be occurrind®
results indicate that Au nanorings are highly sensitive to nm from the surface (significantly further for imimunoassays
refractive index changes in their direct vicinity. if whole antibodies rather than antibody fragments are used).

We have investigated the optical field profile around The elevgted field withi_n the nanorings (see Figure 4b) may
idealized gold nanoring structures by DDA calculatiét&. well prowde a well defined and small region suited to the
The calculated field plot around a 75 nm outer diameter ring detéction of macromolecules.

(10 nm wall thickness) with vertical walls is shown in Figure ~ Ordered arrays of diamond-shaped nanorings have recently
4b and c. A relatively uniform intensity enhancement factor been reported formed via nanoimprint lithograghyAl-
(E/Ep)? ~ 5 is seen inside the ring cavity, well in line with  though no quantification of refractive index sensitivity was
previously reported calculations based on the boundary carried out, the LSPR shifts for the binding of streptavidin
charge method (BCM This result is also in qualitative  to surface-bound biotin was monitored after drying and
agreement with previously published DDA results on compared to ring arrays in air. In common to other LPSR-
nanoshell$2 The high field enhancement over a significant based biosensing measurements made it &inelatively
volume suggests that the inside of nanorings may provide large shifts for organic overlayers are seen resulting from
suitable sites for detection of molecular-binding events for the relatively higher refractive index contrast of air to organic
biosensor applications. However, in nanorings, unlike in material (+-1.42). Although it is difficult to rule out the
conventional nanoshells, the region inside the particle is contribution of long-range ordered diffractive coupling
generally accessible to biomolecules in the surrounding between the diamond ring structures, these experiments
media, making nanorings advantageous for use in suchindicate that nanorings have significant potential for detecting
applications. The field outside of the rings decays rapidly biomolecular-binding events.

away from the outer ring wall. To estimate the decay length  In a proof of principle experiment that nanorings can be
of the electromagnetic field, we assumed an exponential used in real-time biosensing experiments, model experiments
decay with a characteristic decay length. An exponential field were carried out in buffer to kinetically monitor protein
decay is correct for a planar metal film, while for the induced adsorption and molecular recognition events, see Figure 5a.
field away from a metal nanopatrticle, it is a useful ap- Samples with ring structures of 75 nm diameter were used
proximation?® Fitting an exponential function to the field (LSPR in buffer 1119+ 36 nm). Extinction spectra were
picture obtained by taking a 2D slice, through the center of recorded every 30 s. The protein-binding steps are schemati-
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Figure 5. (A) LSPR peak shift as a function of time for adsorption
of biotin-BSA and subsequently BSA onto 75 nm outer diameter
rings on a soda lime glass substrate. The peak shift caused by th
binding of neutravidin to biotinylated BSA is also shown. BSA
was used to block the binding of neutravidin to the glass substrate.
The inset shows the LSPR peak in buffer before the experiment
and after the adsorption/binding of each protein. The LSPR in buffer
was 1096 nm. (B) Schematic showing the binding of biotin-BSA,
BSA, and neutravidin to Au nanorings immobilized on a glass
substrate.

cally depicted in Figure 5b. First, biotinylated bovine serum
albumin (biotin-BSA, Sigma-Aldrich) was adsorbed onto the
gold structures. Biotin-BSA has previously been shown to
bind preferentially to gold over Sidduring the conditions
used here (1@g/mL in TRIS buffer, pH 8.0¥° The glass
surface was subsequently blocked for protein binding by
adsorbing BSA (5 mg/mL, Sigma-Aldrich) before adding
neutravidin solution (1@«g/mL, Nordic Biolab). Unbound
proteins were removed by rinsing with buffer. Biotin-BSA
binding resulted in peak shifts of 4:8 1.4 nm, while BSA
binding gave slightly larger peak shifts, 6440.2 nm. The
larger peak shifts observed for BSA binding to the glass

condition$®). While the experiments performed here inves-
tigated mm areas of rings, the bulk and thin film sensitivity
of nanorings suggest that single-particle measurements might
have the potential to detect the binding of sma#1Q)
numbers of molecules label free. While the observed optical
extinction maxima have relatively broad peaks in the
extinction spectra obtained from ensemble measurements,
the width of the peak is partially a result of inhomogeneous
broadening. It is expected that the spectra from individual
nanoring particles would have considerably narrower p&aks.
LSPRs in gold nanorings exhibit extinction maxima in the
NIR. The resonances are substantially red-shifted compared
to similarly sized disks, and this red-shift is accompanied
by a substantial increase in bulk refractive index sensitivity
(=5 times). Larger-diameter rings show increasing red-shifts
with a linear relationship between spectral position and bulk
refractive index sensitivity being observed (with values up
to 880 nm/RIU being measured). Disks in the same spectral

&egion show significantly lower sensitivities. Simple analyti-

cal approaches gave qualitatively good fits for both nanorings
and nanodisks. The effect of the substrate appeared to be
systematically lower for nanorings compared to nanodisks,
which may contribute to the enhanced bulk sensitivity of
nanorings over nanodisks in the same spectral region.
Chemosensing experiments with alkanethiol self-assembled
monolayers showed a sensitivity of 5.2 nm/Citoup with

an average sensitivity decay length of 12 nm, which
correlated well with DDA predictions of 8 nm decay length
for the outer wall and 24 nm for the inner wall of the ring
structures. Simple kinetic biosensing experiments showed
substantial spectral shifts for protein layers adsorbing from
buffer (>13 nm for a BSA monolayer) and demonstrated
the real-time detection of molecular-binding events, sug-
gesting nanorings as potential ultrasensitive refractive index
biosensor platforms.
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