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Abstract: Localized surface plasmon (LSP) has been widely applied for the enhancement 

of fluorescence emission for biosensing owing to its potential for strong field enhancement. 

However, due to its small penetration depth, LSP offers limited fluorescence enhancement over 

a whole sensor chip and, therefore, insufficient sensitivity for the detection of biomolecules, 

especially large molecules. We demonstrate the simultaneous excitation of LSP and propagat-

ing surface plasmon (PSP) on an Au nanohole array under Kretschmann configuration for the 

detection of prostate-specific antigen with a sandwich immunoassay. The proposed method 

combines the advantages of high field enhancement by LSP and large surface area probed 

by PSP field. The simulated results indicated that a maximum enhancement of electric field 

intensity up to 1,600 times can be achieved under the simultaneous excitation of LSP and PSP 

modes. The sandwich assay of PSA carried out on gold nanohole array substrate showed a limit 

of detection of 140 fM supporting coexcitation of LSP and PSP modes. The limit of detection 

was approximately sevenfold lower than that when only LSP was resonantly excited on the 

same substrate. The results of this study demonstrate high fluorescence enhancement through 

the coexcitation of LSP and PSP modes and pave a way for its implementation as a highly 

sensitive bioassay.

Keywords: gold nanohole array, localized surface plasmon, propagating surface plasmon, 

fluorescence enhancement, prostate-specific antigen

Introduction
Localized surface plasmons (LSPs) are collective electromagnetic oscillations confined 

to metallic nanostructures, attributed to the interactions between the incident light 

and metal’s surface electrons in its conducting band.1 This phenomenon has been 

demonstrated by tremendous applications on chemical and biological sensors.2–6 

Highly enhanced local electromagnetic fields created by the resonantly pumped 

plasmonic nanostructures result in greatly increased incident light absorption and 

enhanced emitter excitation, supporting surface-enhanced spectroscopies including 

surface-enhanced Raman scattering,7,8 surface-enhanced infrared spectroscopy,9–11 

and surface plasmon-enhanced fluorescence (SPFS).12–14 Surface plasmons (SPs) with 

field E
SP

 excited by an incoming light E
0
 can enhance fluorophore excitation rate and 

Raman scattering by factors up to |E
sp

/E
0
|2 and |E

sp
/E

0
|4, respectively.15–18 Various metal 

nanostructures have been reported for the enhancement of fluorescence emission, such 

as nanoholes,19–21 nanorods,22,23 core–shell nanoparticles,24–26 bowtie nanoantennas,27,28 

DNA-assembled nanoparticles,29 and antennas-in-box.30 The SPFS based on metallic 

thin film is usually achieved with Kretschmann configuration by coupling evanescent 
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waves with SPs, which has been reported for highly sensitive 

detection of biomolecules including biomarkers,31,32 toxins, 

and oligonucleotides,33 with the limit of detection (LOD) 

down to attomolar range.32 The propagating surface plasmon 

(PSP) typically provides surface field intensity enhancement 

|E
sp

/E
0
|2 up to 16-fold. The field enhancement by PSP could be 

further improved up to 60-fold by the excitation of long-range 

SP on a gold thin film coated on a dielectric layer having its 

refractive index close to water.34–37 Compared with the PSP on 

a metallic thin film, the LSP on metallic nanostructures typi-

cally offers higher confinement of the field with a penetration 

depth L
p
 from several to tens of nanometers, which is about 

tenfold lower than the conventional PSP (L
p
=180 nm). Such a 

highly confined LSP field on nanostructures has demonstrated 

a fluorescence enhancement of about 10- to 200-fold on an 

averaged area and 1,300-fold for a single dye positioned on 

the hot spot of a bowtie nanoantenna.38

However, the reaction volume on the nanostructures 

especially in the vicinity confined with high electromagnetic 

field is typically small, and the average fluorescence enhance-

ment over the whole substrate would be limited. To address 

this problem and improve field enhancement, combinations 

of LSP with PSP are considered. Simultaneous excitation of 

LSP and PSP was demonstrated on a random-distributed gold 

nanoporous membrane and a silver nanowell substrate.39,40 

However, the field enhancement for fluorescence excitation 

on this gold nanoporous membrane was not investigated 

yet. In addition, the coupling of LSP on Au nanoparticles 

with PSP on Au film was considered as another way to sig-

nificantly improve the field intensity between the gap of Au 

nanoparticles and Au film. This method has been reported 

for surface-enhanced Raman spectroscopy with an enhance-

ment up to 107-fold41 and fluorescence enhancement up to 

1,000-fold in such an individual plasmonic gap.42 However, 

this method has limited applications, as the gap between the 

Au nanoparticles and Au film is typically in a range of 5 nm 

that would not be feasible for the binding of large molecules 

such as antibodies in terms of biosensing.

In this paper, we simultaneously excited LSP and PSP 

on Au nanohole arrays under Kretschmann configuration for 

fluorescence enhancement and accordingly applied the fluo-

rescence for the detection of prostate-specific antigen (PSA) 

by a sandwich immunoassay. The Au nanohole arrays on a 

large area were prepared by a high-throughput process based 

on cost-effective nanoimprinting lithography.43 Fluorescence 

enhancement on the Au nanohole arrays by coexcitation of 

LSP and PSP was directly compared with only LSP mode 

excited on the same Au nanohole substrate. The coexcited 

LSP and PSP on the Au nanoholes were expected to provide 

higher field enhancement and thus there was higher sen-

sitivity compared with the excited LSP alone on the Au 

nanoholes. Considering the dependence of the fluorescence 

enhancement on the distance between the dye molecules and 

the gold surface, we used a sandwich assay to detect PSA 

on Au nanohole arrays. The sensor response and LOD based 

on the coexcitation of LSP and PSP were compared with the 

LSP mode on Au nanohole array.

Materials and methods
Materials
PSA, monoclonal PSA capture antibody (c-Ab), and poly-

clonal PSA detection antibody (d-Ab) were ordered from 

SCIPAC Ltd. (Sittingbourne, UK). The triethylene glycol 

mono-11-mercaptoundecylether (thiol-PEG, #673110), 

phosphate-buffered saline (PBS) buffer tablets, and Tween-20 

buffer were purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). The thiol-PEG7 acid (Thiol-COOH, #37156-

0795) was purchased from Polypure AS (Oslo, Norway). 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 

N-hydroxysuccinimide were purchased from TCI (Tokyo, 

Japan). Alexa Fluor 647 protein labeling kit (A-20173) 

was purchased from Invitrogen (Singapore) for labeling the 

d-Ab at a dye-to-protein ratio of ~4. Acetate buffer (10 mM, 

pH 5.0) was prepared by suitable mixing of sodium acetate 

and acetic acid that were obtained from Sigma-Aldrich Co.

Optical setup
As illustrated in Figure 1A, LSP and PSP on the gold surface 

were excited by attenuated total reflectance,37 where the 

transverse magnetic (p-polarized) beam emitted from a 

HeNe laser (λ=632.8 nm) was coupled into the attenuated 

total reflectance through an LASFN9 glass prism (Schott 

Glass Inc., Mainz, Germany). At the contact area to the prism 

base, the sensing substrate was applied with matching oil 

(n=1.700; Cargille Labs, Cedar Grove, NJ, USA) to match 

its reflective index with the prism. The prism was mounted 

on a motorized goniometer, and the angular reflectivity 

spectrum R(θ) was measured by using a photodiode detec-

tor with lock-in amplifier. Aqueous samples (at a refractive 

index around n
b
=1.333) were injected into a flow cell at a 

rate of 0.4 mL/min using a peristaltic pump, and the total 

volume of the injected sample was 800 μL. The fluorescent 

emission from the sensor surface in the flow cell was focused 

by a lens with a numerical aperture of 0.3 and then passed 

through two band-pass filters at a central transmission wave-

length of 670 nm, followed by intensity detection using a 
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Hamamatsu photomultiplier tube (H6240-01; Hamamatsu 

Photonics, Hamamatsu, Japan).

Sample fabrication
Au nanohole arrays were mass fabricated by nanoimprinting 

using a 4″ nickel mold.43,44 The nickel mold was obtained by 

electroplating and demolding nickel on a 4″ silicon wafer 

with resist nanopatterns produced by electron-beam lithog-

raphy. The Au nanohole arrays were designed to have a pitch 

p of 400 nm, diameter d of 140 nm, and thickness h of 50 nm 

(5 nm chromium and 45 nm of Au). Briefly, the Au nanohole 

array was fabricated by nanoimprinting the nickel mold on 

a ultraviolet (UV)-curable photoresist layer (mr-UVCur21-

300 nm; micro resist technology GmbH, Berlin, Germany) 

coated on a 4″ glass wafer. The nanoimprinted patterns went 

through reactive ion etching to expose the glass surface with 

an indented photoresist. Chromium film (5 nm) and gold film 

(45 nm) were subsequently deposited on the processed glass 

wafer, and the photoresist was removed by plasma etching 

to acquire the Au-hole array. The fabricated nanoholes were 

rinsed with acetone and isopropyl alcohol before use.

Surface modification
PSA was detected by immersing Au nanohole substrates in 

ethanol solution with 0.1 mM thiol-COOH and 0.9 mM thiol-

PEG for overnight. Afterward, the substrates were rinsed 

with ethanol and blown dried with N
2
, and mounted in a flow 

cell (at a volume of 100 µL) which allows the circulation of 

buffer with a peristaltic pump. Freshly prepared 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide (37.5 mg/mL) and 

N-hydroxysuccinimide (11.5  mg/mL) in deionized water 

were flushed into the flow cell to activate the carbon acid 

groups on the sensing substrate. c-Ab was anchored on the 

carbon acid group by incubating the substrate in 50 µg/mL 

c-Ab acetate buffer (pH 5.0) for 90 minutes.

Sandwich immunoassay of PSA
PBS-Tween 20 (PBST) buffer with various PSA concen-

trations was used as samples for sandwich assay of PSA. 

PSA immunoassay was performed by first incubating PSA 

samples with c-Ab-modified substrates for 30 minutes in flow 

cell, then rinsing with PBST for 2–3 minutes, and injecting 

d-Ab (10 nM in PBST) for 20 minutes. The fluorescence 

intensity was read after a 5-minute rinse with PBST buffer. 

The substrate was regenerated by rinsing with 0.1 M HCl for 

30 seconds before the injection of the next PSA sample.

Simulation method
COMSOL Multiphysics, which solves Maxwell equations 

with finite element method (FEM), was applied to simulate 

the plasmons. The dielectric function of Au for different 

wavelengths was obtained from the handbook by Palik and 

Ghosh.45 The refractive indices of air, water-based buffer, and 

glass substrate were set as 1, 1.33, and 1.52, respectively. 

Only a unit cell including one nanohole was simulated by 

setting Floquet periodic boundary condition at the sides 

Figure 1 (A) Scheme of Au nanohole substrate with prism coupling for surface plasmon-enhanced fluorescence for the sensing of PSA, upon the molecules binding around Au 
nanohole. (B) UV–vis transmission spectra of Au nanohole array measured in (1) water and (2) air, and (3) simulated transmission spectra of Au nanohole array in water.
Abbreviations: PSA, prostate-specific antigen; PSP, propagating surface plasmon; LSP, localized surface plasmon; c-Ab, capture antibody; d-Ab, detection antibody; UV–vis, 
ultraviolet–visible.
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of the unit cell. Obliquely incident and linearly polarized 

white light (400–900 nm) struck on the Au nanohole array, 

and the light was absorbed, reflected, or transmitted. The 

absorbed power was calculated by integrating the resistive 

heating within the volume of the Au nanostructures, and the 

reflected or transmitted power was computed by integrating 

the power flow on a far-field surface.46 The lump sum power 

of the simulated absorption, reflection, and transmission 

was compared to the power of the incident light to evaluate 

the simulation accuracy. Furthermore, the near-field power 

distributions on the nanoholes at the resonant wavelengths 

were directly obtained by the simulations.

Results and discussion
Characterization of nanostructures
The gold nanohole array substrates were fabricated based 

on nanoimprinted lithography, which is compatible with 

roll-to-roll printing and can be easily applied for high-

throughput manufacture. The AFM measurement indicated 

that the fabricated nanoholes have a diameter d of 140 nm, 

a pitch p of 400 nm, and a thickness h of 50 nm, as reported 

in our previous work.43,44,47 Figure 1A shows the schematic 

structure of gold nanohole and the plasmon-coupling method 

based on Kretschmann configuration. These parameters 

were optimized to have the plasmon mode overlapping with 

the excitation wavelength of Alexa 647 (λ
ex

=647  nm).46 

The ultraviolet–visible transmission spectrum of Au nano-

hole array in air showed two plasmon resonant peaks: 

λ
1
=604 nm for α plasmon mode on the top rims of the Au 

nanoholes and λ
2
=721 nm for β plasmon mode on the bottom 

rims of the Au nanoholes (Figure 1B).44 These two peaks 

shifted to higher wavelength of λ
1
=646 nm and λ

2
=795 nm 

as measured in water, due to the higher refractive index of 

water (n
water

=1.333) than air (n
air

=1). The peak at λ=500 nm 

indicated that the interband transition intrinsically exists in 

gold.48,49 An FEM simulation, carried out on Au nanohole 

with a hole diameter d of 140 nm, a pitch p of 400 nm, and 

a thickness h of 50 nm, indicated the α and β plasmon peaks 

at λ
1
=646 nm and λ

2
=760 nm, which were comparable to the 

experimental results as measured in water (Figure 1B).

Au nanohole arrays were used for the fluorescence 

enhancement based on LSP excitation with a typical electric 

field enhancement of |E
sp

/E
0
|2 .50 at a normal incident angle, 

which is able to improve the sensitivity by a factor of .10.21,44 

However, the strong electric field was only located around 

the top and bottom rims of the nanohole with a maximum 

field enhancement of |E
sp

/E
0
|2  =100, at a wavelength of 

λ=632.8 nm for an incident angle of 62.3° (Figure 2A and B),  

where only LSP mode was excited. In addition, due to the 

small field penetration depth, the rest of the Au surface had 

very limited field intensity and, therefore, low average field 

enhancement (Figure 2A and B). Compared with LSP, PSP 

has longer penetration depth and larger field coverage, but 

relatively lower field enhancement. To take advantage of 

both the PSP and LSP, we employed Au nanohole array 

for the simultaneous excitation of LSP and PSP for fluores-

cence enhancement with Kretschmann configuration and an 

incident p-polarized laser light of λ=632.8 nm (Figure 1A). 

The FEM simulation indicated that the field was strongly 

localized around the top and bottom rims of Au nanohole 

with a maximum field intensity enhancement up to a factor 

of |E
sp

/E
0
|2 =1,600 (Figure 2C and D) at an incident angle of 

73°, where the LSP and PSP were coexcited. The maximum 

field enhancement was ~16-fold higher than the LSP mode 

(|E
sp

/E
0
|2 =100) excited on Au nanohole array (Figure 2A 

and B; Table 1). In addition, the field intensity other than the 

Table 1 LOD for the detection of PSA on Au nanohole array 
substrates with LSP mode and coexcited LSP and PSP modes

LSP LSP + PSP

Maximum enhancement factor, |E/E0|
2 100 1,600

PSA (LOD) 0.94 pM 140 fM

Abbreviations: LOD, limit of detection; PSA, prostate-specific antigen; LSP, 
localized surface plasmon; PSP, propagating surface plasmon.

Figure 2 (A and C) The top views and (B and D) cross-sectional views of simulated 
distribution of electric field amplitude |E/E0| for Au nanohole with (A and B) LSP 
mode and (C and D) coexcited LSP and PSP modes at λ=632.8 nm with incident 
angles of 62.3° and 73°, respectively.
Abbreviations: LSP, localized surface plasmon; Max, maximum; min, minimum; 
PSP, propagating surface plasmon.
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rim of nanohole also showed much higher field enhancement 

as compared with the LSP mode (Figure 2A and C).

In order to explore the details of the field enhancement 

upon coupling of LSP and PSP modes, cross-sections of the 

electric field amplitude |E/E
0
| in the vicinity of nanoholes 

are plotted in Figure 3. These plots show that the field ampli-

tude decays exponentially away from the surface for LSP 

mode and coexcited LSP and PSP modes (Figure 3A and B). 

The field amplitude |E/E
0
| of LSP mode on Au nanohole 

surface decays from 10-fold (at x=70 nm, y=0) to 1-fold (at 

z=50 nm) as shown in Figure 3B. The electric field amplitude 

|E/E
0
| for coexcited LSP and PSP modes shows higher field 

amplitude and longer penetration depth with |E/E
0
| $5 at 

z#100 nm. Similarly, the lateral field distribution along the 

y-axis indicates that the overall field amplitude |E/E
0
| due to 

coexcited LSP and PSP at the Au nanohole substrate is about 

4- to 15-fold higher than the LSP mode (Figure 3C and D). 

In addition, the field intensity for LSP mode is only confined 

in the vicinity of Au nanohole within a ~100 nm circle con-

centric with the nanohole, while for the coexcited LSP and 

PSP modes, the field amplitude |E/E
0
| is nearly constant at 

7- to 10-fold within a 200 nm radius circle concentric with 

the nanohole. This is due to the excitation of PSP mode that 

has longer propagating length and larger field intensity.

Sandwich immunoassay of PSA
To prove the concept that the fluorescence coenhanced by LSP 

and PSP could improve the sensitivity for the detection of mol-

ecules, we compared the Au nanohole at 73° (coexcitation of 

LSP and PSP modes) and 62.3° (LSP mode) with a sandwich 

Figure 3 The simulated electric field amplitude |E/E0| as a function of distance z from the surface, for the resonant excitation of LSP (dashed lines) and coexcited LSP and PSP 
(solid lines) on Au nanohole array substrate at λ=632.8 nm. The field distributions are plotted for (A) x=0, y=70 nm and (B) x=70 nm, y=0. (C and D) The electric field amplitude 
|E/E0| as a function of lateral distance for different heights above the surface z=1, 5, and 10 nm for the resonant excitation of LSP (dashed lines) and coexcited LSP and PSP 
(solid lines). The field distributions are plotted for (C) x=0, z=1, 5, and 10 nm and (D) y=0, z=1, 5, and 10 nm. The cross points of x, y, and z axes are x=y=z=0.
Abbreviations: LSP, localized surface plasmon; PSP, propagating surface plasmon.
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Figure 4 (A) The angular SPR reflectivity (black square) and fluorescence spectra of Au nanohole array for the sandwich assay of PSA at concentrations of (1) 0, (2) 300 fM, 
(3) 3 pM, (4) 30 pM, (5) 300 pM, and (6) 3 nM. (B) Calibration curves for PSA detection based on Au nanohole with (1) coexcited LSP and PSP modes and (2) LSP mode. 
Error bars were obtained from the measurements on three different chips.
Abbreviations: SPR, surface plasmon resonance; PSA, prostate-specific antigen; LSP, localized surface plasmon; PSP, propagating surface plasmon.

∆

assay for PSA detection. The angular reflectivity spectrum of 

Au nanohole arrays showed a minimum reflectance at ~73°, 

which is due to the excitation of PSP mode (Figure 4A). While 

at the incident angle of 62.3°, only LSP mode was excited 

and PSP mode was negligible. After the immobilization of 

c-Ab, affinity immunoassay of PSA was investigated upon 

injecting a PSA solution at concentrations of 0–3 nM into the 

flow cell, followed by 10 nM d-Ab injection. Meanwhile, the 

fluorescence intensity was monitored at incident angles of 

62.3° and 73°. The coexcited PSP and LSP localized on the 

Au nanohole array provided fluorescence intensity changes up 

to 3.1×106 cps (Figure 4A), which is ~4.4 times higher than 

that excited by LSP only on the Au nanohole (7×105 cps).

The calibration curve in Figure 4B shows linear response 

with PSA concentration from 0.3  pM to 3  nM, and the 

response tends to saturate at a concentration of PSA .3 nM. 

The calibration curve also indicated an LOD for the detec-

tion of PSA down to 140 fM on Au nanohole substrate with 

coexcited LSP and PSP, which is about seven times higher 

than the LSP mode on Au nanohole (LOD =0.94 pM) at 

62.3° (Table 1). The LOD was determined by the concen-

tration of PSA whose signal equals to three times the stan-

dard deviation of the blank samples’ response (Figure 4B). 

The sensitivity of this method is comparable with that of 

the long-range SP-enhanced fluorescence based on three-

dimensional hydrogel-binding matrix (34 fM).37 However, 

it is two orders higher sensitivity than SP resonance direct 

detection (LOD of 30 pM).50 Overall, the coexcitation of 

LSP and PSP could significantly improve the field intensity 

around the nanostructures and thus improve fluorescence 

enhancement as compared with the case where only LSP 

was excited. In addition, the coexcitation of LSP and PSP 

has shown enhancement in a label-free sensor scheme for the 

detection of IgG on a microhole array substrate by monitoring 

the resonant wavelength shift.51

Conclusion
We have demonstrated the coexcitation of LSP and PSP for 

fluorescence enhancement on Au nanohole array substrates 

with Kretschmann configuration. This method allowed 

concentrating the electromagnetic field around Au nano-

hole, which theoretically provided up to 1,600-fold higher 

field intensity enhancement. In addition, the experimental 

investigation on the fluorescence enhancement indicated that 

compared with LSP mode alone excited on Au nanohole, the 

sensitivity of the sandwich assay of PSA on Au nanohole array 

substrates with the coexcitation of LSP and PSP was improved 

by sevenfold and the LOD decreased down to 140 fM for 

the detection of PSA. The future work includes the improve-

ment of nanostructure for high enhancement of fluorescence 

intensity and possibility for highly directional fluorescence 

emission.52 We believe that the method of simultaneously 

exciting LSP and PSP modes for fluorescence enhancement 

would pave the way to significantly improve the sensitivity 

of molecule detection and offers as a potential candidate for 

the early cancer diagnosis and food safety monitoring.
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