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Abstract Gold nanoring array surfaces that exhibit strong
localized surface plasmon resonances (LSPR) at near infrared
(NIR) wavelengths from 1.1 to 1.6 μm were used as highly
sensitive real-time refractive index biosensors. Arrays of gold
nanorings with tunable diameter, width, and spacing were
created by the nanoscale electrodeposition of gold nanorings
onto lithographically patterned nanohole array conductive
surfaces over large areas (square centimeters). The bulk re-
fractive index sensitivity of the gold nanoring arrays was
determined to be up to 3,780 cm−1/refractive index unit by
monitoring shifts in the LSPR peak by FT-NIR transmittance
spectroscopy measurements. As a first application, the surface
polymerization reaction of dopamine to form polydopamine
thin films on the nanoring sensor surface from aqueous solu-
tion was monitored with the real-time LSPR peak shift mea-
surements. To demonstrate the utility of the gold nanoring
arrays for LSPR biosensing, the hybridization adsorption of
DNA-functionalized gold nanoparticles onto complementary
DNA-functionalized gold nanoring arrays was monitored.
The adsorption of DNA-modified gold nanoparticles onto
nanoring arrays modified with mixed DNA monolayers that
contained only 0.5 % complementary DNAwas also detected;
this relative surface coverage corresponds to the detection of
DNA by hybridization adsorption from a 50 pM solution.
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Introduction

Surface plasmon resonance (SPR) measurement based on the
excitation of propagating surface plasmon polaritons on pla-
nar metallic surfaces is a well-established and sensitive bio-
sensing method for the detection of surface bioaffinity inter-
actions and the quantitative analysis of target proteins and
nucleic acids with applications to the fields of medical diag-
nostics, food safety, and environmental monitoring [1, 2].
Localized surface plasmon resonance (LSPR) measurement
based on the excitation of localized surface plasmons on
nanostructured metal surfaces is an alternative biosensing
method that is easily incorporated into a simple absorption
spectroscopy format; LSPR measurements have been sug-
gested as a potentially higher sensitivity detection method
than SPR [3, 4].

In a typical LSPR biosensor, the binding of target biomol-
ecules onto metal nanostructured surfaces is detected as a shift
in resonant wavelength in the absorption spectrum. The plas-
monic properties which determine the sensitivity of LSPR
biosensors highly depend on the geometry of the metal nano-
structures [4, 5]; arrays of nanoparticles [6, 7], nanocubes [8,
9], nanopyramids [10], nanodisks [11, 12], nanorods [13–15],
and nanorings [16–18] have all been employed as LSPR
biosensor surfaces. Metallic nanoring arrays have emerged
as one of the most promising nanostructured surfaces due to
their unique plasmonic properties and potential for enhanced
refractive index sensitivity [16, 19]. Previous studies have
revealed that the resonant wavelength and refractive index
sensitivity of the nanoring LSPR biosensors depend critically
on the spacing, diameter, and width of the nanorings [16, 19,
20]. A variety of sequential methods for fabricating metallic
nanorings such as electron beam lithography [18] and
nanoimprint lithography [19] have been explored. These
methods offer excellent geometric control of the nanoring
array dimensions but are limited in the total area that the
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nanostructures can be created. Methods that employ colloidal
or nanosphere lithography have been used to create nanoring
arrays over larger surface areas, but the geometric control of
the diameter and width of the nanorings has been limited with
these fabrication methods [16, 17, 21].

Recently, we have developed a new method for fabricating
metallic nanoring arrays over large surface areas that uses a
combination of colloidal lithography and lithographically pat-
terned nanoscale electrodeposition (LPNE), as shown sche-
matically in Fig. 1 [22]. This newmethod can be used to create
periodically ordered gold nanoring (Au nanoring) arrays over
large surface areas with excellent control of the nanoring
diameter, width, and spacing [22]. The Au nanoring arrays
created by this process exhibit strong and tunable LSPR
absorption bands at the NIR wavelengths from 1.0 to
2.5 μm with narrow bandwidths that are potentially useful
for refractive index biosensing measurements.

In this paper, the refractive index sensitivity of a series of
Au nanoring arrays with various nanoring dimensions created
by this LPNE process is reported. Real-time Fourier transform
near infrared (FT-NIR) transmittance measurements were
used to determine a bulk refractive index sensitivity of
3,780 cm−1/refractive index unit (RIU) for LSPR measure-
ments of nanoring arrays. A series of real-time, in situ FT-NIR
transmittance measurements were then used to monitor the
polymerization of dopamine to form a multilayer film of
polydopamine on the nanoring sensor surface. In a third LSPR
experiment, the hybridization adsorption of DNA-
functionalized gold nanoparticles (AuNPs) onto Au nanoring
array surfaces modified with complementary DNAwas char-
acterized. The sensitivity of DNA detection with these nano-
ring arrays was estimated by monitoring the hybridization
adsorption of DNA-functionalized AuNPs onto mixed DNA
monolayers that only contain a small percentage of comple-
mentary DNA on the Au nanorings. The quantitative analysis
of LSPR shifts induced by adsorption of DNA-modified
AuNPs onto the nanorings revealed that the lowest detectable
surface coverage of complementary DNA on Au nanoring
arrays is 0.5 % of a monolayer, which corresponds to the
relative surface coverage of DNA that would be created by
exposure to a 50 pM DNA solution.

Materials and Methods

Materials

Carboxylate-coated polystyrene (PS) beads solutions (2.6 %
w /v , 1 μm or 0.75 μm diameter) were obtained from
Polysciences. Shipley S1808 photoresist, Thinner P, and
MF-319 developer were purchased from Microchem. Clean
Earth Chemicals 24-K gold plating solution was obtained
from Grobet USA. 11-amino-1-undecanethiol hydrochloride

(MUAM) was purchased from Dojindo (Japan). 1-ethyl-
3-(3-(dimethylamino)propyl)carbodiimide hydrochloride
(EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) were
obtained from Thermo Scientific. Poly(L-glutamic acid) sodi-
um salt (pGlu) and dopamine hydrochloride were obtained
from Sigma. Three single-stranded DNA (ssDNA) sequences
were purchased from Integrated DNA Technologies. The se-
quences are denoted A, Ac, and B: A=5′-NH2-(CH2)12-
CGAAATCCAGACACATAAGCACGAACCGAA-3′,
Ac = 5 ′-TTCGGTTCGTGCTTATGTGTCTGGATTT
CG-(CH2)12-SH-3′, and B=5′-NH2-(CH2)12-(T)30-3′.
All the chemicals were used as received.

Preparation of DNA-modified Gold Nanoparticles

AuNPs with a diameter of ∼13 nm were synthesized by citrate
reduction based on the TurkevichMethod [23]. Briefly, HAuCl4
(0.0223 g, 0.0656 mmol) was dissolved in 100 mL water.
Sodium citrate dihydrate (0.0533 g, 0.1812 mmol, in 5 mL
water) was then injected to the boiling solution. After a color
change (from blue to red) was observed, the reaction solution
was continued to boil for 10 min. AuNPs solution (1 mL) was
filtered (0.22μm) prior to the addition of 1 mM thiol-terminated
ssDNA (5 μL, in phosphate-buffered saline (PBS) buffer). After
the mixture was kept at 37 °C for 24 h, 500 μL of PBS buffer
was added to the solution. The solution was kept at 37 °C for
another 24 h to complete the ligand exchange reaction. Two
centrifugation cycles (13,000 rpm, 15 min) were applied to
remove the excess ssDNA in the solution, followed by removal
of supernatant and resuspension in PBS buffer. The concentra-
tion of AuNPs was measured by UV–vis spectroscopy with an
extinction coefficient of 2.7×108 M−1 cm−1 at λmax=520 nm
and adjusted to approximately 2.5 nM.

Preparation of Au Nanoring Arrays

The detailed process for lithographically patterned electrode-
position of Au nanoring arrays has been described in our
previous work [22]. First, a solution containing PS beads
(5 % w /v in mixture of water and MeOH with mix ratio of
1:3) was spin-coated on cleaned BK7 glass and close-packed
colloidal monolayer was formed as the solvent dried, shown in
Fig. 1a. The size of PS beads was reduced by O2 plasma
treatment (South Bay Technologies) at 200 mTorr and 50 W
(Figs. 1b). The etching time was set between 3.5 and 6 min to
control the size of PS beads. The sacrificial electrode with
nanohole arrays was created by deposition of a 70 nm thick Ni
layer on top of the shrunk PS beads monolayer by a thermal
evaporator (DV-502A, Denton Vacuum), followed by remov-
al of PS beads with ultra-sonication in toluene for 10 min
(Figs. 1c). Shipley S1808 photoresist (diluted to 1:1 with
Thinner P) was spin-coated on top of the substrate in order
to protect the surface of the sacrificial Ni layer. After
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spin-coating photoresist, the substrate was baked in an oven for
15 min at 90 °C. Subsequently, the photoresist was exposed to
theUV light from the backsidewith an exposure dose of 30mW/
cm2 (see Figs. 1d-e) and developed by MF-319 developer. Au
nanorings were formed inside the Ni nanohole arrays by electro-
deposition of Au using a potentiostat (PGSTAT12, Metrohm),
shown in Fig. 1f. The potential and plating time were set to
−0.85Vand 450 to 650 s, respectively. The width of the ring was
controlled by the plating time. Finally, the sacrificial Ni layer was
removed by immersing the substrate in 0.8 M nitric acid for
10 min (Fig. 1g). Before use, the substrates were annealed in a
furnace for 45min at 400 °C in order to smooth the surface of Au
nanorings.

DNA Attachment onto Au Nanorings

ssDNAwas attached onto the surface of Au nanorings by using
pGlu attachment chemistry as described in our previous work
[24]. Briefly, MUAM monolayer was formed on the Au nano-
rings by immersing the substrate in a 1 mMMUAM solution in
ethanol overnight. The substrate was rinsedwith ethanol followed
by water and dried under nitrogen stream. The pGlu layer was
formed by exposing the substrate to a 2 mg/ml pGlu solution in
PBS for 1 h. Amino-terminated ssDNAwas immobilized to pGlu
monolayer by exposing the substrate to 250 μM DNA in PBS
containing 75 mM EDC and 15 mM Sulfo-NHS for 5 h. The
substrate was then rinsed with water and dried under nitrogen
stream after pGlu attachment and DNA immobilization.

FT-NIR Measurements

Near IR absorption spectra were taken by a Mattson RS-1 FT-
IR spectrometer. Spectra in the near IR region (3,000–

12,000 cm−1) were collected with 100 scans and 4 cm−1

resolution. For the in situ measurement, a flow cell with a
volume of 30 μl was attached to the substrate and the sample
solution was flowed over the sensor surface by using a peri-
staltic pump.

SEM Observation

The shape and density of Au nanoring arrays were character-
ized by SEM (Magellan400 XHR SEM or Phillips XL-30
FEG SEM). The image analysis was carried out by using
ImageJ (US National Institutes of Health, http://imagej.nih.
gov/ij/) and Mathematica to characterize the nanoring
dimensions [22].

Results and Discussions

Characterization of Au Nanoring Arrays

A set of Au nanoring arrays were prepared, and their plas-
monic properties were investigated. Figure 2a is a typical
photograph of an Au nanoring array on a glass substrate
which shows that the Au nanoring arrays uniformly covered
the surface of glass slides with the dimension of 2.5×
2.5 cm2. The SEM image shown in Fig. 2b revealed that
the Au nanoring arrays consisted of multiple domains of
two-dimensional hexagonal close-packed crystalline Au
nanorings. The size of a single domain was approximately
10 to 30 μm. Defects of the structure such as merged rings,
vacancies, and disordered structures were sometimes ob-
served at the border of the domains. The inserted picture in
Fig. 2b is the enlarged image of the single domain of the Au

Fig. 1 a-f Fabrication process of
lithographically patterned
electrodeposition of Au nanoring
arrays
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nanoring array. Figure 2c shows a schematic of the Au
nanoring arrays. In the following, we define the structure
of the Au nanoring arrays by the distance between the
centers of the neighboring nanoring L , the diameter d , and
the width w of the ring. The distance L is controlled by the
size of the PS beads. The diameter is determined by the
etching time of PS beads. The width and height can be
varied by the plating time of Au.

The plasmonic properties of Au nanoring arrays with
various diameter d and width w were characterized by
FT-NIR spectroscopy. Figure 3 shows a set of near IR
transmission absorption spectra of five Au nanoring
arrays taken in air. The inserted pictures in the graph
show typical SEM images of the nanorings. The absorp-
tion spectrum of sample E exhibited one strong absorp-
tion peak at 6,000 cm−1 and one weak absorption peak
at 9,500 cm−1 associated with bonding mode and anti-
bonding mode, respectively, in agreement with previous
studies [18, 20]. In this paper, we have used the strong
absorption peak of the bonding mode for the refractive
index sensing. The prepared samples exhibited strong
absorption peaks in the wide wavenumber range from
6,000 to 9,000 cm−1 with similar bandwidths. This
wavenumber range corresponds to a wavelength range
from 1.6 to 1.1 μm. The mean diameter and width of each
sample were obtained from the average of over 100 nanorings
in SEM pictures and were summarized in Table 1. The mean

diameter of the nanoring was efficiently controlled over 100 nm
by changing both plasma etching time and the size of PS beads.
Samples A, B, and C were fabricated with 0.75 μm PS beads,
and samples D and E were fabricated with 1 μm PS beads. The
resonance absorption maximum shifted to higher wavenumber
as the diameter of the nanoring was decreased. This trend
agrees with theoretical and experimental results in previous
studies [21, 22].

Bulk Refractive Index Sensitivity Measurements

The sensitivity of LSPRs of the Au nanoring arrays to
changes in bulk refractive index was characterized by
measuring shifts in the LSPR absorption peaks upon
exposure of the Au nanoring arrays to solutions with
different refractive indexes. The refractive index of the
solution was changed by mixing water and ethanol with
different mixture ratio (H2O/EtOH=1:0, 3:1, 1:1, and
0:1). As the refractive indexes of water and ethanol ex-
hibit a wavelength dependence, the refractive index of the
sample solution at the resonance wavenumber was calcu-
lated from the Cauchy’s constants of water and ethanol
[25]. In order to eliminate the strong absorption peaks
from the water and ethanol in the near IR region, a
reference spectrum was taken with the sample solution
without Au nanoring arrays. Figure 4a shows the changes
in the absorption spectra of sample A when the sample

Fig. 2 a A representative
photograph and b a SEM image
of Au nanoring arrays on glass
substrate. The inserted picture in
SEM image is the enlarged image.
c Schematic of the Au nanoring
arrays with period L , diameter d ,
and width w
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was in contact with air (red curve), water (light blue
curve), and ethanol (blue curve). The resonance wave-
number exhibited a large shift to lower wave numbers as
the bulk refractive index increased without dramatic
changes in the shape and the peak absorbance of the
resonance curve. The peak wavenumber was determined
by fitting the absorption spectra with Lorentzian function.
Figure 4b plots the relative peak shift against the refrac-
tive index of the sample solution for the nanorings with
various sizes shown in Fig. 3. All samples showed a
linear dependence of the peak shift to bulk refractive
indexes. The bulk refractive index sensitivity was obtain-
ed from the slope of the fitted curves. The sensitivities of
sample A to E resulted in 3,780 to 2,700 cm−1/RIU,
respectively. As listed in Table 1, these sensitivities cor-
respond to 805 to 1,020 nm/RIU in wavelength. The
wavelength sensitivity agrees with the tendency that the
sensitivity increases as resonance wavelength increases
and relative width (w /d ) decreases, as reported by
Larsson et al. [16]. Our nanoring arrays exhibited en-
hanced sensitivities as compared to other metallic nano-
ring reported previously [16, 18]. Furthermore, these

sensitivities were comparable to the state of the art refrac-
tive index LSPR sensors with more complicated nano-
structures [26, 27].

Real-time Observation of Surface Polymerization
of Dopamine

The polymerization process of dopamine at the surface of Au
nanorings was monitored by real-time, in situ measurements of
LSPR peak shifts. Polydopamine is a biomimetic adhesive
polymer inspired by marine mussel foot proteins [28].
Polydopamine coating methods have attracted great attention
due to the fact that they can be applied to any kind of surface by
exposure to an alkaline dopamine solution. The coated thin
polydopamine layer can serve as binding agent for biomole-
cules containing amino or thiol functional groups [29]. Char-
acterization of polymerization process of dopamine is one of
the key aspects requiring for the control of surface
functionalization with polydopamine [30]. In this experiment,
a sample solution containing 5 mg/ml dopamine in PBS buffer
at pH 7.4 was used to create a polydopamine layer onto Au
nanoring sensor surface as schematically illustrated in Fig. 5a.

Fig. 3 Near IR absorption spectra of Au nanoring arrays in air. The
inserted SEM images show the typical Au nanorings observed from each
sample. The scale bar indicates 500 nm

Fig. 4 a Absorption spectra of sample A in contact with air (red curve),
water (light blue curve), and ethanol (blue curve). b Correlation curves
between the peak shifts Δνm and bulk refractive indexes

Table 1 Dimensions, peak wavenumber, and bulk refractive index sen-
sitivity of the samples shown in Fig. 3

Distance
L [nm]

Diameter
d [nm]

Width
w [nm]

Peak wavenumber
νmax [cm

−1]
Sensitivity
[cm−1/RIU
(nm/RIU)]

A 750 146±8 124±6 8,995 −3,780 (805)

B 750 187±7 150±5 8,015 −3,447 (941)

C 750 204±−7 133±6 7,472 −3,238 (1,023)

D 1,000 213±10 150±6 6,867 −2,549 (960)

E 1,000 262±10 172±7 6,250 −2,413 (1,006)
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The dopamine solution was flowed over the sensor surface for
30 min, and then the surface was rinsed with PBS for 10 min.
This cycle was repeated three times. A series of FT-NIR
absorption spectra were taken every 3 min, and the LSPR peak
wavenumber νmwas plotted as a function of time (see Fig. 5b).
First, a baseline was obtained with the sensor surface in contact
with PBS solution. When the dopamine solution was intro-
duced, the peak wavenumber jumped to lower wavenumber,
which is attributed to a bulk refractive index change around the
Au nanorings. Subsequently, the peakwavenumber exhibited a
constant shift to lower wavenumbers, indicating that dopamine
molecules were polymerizing and adsorbing to form a
polydopamine layer at the sensor surface. After the sensor
surface was rinsed with PBS buffer, the peak wavenumber
increased slightly and reached a plateau. This decrease in peak
wavenumber is attributed to the increase of local refractive
index by accumulation of polydopamine layers on the sensor
surface. The inserted figure in Fig. 5b plots the peak shifts
Δνm observed in PBS after multiple exposures to dopamine
solutions. The peak shifts due to the polydopamine multilayer
growth were increased linearly with time and were reached as
large as 120 cm−1 after 90 min exposure. This observation
agrees well with our recent SPR imaging study of the poly-
merization of dopamine on a flat Au thin films [30]. These
results indicate that these near IR LSPR nanoring sensors are
suitable for in situ monitoring of the adsorption of multilayer
polymer films onto the sensor surfaces in real time.

Detection of DNA Hybridization Adsorption

In a third set of experiments, the DNA hybridization of AuNPs
modified with ssDNA onto the Au nanoring arrays were detect-
ed with the near IR LSPR shift measurements [30, 31]. In this
experiment, the surfaces of Au nanorings were functionalized
with ssDNA by using pGlu attachment chemistry used previ-
ously [24]. The adsorption of AuNPs modified with comple-
mentary DNA (DNA–AuNPs) was monitored as the shift in
resonance wavenumber as schematically illustrated in Fig. 6a.
Figure 6b shows the FT-NIR spectra of theAu nanorings in PBS
before and after binding of DNA–AuNPs to the DNA mono-
layer attached on the Au nanorings. The peak wavenumber
exhibited a large shift of over 150 cm−1 after AuNPs adsorption.

A series of measurements of the hydridization adsorption of
AuNPs onto partially complementary ssDNA monolayer was
used to estimate the detection limit of ssDNA with LSPR on
these nanoring arrays. In this experiment, Au nanoring arrays
were functionalized with a mixture of two amino-terminated
ssDNA (sequences A and B) at various A/B percentages of
100:0, 20:80, 10:90, 5:95, 1:99, 0.5:99.5, and 0:100. By as-
suming an equivalent surface reactivity of both ssDNA, the
percentage of sequence A at the surface was controlled by the
mixture ratio of A and B in the solution. In order to minimize
the differences in sensitivity among samples, Au nanoring

Fig. 5 a Schematic of adsorption of polydopamine multilayers onto Au
nanorings. b Real-time in situ measurement of peak wavenumber νm
upon polymerization of dopamine in a solution and its accumulation onto
the Au nanoring arrays. The inserted graph shows the linear correlation
between the peak shift Δνm and film growth time

Fig. 6 Detection of DNA hybridization adsorption of AuNPs modified
with ssDNA onto Au nanoring surface. a Schematic image of the sample.
AuNPs functionalized with ssDNA (sequence Ac) bind to Au nanorings
modified with a complementary DNA (sequence A) monolayer through
DNA hybridization adsorption. b FT-NIR absorption spectra before (blue
curve) and after (red curve) DNA–AuNPs adsorption
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arrays with similar LSPR absorption peaks were used (8,180±
50 cm−1 in air). A solution containing 2.5 nMAuNPs modified
with complementary DNA of sequence A (denoted Ac) was
flowed over the sensor surface for 90 min and the shift in
resonance wavenumber was monitored (see Fig. 7a). When
the surface coverage of sequence Awas 100 %, the resonance
wavenumber of Au nanorings immediately shifted to lower
wavenumber after the injection of AuNPs solution. Upon hy-
bridization, the resonance wavenumber shifted by as much as
170 cm−1. In contrast, for the surface modified entirely with
noncomplementary DNA (100 % covered with sequence B),
the shift in resonance wavenumber was negligible, indicating
the high selectivity of DNA hybridization onto Au nanoring
arrays and the lack nonspecific adsorption. Figure 7a also
shows the adsorption curves observed for 5 and 0.5 % comple-
mentary ssDNA monolayer. A full set of steady state LSPR
peak shifts as a function of percentage of sequence A (%A) is
shown in Fig. 7b. The lowest %A surface coverage θ that could
bemeasured was 0.5%. This surface coverage θ corresponds to

that can be created by a DNA concentration Cmin of 50 pM,
assuming a Langmuir adsorption coefficient Kads of 1.0×
108 M−1 (Cmin=θ /Kads) [30].

Conclusions

In this study, Au nanoring array surfaces exhibiting strong
localized surface plasmon resonances at near infrared wave-
lengths were employed for refractive index biosensing by using
FT-NIR transmittance spectroscopy. The Au nanoring arrays
were fabricated by a simple bottom up process based on litho-
graphically patterned nanoscale electrodeposition of Au nano-
rings, which enabled fabrication of Au nanoring arrays over
large surface area with excellent control of the nanoring spac-
ing, diameter, and width. The plasmonic absorption bands of
Au nanoring arrays could be tuned from 1.1 to 1.6 μm in the
NIR region by controlling the size and width of the nanorings.
Real-time FT-NIR measurements were performed to detect
changes in the bulk refractive index of solutions. The results
revealed that the Au nanoring arrays exhibit a high bulk refrac-
tive index sensitivity up to 3,780 cm−1/RIU, which is compa-
rable to that of the state of the art of LSPR sensors with more
complicated structures. Two examples of LSPR sensing with
these Au nanoring arrays were performed: (1) the polymeriza-
tion of dopamine to create polydopamine multilayers onto the
nanoring sensor surface was monitored in real time, and (2) the
hybridization adsorption of DNA-functionalized AuNPs onto
Au nanoring arrays modified with complementary DNA was
characterized. Using two component mixed DNA monolayers,
relative surface coverages of complementary DNA as low as
0.5 % were detected, which corresponded to the detection of
DNA by hybridization adsorption from a 50 pM solution. Our
future work will include the fabrication of asymmetric nanoring
structures such as split rings [32] and nanomushrooms [33] for
further advanced sensitivities by using Fano type plasmon
resonances.
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