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A B S T R A C T

In this work, we investigate the detection sensitivity of surface plasmon resonance (SPR) biosensors by
engineering spatial distribution of electromagnetic near-fields for colocalization with molecular distribution.
The light-matter colocalization was based on plasmonic nanolithography, the concept of which was confirmed
by detecting streptavidin biotin interactions on triangular nanoaperture arrays after the structure of the
aperture arrays was optimized for colocalization efficiency. The colocalization was shown to amplify optical
signature significantly and thereby to achieve detection on the order of 100 streptavidin molecules with a
binding capacity below 1 fg/mm2, an enhancement by more than three orders of magnitude over conventional
SPR detection.

1. Introduction

Numerous optical biosensing schemes have emerged for detecting
molecular interactions. One of the most successful techniques has been
the one based on surface plasmon resonance (SPR), which relies on the
dependence of plasmon excitation on the changes of surface states as a
result of biointeraction. In contrast to optical sensors that take
advantage of labels such as fluorescent dyes and quantum dots, SPR
detection measures refractive index change due to the change in mass
bound to the sensor surface and is performed label-free, thus allows
kinetics of target interactions to be measured without labeling inter-
ference in a quantitative manner and in real-time for a large range of
analyte molecular weights (McDonnell, 2001). However, the label-free
nature of SPR detection is accompanied by relatively moderate
sensitivity as well. To achieve enhanced sensitivity, many strategies
have been pursued, for example, by using molecular intermediaries
such as nanoparticles and aptamers to amplify optical signatures (He
et al., 2000; Moon et al., 2010; Bai et al., 2013). Also, phase detection
has been conducted to measure phase changes caused by an interac-
tion, rather than intensity (Nelson et al., 1996; Wu et al., 2004;
Halpern et al., 2011). Binding area has been increased by surface

corrugation which was often on a nanometer scale using nanowires or
nanogrids (Kim et al., 2006; Byun et al., 2007b; Moon et al., 2012; Yu
et al., 2013), while effects of surface curvature on the detection
sensitivity were investigated (Lee and Kim, 2016). SPR detection has
been combined with other sensing schemes that include magneto-optic
modulation, microcavities and electron field-effects (Sepúlveda et al.,
2006; Dantham et al., 2013; J. Oh et al., 2010). Of particular interest is
colocalized detection between fields and target binding molecules that
has been explored to improve sensitivity by spatially overlapping near-
fields produced by 2D or 3D metallic surface nanostructures with target
molecules (Shalabney and Abdulhalim, 2010; Lee and Kim, 2012), i.e.,
if a target molecule perturbs an ambient evanescent field, resonance
shift δk may be represented as
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where ki is the wave vector of incident light (Abdulhalim, 2007). The
integral in the numerator is an overlap integral between distributions
of binding molecules expressed as the difference in permittivity δε and
light fields before (Ei) and after (Ef) the binding. The integral at the
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bottom is an energy integral that represents the total energy of the
propagating mode and remains largely constant in the course of
molecular interactions. Therefore, Eq. (1) suggests that sensitivity
enhancement can be achieved as a result of efficient colocalization
combined with near-field localization.

The colocalization has been implemented by oblique evaporation of
mask layers or blocked copolymers so that the fields are maximally
utilized for much enhanced detection (Ma et al., 2010; Y. Oh et al.,
2010, 2014; Y. Kim et al., 2012; Jang et al., 2013). Colocalization is
often performed by using colloidal plasmonic nanoparticles to localize
target molecules specifically (Rong et al., 2008; Chaudhari and
Pradeep, 2015) and graphene-based light confinement (Rodrigo
et al., 2015). Effect of field overlap with an active layer was investigated
thoroughly in plasmon detection on nanoporous medium (Berriera
et al., 2011). Also, directed molecular binding was produced at
nanogaps between metallic dimers (Aćimović et al., 2009; Feuz et al.,
2012). The effectiveness of colocalization has not been limited to SPR
detection and was in fact shown to be quite general, for example, in
microcavity and waveguide sensors (Santiago-Cordoba et al., 2011;
Dantham et al., 2012; Rodriguez et al., 2014; Shen et al., 2016), super-
resolved imaging (K. Kim et al., 2012; W. Lee et al., 2015) and optical
fiber sensors which maximize evanescent wave overlap with target
analytes (Huntington et al., 1999; Kim et al., 2005; Martan et al.,
2008). While colocalization approaches were shown both experimen-
tally and theoretically to lead to enhanced detection sensitivity over
conventional unlocalized SPR detection, the way that the colocalization
is attained is oftentimes quite difficult and time-consuming, thus a
more obvious and directed colocalization approach is highly desired.

In this paper, therefore, we explore use of plasmonic lithography to
engineer electromagnetic wave distribution in the near-field to implement
colocalized SPR detection that is more direct than traditional methods used
for colocalization. In other words, detection area is defined by plasmonic
lithography with a locally amplified light field (Fig. 1a) and then SPR
detection is performed (Fig. 1b), the cross-section of which is shown in
Fig. 1c. Plasmonic nanolithography has been developed as a technique that
employs strongly amplified near-fields created by the excitation and
transfer of surface plasmon (SP) for exposure in lithography
(Srituravanich et al., 2004; Ozbay, 2006; El Ahrach et al., 2007; Ueno
et al., 2010, 2011; Xie et al., 2011; Wirth et al., 2011). As a consequence,
surface patterns formed by the development of photopolymers reflect the
near-field distribution. Ideally, if SPR detection of an interaction is
performed with a light source that is identical to the one used for the
lithography, perfect colocalization can be easily achieved. Such a colocaliza-
tion approach frees the need for surface-specific chemical modification that
needs to be performed as a way to spatially localize an interaction and thus
increases the versatility of colocalization-based sensitivity enhancement. In
fact, SPR detection is often conducted at a longer wavelength for higher
sensitivity (Nelson et al., 1999; Pang et al., 2007; Hotta et al., 2012), while
exposure of photopolymers used in lithography requires high energy and
thus short wavelength light source, thus giving rise to a disparity between
patterning and measurement light wavelengths. Even if the patterning and
measurement wavelengths were identical, the distribution of probe mole-
cules that bind to target may still be different from that of near-fields: for
example, probes distribute only on the surface whereas the near-field is in
principle three-dimensional. In this sense, the disparity between molecular
and field distribution may be inevitable to an extent. Therefore, we intend
here to confirm the validity of the proposed colocalization based on
plasmonic nanolithography and, more importantly, to assess the limit of
detection (LOD) sensitivity under the scheme by investigating the wave-
length disparity and its effect on the colocalized detection.

2. Methods and materials

2.1. Numerical calculation

The near-field distribution was produced by 3D nanoarrays as

surface nanostructures for nanoplasmonic lithography and has been
calculated using RCWA. RCWA has been used successfully to calculate
optical characteristics of various nanostructures (Kanamori et al.,
2001; Cesario et al., 2005; Byun et al., 2007a). The nanoarrays take a
triangular shape for efficient near-field localization (Lee et al., 2012).
For the calculation, 25×25 spatial harmonic orders were employed with
p-polarized light incidence at each resonance angle, while the pattern
size (L) was varied from 300 to 700 nm in a step of 100 nm at an array
period (Λ) of 1 and 2 µm. Calculation was performed for both λ=442
and 633 nm. L refers to the side length of an equilateral triangle. The
calculation was performed at a distance of z=10 nm from the nanoarray
bottom as the molecular interaction takes place in this axial range.
Once near-fields are calculated, colocalization efficiency η, which is
defined as a normalized overlap signature between the fields produced
at λ1=442 nm and λ2=633 nm, wavelength used respectively for light
exposure and measurement, has been calculated numerically as an
indirect measure of colocalization, i.e.,
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Here, Et,λ represents normalized tangential electric field amplitude
at a wavelength λ. Colocalization efficiency η defined in Eq. (2) in effect
describes intensity correlation of electric field distribution at two
different wavelengths (Adler and Parmryd, 2010).

Localized near-fields represent the amount of molecular probes in a
probabilistic sense and have a quantitative importance on a relative
scale. For this reason, we have calculated relative number of probes Np

which is defined as the normalized field intensity:

∫ rN λ E r d S⃗( ) = ( ) / .p t λ r2 , 2
2

(3)

In addition to η and Np, we have also considered the resonance shift
per unit molecule which we define as relative angle shift

RAS Δθ S= / .SPR (4)

Here, ΔθSPR represents the resonance angle shift as a result of an
interaction. RAS is normalized by the surface area S which probe
molecules can bind to and is thus proportionate to the amount of
interaction (Oh et al., 2014; Korlach et al., 2008). Increased RAS can be
attributed to more efficient overlap between field and target distribu-
tion.

2.2. Sample fabrication

Fabrication of samples consists mainly of three steps as illustrated
in Fig. 2. First, electron-beam lithography was used to define nanoar-
rays. A 2-nm thick chrome adhesion layer, a 5-nm thick film of silver,
and then a 1-nm chrome capping layer were evaporated on a cleaned
SF10 glass substrate on which negative photoresist (AR.N 7520.18,
Allresist™, Strausberg, Germany) was spin-coated at 4000 rpm and
soft-baked on a hot plate at 85 °C. This was followed by e-beam
exposure and development into a pattern on the PMMA layer. After
secondary evaporation of silver in 50-nm thickness and removal of
resist, an additional chrome capping layer of 1 nm was deposited to
prevent instability of silver film while forming a metallic nanoarray
pattern, which was then annealed at 80 °C for 30 mins (Wang et al.,
2014). Nanolithography then ensues by spin-coating AR 3120 positive
photoresist (Allresist™) at 8000 rpm. After baking the sample at
105 °C, light exposure was proceeded using a customized SPR set-up
based on two concentric dual motorized stages and a laser diode
(Model #: MDL-III-442, nominal power: 20 mW, λ=442 nm,
Changchun Optoelectron. Technol. Corp., China), i.e., each nanoarray
sample was exposed for 10 s under p-polarized light incident at
θin=60°, while being index-matched to an SF10 prism substrate.
Exposed photoresist was carefully developed by automating the process
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for improved reproducibility. For control experiments, two different
types of samples were prepared: first, a 50-nm thick film of silver
without any patterns capped with 1-nm thick chrome on a SF10 glass
substrate was fabricated. Second, PMMA grating pattern was formed
after electron-beam lithography on the chrome/silver films deposited
on an SF10 substrate. Both experiments intended to confirm the
immobilization of probe molecules (biotin) and to check the influence
of the removal process of resist by chemical remover (AR 300-70,
Allresist™) on the probe immobilization.

2.3. Near-field scanning optical microscopy

Near-field distribution produced by fabricated nanoaperture sam-
ples was measured by a near-field scanning optical microscope
(NSOM). Our NSOM is based on a commercial product
(SNLG102NTF, NT-MDT, Moscow, Russia) using a tapered optical
fiber probe (MONO450, LovaLite, Besançon, France) which has a
metallized aperture of 70-nm diameter and coated with aluminum. The
NSOM was modified to allow inclined light incidence on a total internal
reflection fluorescence microscopy backbone (IX73, Olympus, Tokyo,
Japan). Light source was provided by a wavelength-tunable ion laser
system (35-LAP-431-230, CVI Melles Griot, California, USA) and its
wavelength was tuned to 457 nm for plasmonic lithography.
Considering the thickness of an SF10 substrate which is larger than
the working distance (WD) of a usual high-NA objective lens, we have
used a long-WD objective lens (LMPlanFLN50×, Olympus). With its

NA of 0.5, near-field distribution was measured in an incident angular
range of θm≤16.6°.

2.4. Binding chemistry

For proof of principles, we have measured biotin/streptavidin
interactions: nanoaperture samples were immersed in the biotinylated
PEG-thiol (Biotin-PEG-SH) (2000 Da, Nanocs Inc., USA) aqueous
solution (1 mM) for 24 h, then rinsed with deionized water and dried
with nitrogen flow. Bio-repellant characteristic of PEG reduces non-
specific binding that may exist other than specific biotin-streptavidin
interactions (Prats-Alfonso et al., 2006; Jokerst et al., 2011).

After positioning biotin-PEG-SH-modified nanoaperture sample on
the SPR spectrometer, streptavidin solution at varied concentrations
(from Streptomyces avidinii, lyophilized from 10 mM potassium
phosphate, Sigma-Aldrich) was injected for 30 min and then rinsed
with 10 mM phosphate buffer saline (PBS, Sigma-Aldrich) solution. All
the protocols were carried out under room temperature. A peristaltic
pump (0.5 mL/min) was used to deliver streptavidin and PBS solu-
tions. Samples were rinsed with PBS buffer for 10 min to eliminate
non-specifically adsorbed streptavidin.

Control measurements were performed on a 50-nm thick gold thin
film. Surface of gold thin film was treated with Biotin-PEG-SH (1 mM) for
24 h and rinsed with deionized water. Biotin-PEG-SH-modified Au thin
film was positioned on the SPR spectrometer and following steps similar
to those described above for nanoaperture samples were carried out.

Fig. 1. Schematic illustration of plasmon nanolithography for colocalized SPR detection: (a) plasmonic lithography forms nanogaps at nanoaperture arrays, (b) SPR detection
colocalizes near-fields with target-probe molecular binding, and (c) cross-sectional view of a nanogap. Photographs: (d) SPR measurement instrument set-up and (e) a nanogap array
sample mounted on the prism for measurement (CH: chopper, LS: light source, M: mirror, PH: pinhole, PO: polarizers, SM: sample mount, S: sample, P: prism, and PD: photodetector).
The dashed line in red represents interrogation light path. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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2.5. SPR measurement

An SPR spectrometer (RT2005, Resonant Technologies GmbH,
Germany) was used for SPR detection based on conventional θ–2θ
architecture with a nominal angular resolution at 0.005°. For measure-
ment, a sample was index-matched to an SF10 prism and illuminated
by TM-polarized light from a He-Ne laser (λ=632.8 nm, 10 mW).
Reflected light was measured by a silicon photodetector. Fig. 1b and
c present the photographs of the set-up and a mounted sample for SPR
measurement. The lowest detectable target concentration depends on
various factors including target and probe molecular weight, probe
surface coverage on the sensor surface, and the binding affinity of the
target analyte molecules. The overall sensitivity of the SPR spectro-
meter in terms of binding capacity was estimated to be 10 pg/mm2

(provided by the manufacturer). Because of the long pattern period
(Λ=1 and 2 µm), higher diffraction orders may exist. For the range of
experimental resonance angles, the higher-order diffraction is deter-
mined to be at least 13° away from the zeroth-order reflection by
grating equation sinθm=mλ/Λ+sinθSPR (m: an integer for the m-th
order), thus the noise associated with higher-order diffraction can be
easily removed from the photodiode.

3. Results and discussion

3.1. Control experiments

When we compare the immobilization of biotin and subsequent
binding of streptavidin on a thin film surface without surface treatment
by remover vs. binding after the treatment, the latter produced a much
smaller resonance shift (Supporting information S1). Similar trends
were observed with a grating pattern (Supporting information S2), i.e.,
resonance shift was smaller if binding takes place after removal of
resist grating compared to the binding without removing the grating.
These data suggest that the removal of resist should interfere with the
immobilization. On the other hand, specific binding on the grating of
polymer resist may be accompanied with nonspecific physisorption to
polymer resist which can significantly affect the specific signal (Yu
et al., 2012). For this reason, binding of streptavidin to biotin probe
was performed after removal of photoresist, which was shown to
reduce the surface density of probes significantly by 64% (Supporting
information S2).

Nonspecific binding of streptavidin was also measured on
PEGylated thin film surface. At a streptavidin concentration of

Fig. 2. Schematic illustration of fabrication steps of nanoarray patterns for colocalized SPR detection by plasmonic nanolithography The fabrication steps mainly consist of three steps:
sample patterning, nanolithography, and colocalization. Control binding experiments of streptavidin-biotin interactions were conducted on thin film (➀) and on nanoaperture arrays
without colocalization (➁).
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100 nM, ΔθSPR=0.053°. In order to compare detection characteristics
such as sensitivity, control binding experiments of streptavidin-biotin
interactions were conducted on thin film (➀ in Fig. 2) and on
nanoaperture arrays without colocalization (➁).

3.2. Nanoaperture design and near-fields

For the design of nanoarrays with high colocalization efficiency,
colocalization efficiency η was calculated as the period (Λ) and the
pattern size (L) were varied, at λ1=442 nm and λ2=633 nm, as shown in
Fig. 3a and b. Also shown are the near-field distributions (top view in
the xy plane) at λ1=442 nm (upper row) and λ2=633 nm (lower row)
corresponding to the combinations of Λ and L in the inset. The near-
field distribution was calculated for one unit (in an area of Λ2) by
rigorous coupled-wave analysis (RCWA) with periodic boundary con-
ditions. The details of calculation are outlined in Methods and
materials.

Overall, higher colocalization efficiency is observed at a longer
period (Λ=2 µm) and also with a larger pattern size. This is due to the
difficulty with which highly localized field at 442 nm that may form
with shorter period and/or smaller size can be colocalized with the
localized field at 633 nm. In the range of geometrical parameters that
were simulated highest colocalization efficiency was 58%, which was
obtained at Λ=2 µm and L=700 nm. For Λ=1 µm, highest colocaliza-
tion efficiency was achieved to be 24% at L=500 nm. On the other
hand, relative number of probe molecules Np at λ2=633 nm is
presented in Fig. 3c and d. Np represents the quantity proportionate
to the nanoaperture area that may be produced by plasmonic litho-
graphy at λ2=633 nm and to the amount of target-probe bindings.
Therefore, the less localized the near-fields are, the higher Np can be, as
long as the fields remain strong enough for exposure in plasmonic
lithography. Fig. 3c and d also suggest that pattern size should affect

the degree of localization more than period does in the range of Λ=1–
2 µm. Period shorter than 1 µm was not considered for ease of
fabrication while at a longer period, localization may be reduced
because of weakly coupling light fields.

The samples were fabricated following the details described in the
methods section. Near-fields localized by the pattern at L=500 nm
(Λ=1 µm) and L=700 nm (Λ=2 µm) are presented in the inset of Fig. 3c
and d for λ1=442 nm and λ2=633 nm. The distribution shows a clear
overlap of light at the two wavelengths, where the one at λ=442 nm
represents the distribution of target-probe binding and the one at
λ=633 nm that of localized field, thereby confirms the colocalization. A
SEM image of a fabricated sample of triangular aperture arrays
(L=700 nm and Λ=2 µm) is presented in Fig. 4a before plasmon
lithography is performed. Fig. 4b shows near-field distribution mea-
sured by NSOM and overall confirms the strong localization along a
triangular side opposite to the direction of light incidence, which is in
good agreement with the results of the inset of Fig. 3d. Near-field
intensity profiles measured over many periods of nanoapertures along
the direction represented by the dashed line in Fig. 4b are shown in
Fig. 4c. Clearly, the near-fields by which photoresist is to be exposed in
plasmonic lithography are spatially repetitive with FWHM at 507 nm.
Fig. 4d and e are AFM images of aperture patterns (L=700 nm and
Λ=2 µm) transferred to polymer resist as a result of plasmon litho-
graphy before proceeding with streptavidin-biotin detection. The depth
profile measured by AFM across the red dashed line in Fig. 4e is also
presented and suggests that the surface area on which probe molecules
may immobilize should be approximately on the order of
400×200 nm2. When an exposed hole area is assumed to take an
elliptical shape from AFM measurements of multiple nanoapertures,
the effective area for colocalization S(colocalized) was determined
slightly larger than Fig. 4e to be S(colocalized)=128,000 ±
38,900 nm2 per unit square of Λ2=4 µm2 area.

Fig. 3. Colocalization efficiency (η) for nanoarrays of the triangle side length L=300–700 nm: (a) Λ=1 µm and (b) 2 µm. Red arrows mark the highest colocalization efficiency at each
period. In the middle are the near-field intensity distributions |E|2 at λ1=442 nm (upper row in each pair) and λ2=633 nm (lower row). Relative number of probes (Np) calculated at
λ2=633 nm as the array parameters are varied: (c) Λ=1 µm and (d) 2 µm. The calculation was performed for p-polarization (E-field in the xz plane) with the direction of light incidence
horizontal from left to right in the top view. Each inset field distribution represents a unit area of (a,c) 1×1 µm2 and (b,d) 2×2 µm2. For all inset near-fields, θin=θSPR: in the boxed fields
at L=500 nm and Λ=1 µm, θin=65.88° (λ1=442 nm) and 56.75° (λ2=633 nm). For the boxed fields at L=700 nm and Λ=2 µm, θin=66.81° (λ1=442 nm), and 55.91° (λ2=633 nm). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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3.3. Colocalized detection

Fig. 5a shows the isotherm characteristics with streptavidin con-
centration, which was performed on metal thin films and nanoaper-
tures arrays as control and sample experiments to confirm colocalized
detection based on plasmonic lithography (angular spectra at 100 nM
streptavidin concentration presented in Fig. 5b and c). For sample
experiments, we have used nanoaperture arrays at L=700 nm
(Λ=2 µm) per results that we obtained in the design process.

In both control and sample experiments, almost identical overall
behavior is observed: with a high streptavidin concentration, the
binding is limited by probe concentration. In this regime, optical
response changes relatively little. A significant reduction of streptavidin
concentration causes the binding to be governed by target concentra-
tion and the binding thus becomes target-limited. The transition
between probe-limited and target-limited detection arises at a target
concentration of around 50 nM. For very low streptavidin concentra-

tion, eventually noise prevails and gives rise to a noise floor that is due
to the factors such as thermal and shot noise of the detector, stochastic
nature of adsorption and desorption processes, and non-specific
binding (Jakšić et al., 2014). The noise floor of the control measure-
ment sets the detection limit to be on the order of 1 nM. The overall
trend is in good agreement with the characteristics observed with our
optical set-up for DNA hybridization (Oh et al., 2014).

It is clear that colocalized detection produces significantly larger
optical signature than controls. In contrast, non-colocalized (or un-
colocalized) detection improves the detection only marginally despite
light localization, which is associated with an increased surface area:
rθ=ΔθSPR(colocalized)/ΔθSPR(thin film)=5.48 (=1.15/0.21) vs.
ΔθSPR(non-colocalized)/ΔθSPR(thin film)=1.19 (=0.25/0.21) at target
concentration of 100 nM. In addition, the rate of increase of resonance
shifts is shown in Fig. 5d. Resonant shift measured by colocalized
detection increases more markedly with target concentration than thin
film controls by 1.72 (=0.4476/0.2605) times, while it is 1.37

Fig. 4. (a) SEM image of a fabricated nanoarray sample with L=700 nm and Λ =2 µm after electron-beam lithography. (b) NSOM image of near-fields localized by nanoarrays (dashed
triangles) for the sample in (a). Scale bars: 1 µm. (c) Intensity profiles of the measured near-fields across nine nanohole periods along the direction represented by the dashed line in (b).
(d), (e) AFM images of a nanoarray sample on resist after plasmonic lithography. Depth profile measured by AFM across the horizontal (A) and vertical (B) dashed line in (e). The overall
pattern depth is measured to be approx. 400 nm.
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(=0.3573/0.2605) times for non-colocalized detection. Note that rθ
increases almost linearly with target concentration, as shown in Fig. 5e,
with a slope of 0.0278 ± 0.00223/nM (R2=97.4%), i.e., colocalization
produces much stronger optical signature at higher concentration
compared to control measurement even with a smaller number of
bound target molecules than the non-colocalized case, although relative
standard deviation (RSD) tends to be larger (RSD=27.65% for coloca-
lization and 4.93% for non-colocalization at a target concentration of
500 nM). Stronger enhancement of optical signature (rθ) with target
concentration appears to be related to the localization of SP for
colocalized detection (Svedendahl et al., 2009). Also, measured reso-
nance shift saturates at much higher target concentration than control
measurements because an increase in target concentration in coloca-
lized detection increases the resonance shift much more significantly,
thus colocalized detection can be associated with a much wider
dynamic range than non-colocalized case. To a weaker extent, steric
hindrance of streptavidin in sample experiments may prevent more
efficient binding to biotin molecules for both colocalized and non-
colocalized detection.

We emphasize that a far smaller number of target-probe bindings
are responsible for the increased signal of colocalized detection. The
number of bindings may be proportionate to the area that is available
for probes to bind, while the area as the number for colocalized
detection can be underestimated due to the interference by the resist
removal process as described in Supporting information S2. With an
interference factor IF defined as the percentage amount of probes that
is affected by the removal process, then the ratio of the effective areas is

given by rs≡S(thin film)/[(1−IF)·S(colocalized)], which is presumed
not to significantly vary with target concentration, and the overall
resonance enhancement E≡RAS(colocalized)/RAS(thin film)=rθ·rs.
With IF=0.64 from Supporting information S2, rs=86.8 ± 26.4 and
measured resonance enhancement E=476 and 304 at target concentra-
tion of 100 and 10 nM, respectively. The results suggest that the
enhancement should be mainly associated with reduced target-probe
binding that is exposed to the localized field.

Note that Fig. 5a shows that rather than directly improving the
detection limit, which is determined largely by the SPR measurement
system, or reducing the minimum number of bindings that may be
detectable, colocalization detection selectively amplifies the optical
signature that is associated with or created by the unit binding event,
thereby increases signal-to-noise ratio significantly. If we assume an
incident beam of 650 µm in diameter, this encloses approximately
83,000 nanoapertures under measurement and the effective nanogap
area in a beam spot available for immobilization of biotin as 10,600 ±
3200 µm2. With surface coverage of biotin probes estimated at 3
molecules/nm2 on thin gold films and 1−IF =36% as probe immobi-
lization efficiency (Xia et al., 2012; Hinterwirth et al., 2013), the
maximum number of biotin probes can be obtained as (1.1 ±
0.35)×1010 molecules.

Baseline data show that the blank standard deviation associated
with non-specific adsorption is measured to be smaller than the
angular resolution and therefore the LOD defined as the target
concentration that is 3 times the standard deviation is much smaller
than the noise floor presented in Fig. 5a and d for both colocalized

Fig. 5. Measured isotherm characteristics of streptavidin-biotin interactions: (a) resonance shift as the streptavidin target concentration is varied for control and colocalized detection
with nanoapertures of L=700 nm and Λ=2 µm (‘NANO-Col’ and ‘NANO-Uncol’ for colocalized and non-colocalized detection and ‘FILM’ for control). Angular spectra represent
characteristic changes in arrows as a result of the interaction at 100 nM streptavidin concentration: (b) colocalized (NANO-Col) and (c) control on film (FILM) before (black) and after
(red) interactions. (d) Resonance shift with target concentration on a logarithmic scale. (e) Measured ratios of resonance shifts rθ (NANO-Col/FILM vs. NANO-Uncol/FILM) with
respect to target concentration. Results of linear regression are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article).
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detection using nanoaperture arrays and control measurements
(MacDougall and Crummett, 1980). Considering the effective number
of binding events that participate in the colocalized detection is much
smaller by rs times than the case of non-colocalized detection, the
effective LOD for colocalized detection amounts to be on the order of
30 pM (≈3 nM/86.8). This result confirms much improved LOD when
compared to the past sensor data measuring streptavidin-biotin
interactions based on microcavity (Vollmer et al., 2002) and plasmon
resonance (Haes and Van Duyne, 2002; Riboh et al., 2003; Nusz et al.,
2008; Kabashin et al., 2009). With a nominal and effective LOD of
10 nM and 30 pM, respectively, and molecular weight of streptavidin at
52.8 kDa, the detection sensitivity for colocalized detection (in terms of
binding capacity) is then calculated to be well below 1 fg/mm2 in an
evanescent field that is 100 nm deep. In this range, a single molecule
occupies an average area of about 9×9 µm2 in the evanescent field and
the number of target molecules under detection is projected to be on
the order of 100 (see Supporting information S3 for details of
calculation). Even after considering the uncertainty involved in the
quantification under experimental environment, the detection in this
range represents improvement by more than three-orders-of-magni-
tude, compared to conventional SPR detection (Campbell and Kim,
2007).

Interestingly, the results based on plasmonic nanolithography
present higher enhancement compared to a previous study in which
colocalized detection of 24-mer DNA hybridization was achieved by
angled evaporation of a dielectric mask layer at triangular nanoaper-
ture arrays at L=600 nm and Λ=2 µm (Oh et al., 2014). Herein, the
evaporated dielectric mask often suffers from low uniformity and tends
to form grains and random microstructures, which affects the distribu-
tion of localized fields and thus reduces colocalization efficiency. By
comparison, the enhancement based on plasmonic nanolithography
reported here appears to be substantially higher by at least 3 times. We
believe that this result directly reflects the intuitive and intrinsic nature
of plasmonic lithography for inducing field and matter colocalization.

3.4. Discussion

The significant resonance enhancement reported in this paper may
be improved even further by addressing following issues that may
prevent plasmonic lithography from achieving more efficient colocali-
zation. First of all, the binary nature of exposure and development in
plasmonic lithography may affect the resonance enhancement. While
the distribution of localized light at λ=442 nm represents the likelihood
of exposure at a particular location, the exposure is ultimately a binary

process and the threshold light intensity above which photoresist is
exposed and thereby developed cannot be ascertained on a quantitative
basis. In other words, a developed pattern is not identical to the near-
field distribution shown in the inset of Fig. 3c or d. Fig. 6a shows the
colocalization efficiency η of selected triangular nanostructures as a
function of threshold electric field intensity Ith when photoresist is
presumed to be exposed for field intensity higher than the threshold,
i.e., if |E(x,y,z)|2≥Ith. Several observations are worth notes. First,
regardless of Ith, optimum geometry largely remains unchanged, i.e.,
L=500 nm for Λ=1 µm and L=700 nm for Λ=2 µm. Higher colocaliza-
tion efficiency at a longer period (Λ=2 µm) and a larger pattern size
agree with what was observed in Fig. 3. It is also clear that colocaliza-
tion is largely determined by the array period Λ and the effect of side
length L is relatively weaker. Although it is difficult to precisely control
Ith, an optimum Ith at which colocalization efficiency reaches at its
highest is surprisingly low around 0.1 at Λ=2 µm and close to 0.3 at
Λ=1 µm.

Enhancement may also come by reducing non-specific molecular
signals and thus the LOD. Non-specific immobilization of biotin may be
ignored due to the process described in Supporting information S1 and
S2. On the other hand, non-specific physical adsorption of streptavidin
on silver surface, even if the amount is insignificant, has its effect
further weakened by the low field intensity of delocalized light fields.
For quantitative assessment, optical signatures in terms of field-matter
overlap εE2 can be estimated: it is shown in Fig. 6b that the optical
signature for target-probe interaction is at least 2.4 times stronger over
non-specific adsorption for Λ=2 µm (higher as 3.6 times for Λ=1 µm),
even in the worst case that the signal associated with non-specific
adsorption is equal to what specific interaction may account for.

An obvious question to explore is the ultimate limit that may be
achieved by colocalization. A simple numerical model using random
nanoislands for field localization was established to show resonance
enhancement by four orders of magnitude over non-specific detection
of DNA hybridization (Yang et al., 2014). Even this, nor the results that
we report here based on plasmonic lithography, does not appear to
allow sensitivity sufficient for single molecule detection. One reason
behind this is relatively inefficient light localization achieved by
triangular nanoapertures. In principle, it is suggested that colocaliza-
tion with more efficient super-localized light would lead to higher
detection sensitivity: for example, light localization below 10 nm is
known to be possible using gap-based aperture structures and/or
pulsed light source (Fromm et al., 2004; H. Lee et al., 2015), potentially
making it closer to molecular detection by SPR.

Fig. 6. (a) Colocalization efficiency for triangular nanoapertures with threshold exposure intensity Ith, which is defined as the field intensity normalized by the maximum when
photoresist is presumed exposed if |E|2≥Ith. Solid lines represent polynomial fits of calculated colocalization efficiency. (b) Ratio of optical signatures between target-probe interaction
and non-specific adsorption. The ratio was calculated as ∑εE(target-probe)2/∑εE(non-specific)2 for various triangular nanoaperture arrays.
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4. Concluding remarks

In summary, we have explored colocalized detection based on
plasmonic nanolithography for maximizing spatial overlap between
localized light fields and target molecular distribution. The concept was
experimentally confirmed by detecting streptavidin-biotin interactions
on triangular nanoaperture arrays. By overlapping the distribution of
light fields and molecules in a conventional set-up, it was shown that
light-matter colocalization can enhance detection sensitivity by more
than three orders of magnitude over conventional thin-film based
detection with achievable binding capacity below 1 fg/mm2. The
approach can be applied to improving detection characteristics such
as signal-to-noise ratio in optical molecular measurement techniques.
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