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Abstrakt 

Optické biosenzory založené na rezonanci  povrchových plazmonů (SPR) 
představují nejrozvinutější přímou (bezznačkovou) biodetekční technologii. Použití 
plazmonických nanostruktur pro rozvoj těchto biosenzorů může vést k dosáhnutí 
nižších detekčních limitů či pro vytvoření nových funkčních vlastností. Tato dizertační 
práce se zabývá pokroky ve výzkumu a vývoji plasmonických nanostruktur pro 
biodetekci, konkrétně se pak zaměřuje na pochopení plasmonických jevů, návrh a 
výrobu plasmonických nanostuktur a jejich využití v nových optických biosenzorech a 
to jak založených na měření indexu lomu, tak na povrchově zesílené Ramanově 
spektroskopii (SERS). V této práci byla teoreticky i experimentálně studována široká 
škála nanostruktur. Potenciál biosenzorů při využití těchto nanostruktur byl 
kvantitativně vyjádřen jako nejmenší detekovatelná koncentrace analytu a to 
v závislosti na optoelektronických vlastnostech detekčního systému a vlastnostech 
ovlivňující transport analytu k povrchu senzoru a jeho následný záchyt. Pomocí tohoto 
přístupu byly navrženy dva nové biosenzory a na modelových experimentech bylo 
demonstrováno zlepšení limitu detekce při srovnání s konvenčními SPR biosenzory. V 
rámci dizertační práce byly studovány také přístupy pro překonání omezení biosenzorů 
založených na SERS plynoucího ze závislosti intenzity SERS signálu na vzdálenosti 
analytu a detekčního povrchu. První přístup využil nanostrukturu citlivou na teplo, která 
pomocí přechodu mezi nabobtnalým a smrštěným stavem umožňovala aktivně ovlivnit 
tok kapaliny obsahující analyt do oblastí s velkou intenzitou elektromagnetického pole. 
Druhý přístup využil speciální mnohovrstevnatou nanostrukturu založenou na poli 
nanoděr, která umožňovala vybudit elektromagnetický mód, jehož intenzita dosahuje 
dále od zlatého povrchu struktury.   

 

Abstract 

Optical biosensors based on surface plasmons (SPs) present the most advanced 
label-free biosensing technology. The introduction of plasmonic nanostructures into 
biosensing is envisioned to provide plasmonic biosensors with improved performance 
or new functionalities. This dissertation describes several advancements in the 
development of plasmonic structures for plasmonic biosensing with a focus on the 
understanding, design, and fabrication of these structures and their use for the 
construction of novel optical biosensors based on refractometry and surface-enhanced 
Raman spectroscopy (SERS). In this work, a broad range of nanostructures was 
studied both theoretically and experimentally. The biosensing potential of such 
structures was evaluated in terms of the minimal detectable concentration and related 
to propertied of optical read-out platform and mass-transport efficiency. Based on the 
theoretical investigation performed in this work, two novel sensors based on 
nanostructures have been designed and shown to exceed the performance of 
conventional SPR biosensors. In order to overcome the limitations related to the 
distance between the molecule and the substrate in SERS-based biosensors, two 
novel approaches were pursued. In the first approach, a thermoresponsive 
nanostructure was used to actively trigger fluid flow to the regions of high 
electromagnetic field by its swelling and collapsing. In the second approach, a special 
multilayer nanostructure based on a nanohole array was researched to extend the 
electromagnetic field associated with surface plasmons farther from the sensing 
structure.  
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1 INTRODUCTION 

Over the last three decades, optical biosensors offered a unique way for the detection 

of chemical and biological species [1]. Optical biosensors can provide important 

benefits, such as the real-time observation of molecular interactions and the label-free 

detection and quantification of chemical and biological species [2]. Various optical 

platforms for label-free biosensing have been developed, including interferometric 

sensors, spectroscopic sensors based on absorption and Raman scattering, and 

sensors based on spectroscopy of guided modes [3].  

The biosensors based on the excitation of surface plasmons (SPs) present the most 

advanced technology in optical biosensors. The use of SPs enables squeezing the 

light tightly to the biosensor sensing surface thus boosting the sensitivity. Since their 

conception in the early 1990s, surface plasmon resonance (SPR) based sensors have 

become a key technology for the investigation of molecular interactions in molecular 

biology [4].   

 The introduction of plasmonic nanostructures into SPR-based biosensing at the 

beginning of the 21st century has opened a promising way to improve the optical 

biosensors' characteristics [5, 6]. The noble-metal nanostructures exhibit various 

plasmonic effects that offer unique properties. These effects include propagating SPs 

modes, localized SPs, the coupling of localized and propagating surface plasmons, 

lattice resonances, Fano resonances, etc. Each of the effects might provide different 

characteristics in terms of electromagnetic (EM) field distribution and spectral 

properties. Furthermore, a high intensity of electric field accompanying the excitation 

of SPs makes plasmonic nanostructures attractive for numerous other sensing 

approaches, including fluorescence and Raman scattering [7].  

Despite all the advances, many of the characteristics of plasmonic biosensors still 

need to be improved to match the requirements in relevant applications in medical 

diagnostics, food safety, security, and others. The requirements include performance 

merits (the lowest concentrations of the analyte to be measured, precision and 

repeatability of the measurement), instrumental properties (number of simultaneous 

analyses, time required for analysis, size of the instrument, cost of the instrument, and 
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single analysis). Many of these issues can be uniquely addressed by using suitably 

designed plasmonic nanostructures. 

This Dissertation is concerned with the theoretical and experimental research on 

nanostructures supporting surface plasmons and their application for biosensing 

carried out by the author in the Institute of Photonics and Electronics in Prague. 

Chapter 1 reviews the fundamental principles of surface plasmons supported by 

nanostructures and state-of-the-art in the biosensing using these SPs. Chapter 2 

defines the objectives of this dissertation, Chapter 3 presents the published results of 

the author’s research, and Chapter 4 summarizes the results of the research.  



 

 
10 

1.1 Surface plasmons 

Surface plasmons are surface-bound collective oscillations of charge at the boundary 

between a medium with unbound electrons (e.g. noble metals at optical frequencies) 

and a dielectric [8]. There are two fundamental forms of surface plasmons: propagating 

surface plasmons (PSPs) at the planar metal-dielectric interface, and localized surface 

plasmons (LSPs) at the metal nanoparticle (Figure 1).  

 

Figure 1: Illustration of charge distribution and the evanescent electromagnetic field of 

a propagating surface plasmon at planar gold film and localized surface plasmon at 

gold spherical nanoparticle.  

Two important properties characterize surface plasmons: 

1. The surface plasmons are associated with high electromagnetic fields in 

the close vicinity of the metal-dielectric interface. The amplitude of the 

electric field at the interface is increased up to a thousand times with respect to 

an incident field [9]. The field decays exponentially from the structure surface. 

The typical penetration depth is in order of hundreds (typical for PSPs) to tens 

(typical for LSPs) of nanometers. The areas with highly concentrated 

electromagnetic field are called “hot spots”. The extremely high field 

enhancement in hot spots arises from various mechanisms including 

constructive surface plasmons interference and enhancement due to specific 

morphology of the nanoparticle surface, such as enhancement at a sharp tip or 

in a narrow gap [10].  
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Figure 2: Illustration of electric field intensity in plasmonic hot spots: sharp tips and 

narrow gaps between the nanoparticles. 

2. Surface plasmons can be excited by light. There are fundamental differences 

in conditions for excitation of different SPs. There are SPs that are accessible 

(bright modes) and inaccessible (dark modes) by an incident linearly-polarized 

plane wave. Some of the SPs require a special coupler, such as a prism or a 

grating. The interaction of the light with SPs is governed by both SP’s properties 

(based on the nanostructure shape, size, and material) and incident light 

properties (angle of incidence, polarization, and wavelength). Importantly, the 

interaction of excitation light with the SPs results in strong wavelength-

dependent characteristics (such as wavelength-dependent absorption or 

scattering). 

1.2 Nanostructures supporting surface plasmons 

Various types of surface plasmons can be supported by complex metallic 

nanostructures. There has been extensive theoretical and experimental research over 

the last decade covering different materials, shapes, and excitation schemes [5, 11, 

12]. Many different materials are suitable for the excitation of SPs. Gold is undoubtedly 

the most used noble metal for many applications in visible and near-infrared; notably 

in biosensing, gold is used due to its convenient optical properties and its high chemical 

stability. In the following sections, the most prominent types of plasmonic 

nanostructures are discussed with respect to the modes they support: namely metal 

layers and waveguides, metal nanoparticles, and nanohole arrays in the metal layer. 

1.2.1 Metal layers and waveguides 

The structure that consists of a single interface between metal and dielectric can 

support (and guide) the propagating surface plasmon (PSP). The PSP mode is 

characterized by its electromagnetic field distribution and a propagation constant. The 

electromagnetic field of PSP is maximized at the interface and decays exponentially 

from the interface. The decay length from the interface is the penetration depth. The 
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electromagnetic field is also characterized by having only three non-zero components 

being transverse-magnetic. The propagation constant of PSP kPSP can be expressed 

as 

 0 ,m d
PSP

m d

k k
ε ε

ε ε
=

+
  (1) 

where k0, m
ε , 

d
ε  are wavenumber in a vacuum, a dielectric constant of the metal, and 

a dielectric constant of the dielectric medium, respectively. 

A metal layer sandwiched between two dielectrics supports also SPs. If the 

thickness of the metal layer is much larger than the penetration depth, the layer 

supports two independent SP modes. Once the thickness of the metal layer decreases, 

the SPs on the opposite boundaries of the layer couple and create mixed SP modes 

[13]. For a symmetric structure (both dielectric mediums are of the same dielectric 

constant), the two modes originate: symmetric (long-range) and antisymmetric (short-

range) SPs. The former naming system refers to the symmetry in the distribution of a 

magnetic field and the latter refers to the level of attenuation in the direction of 

propagation as well as the penetration depth. For an asymmetric structure (the 

dielectric media are of different dielectric constant), the symmetric SPs ceases to exist 

as the thickness of the metal layer decreases (mode cut-off). 

The 2D-infinite metal layer confines the EM field in a single dimension only. To 

confine the EM field even more closely in the plane perpendicular to the direction of 

propagation, a metal layer might be limited into a stripe of finite width (also called a 

wire or ribbon). A single metal stripe can support plasmonic modes as analyzed by 

Berini [14, 15]. Mode analysis of the stripes with a width of 0.5 um and 1 um was 

presented for various thicknesses of the gold stripe and various refractive indices of 

the surrounding medium. There are four fundamental modes related to symmetric and 

antisymmetric coupling between 4 different faces of a stripe. The full mode structure is 

rather complicated and depends strongly on the material and geometrical properties of 

the stripe. Contrary to the plasmonic modes supported by an infinite 2D layer, all the 

components of the EM field have non-zero values (no transverse-magnetic or 

transverse-electric modes), although some of the transversal components might 

dominate.  
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1.2.2 Metal nanoparticles 

Small subwavelength metal nanoparticles (NPs) support localized surface plasmons 

(LSPs). The fundamental mode of the NP is a dipolar LSP. For a spherical particle, the 

electric field distribution is illustrated in Figure 3.  

 

Figure 3: Extinction cross-section and electric field distribution E at the resonant 

wavelength of Au sphere with a diameter of 80 nm [5]. 

The frequency of dipolar mode depends on the NP material, size, shape, and 

permittivity of the surrounding medium. The effect of the NP shape on surface plasmon 

is illustrated in Figure 4. The dark field image shows directly that the color of the 

maximum scattered intensity (i.e. surface plasmon frequency) is changing with NP 

shape. The extinction cross-section for a spherical particle is shown in Figure 3. 

 

Figure 4: Scanning electron microscopy image (top) and dark field image (bottom) of 

various nanoparticles – nanorod, nanodisk, small and large triangle [16]. 

Unlike a spherical particle, a metallic nanorod supports two fundamental LSP modes 

– longitudinal and transversal. The longitudinal and transversal modes are excited 

when the incident light is polarized parallel to the long and short axis respectively 

(Figure 5, left). The electric field of longitudinal mode is strongly enhanced at the tips 

of nanorod (right) and the resonant frequency strongly depends on the rod aspect ratio 



 

 
14 

(length/width). The optimal ratio varies depending on application [17, 18]; in 

biosensing, nanorods with the aspect ratio between 3 and 4 provide the best 

performance [19, 20]. 

           

Figure 5: Longitudinal and transverse mode of gold nanorod (left) and enhancement 

of electric field at nanorod tips [21] (right). 

1.2.3 Nanohole arrays 

Various complex nanostructures support modes that arise from the mixing of localized 

and propagating surface plasmons. Among those, nanohole arrays exhibit a 

phenomenon called extraordinary optical transmission [22], which is a product of 

multiple effects [23, 24]. Most importantly for periodic arrays, the PSPs are excited by 

diffractive coupling and the EM field interacts with the plasmonic mode of the single 

nanohole. Also, propagating SPs may be excited in the form of an SP-Bloch wave. The 

electric field in the vicinity of the nanohole is illustrated in Figure 6.  

 

Figure 6: Reflectance/transmittance and electric field distributions E at the resonant 

wavelength for nanohole array with a diameter of 120 nm in Au film with a thickness of 

80 nm [5]. 
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A nanohole array may be combined with a dielectric spacer, and metal nanodiscs 

placed under the nanoholes. In addition to the previous case, the mode structure 

includes LSP modes of the discs and the mode (resonance) of the cavity originating 

as a Fabry-Pérot resonance between the top (nanoholes) and bottom (nanodiscs) layer 

[25, 26].   
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1.3 Biosensing using plasmonic nanostructures 

Surface plasmons combine two interesting features: they are sensitive to local 

refractive index changes and also they create a locally enhanced electromagnetic 

field. They can thus be used for both affinity biosensing as well as for surface-

enhanced spectroscopies such as Surface-Enhanced Raman Spectroscopy (SERS) 

[7].  

1.3.1 Plasmonic affinity biosensors 

Plasmonic affinity biosensors use the plasmonic modes for refractometry of 

biomolecules adsorbed on a surface of a plasmonic structure. The principle of 

plasmonic affinity biosensors is depicted in Figure 7. Light is coupled to SPs. A 

molecule of interest (an analyte) is bound to the biorecognition layer on the surface of 

the plasmonic structure increasing a local refractive index. This refractive-index 

change is then monitored via change of any of the characteristics of the light coupled 

to SPs (intensity, resonant wavelength, or phase). 

 

Figure 7: Affinity biosensing principle using plasmonic structure: an analyte is captured 

by a biorecognition layer. 

The plasmonic biosensors use different mechanisms for the coupling of light into the 

surface plasmons. The most important geometries are illustrated in Figure 8. The 

excitation of propagating SPs supported by the metal layer requires a special coupling 

mechanism due to the momentum conservation, such as a prism coupler (A), a high-

numerical-aperture microscope objective (B), or a grating coupler (D). In contrast, the 

excitation of localized SPs does not require any special coupling optics, but the 
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excitation of LSPs supported by metal NPs is often combined with bright-field or dark-

field microscopy (C).  

The optical nanostructure and its optical interrogation system are usually interfaced 

with a microfluidic cell. In this microfluidic cell, the liquid sample (containing an analyte) 

flows over the optical structure and the analyte might be captured by a biorecognition 

element. The analyte transport to the sensing surface is a process led by a complex 

interplay between convection, analyte diffusion, and an analyte-receptor reaction 

under the factors governed by a geometrical design of the microfluidic cell and optical 

nanostructure. All these aspects drive the rate of analyte collection on the surface 

which is then read by an optical system. The analyte transport is thus one of the main 

processes which influence the performance of the plasmonic biosensor.  

 

Figure 8: Optical excitation of surface plasmons: A – a prism-based attenuated total 

reflection configuration for SPR imaging or spectroscopy, B – a high numerical 

aperture objective configuration for SPR microscopy, C – transmission arrangement 

for localized SPR microscopy, and D – a collinear transmission arrangement (Image 

taken from Appendix I) 
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Performance characteristics 

The ability to detect small changes in the refractive index is the main optical 

performance characteristic of a plasmonic biosensor. It is often quantified as the bulk 

sensitivity S , which is defined as the ratio between measured quantityY and the bulk 

change of refractive index n  

 = .
Y

S
n

∂
∂

  (2) 

The measured quantity Y  relates to the used interrogation method. Typically, Y  is the 

wavelength of resonance in broad-band spectroscopy, the angle in angular 

spectroscopy, and the intensity/phase of light in imaging/microscopy of surface 

plasmons.  

The bulk sensitivity is strongly affected by the level of localization of the 

electromagnetic field around the plasmonic structure. Higher bulk sensitivity does not 

necessarily result in a higher detection response to local (surface) refractive index 

change surfn . For this reason, the surface sensitivity surfS  considers that the change 

occurs only in a thin layer at the vicinity of the structure surface 

 surf

surf

=
Y

S
n

∂
∂

 . (3) 

Both these sensitivities do not include the effect of the spatially inhomogeneous 

electromagnetic field around the structure. This is especially important for 

nanostructure-based sensors as the electromagnetic field is strongly confined to hot 

spots. It was demonstrated that the particle’s “hot spot” is the volume with the highest 

refractive-index sensitivity [27]. The shift of SP resonance was reported to be spatially 

variable for the nanorods [28] and nanodisks [29]. Nanodisk local sensitivity is depicted 

in Figure 9. 
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Figure 9: Shift of resonance (~sensitivity) for local change of refractive index at 

nanodisk surface and its corresponding electric field intensity [29]. 

The RI sensitivity describes the magnitude of the sensor output change with RI 

change; however, such RI sensitivity does not describe fully the ability to resolve these 

RI changes. To describe this ability, various figures of merit (FOMs) were introduced. 

The FOM for spectroscopy is defined as a ratio of sensitivity to the width of the 

resonance feature (full width in half maximum – FWHM) [4] 

 FOM
FWHM

S= . (4) 

The FOM* for intensity-based sensors is defined as the relative change of intensity 

with respect to the change of refractive index 

 
d / d

FOM*
I n

I
=  . (5) 

These FOMs are rather the result of empirical description of sensor performance. The 

RI sensor performance is directly quantified as a bulk RI resolution and expressed as 

 RI
Y

S

σσ =  ,  (6) 

where 
Y

σ  sigma is noise in sensor output. The typical RI resolution for plasmonic 

sensors is in the range of 10-6 to 10-7 [5]. It is possible to show that the value 
RI

σ  is 

indirectly proportional to FOM [30]. 

The ability of a biosensor to detect a low number of molecules is usually described 

as the limit-of-detection and is expressed as 
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 blankLOD
S

σ
Γ

=  , (7) 

where blankσ  is a standard deviation of sensor output to a blank sample and SΓ  is the 

sensitivity of the sensor output to the analyte concentration. The standard deviation of 

sensor output blankσ  is ultimately limited by instrumental noise.    

The optimization of biosensing performance of plasmonic nanostructure is a 

complex task, where the application parameters (such as the size of analyte and the 

thickness of biorecognition layer) must be considered. In the recent review [5], the 

various modes on plasmonic structures were compared in terms of sensitivity and 

FOM. In general, the plasmonic structures with a rather short field penetration 

(localized surface plasmons) may be more efficient for smaller analytes.  

1.3.2 Surface-enhanced Raman spectroscopy biosensors 

Biosensors based on surface-enhanced Raman spectroscopy (SERS) use a metallic 

surface to enhance the inelastic Raman scattering of light on molecules. It provides 

the fingerprint of the molecular rotational-vibrational spectrum. SERS was the first 

vibrational spectroscopic technique claiming single-molecule sensitivity [31]. 

The enhancement factor (EF) is defined as the ratio between the SERS intensity of 

a given band and Raman intensity under the same but non-SERS conditions. 

Enhancement factors up to 1012 have been reported. The mechanism of enhancement 

is still not fully understood, but the enhancement is traditionally separated into two main 

parts [32]: chemical enhancement and electromagnetic enhancement. The 

electromagnetic enhancement is considered to be the largest contribution to the SERS 

signal. The enhancement arises from the large local electric fields. For plasmonic 

nanostructures, the electric field is increased by a factor of ten to thousands [33]. 

Considering approximation of only two fundamental mechanisms within classical 

theory – enhancement of local field (excitation) and radiation (re-emission), larger 

Stokes shifts and strong wavelength dependency of local field (what is the case of 

plasmonic nanostructures), and neglecting vector nature of the optical field, the SERS 

EF is 
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2 2

2 2

| ( ) | | ( ) |
EF

| ( ) | | ( ) |
loc L loc R

inc L inc R

E E

E E

ω ω
ω ω

∝  , (8) 

where Lω  is excitation wavelength, Rω  is Raman-shifted wavelength, Eloc is local field 

and Einc is the incident field. The equation (8) shows that for a selected excitation and 

Raman band, the optimal condition for EF enhancement requires the surface plasmon 

frequency to be between excitation frequency and Raman-shifted frequency [7]. The 

formula also describes the enhancement at one place, often referred to as single-

molecule enhancement. To achieve a full evaluation of the performance of a SERS 

substrate, the EF is spatially and spectrally averaged. 

Assuming small Stokes shift and vector nature of the optical field, the SERS EM 

enhancement factor EF can be expressed in simple the “E4 approximation” 

 
4

4

| ( ) |
EF

| ( ) |
loc L

inc L

E

E

ω
ω

∝  . (9) 

  

Figure 10: Electromagnetic field and the calculated SERS EF distribution A – in the 

nanogap (distance 2 nm) between two gold nanospheres (diameter 30 nm) with 

polarization along the vertical axis of the dimer and B – gold tip at two excitation 

wavelengths, 559 nm, and 633 nm. C and D shows SERS EFs 

distribution versus excitation wavelength in the region from 400 nm to 700 nm and the 

distance from the hot spot (in nm) [34, 35]. 
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In Figure 10, the equation (9) was used to describe how enhanced electric field (for a 

tip and gap plasmonic hot-spots) influences the SERS EM enhancement factor. The 

SERS enhancement is spatially inhomogeneous, reaching several orders of magnitude 

higher EF in the very center of the hot spot than at the distance of 10 nm. The distance 

of the molecule from the surface is one of the factors limiting the magnitude of the 

SERS signal.   
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2 THE GOAL OF DISSERTATION 

The main goal of this doctoral research is to expand the understanding of the 

plasmonic modes supported by nanostructures and exploit this knowledge for the 

development of novel biosensors. 

 

In order to achieve this goal, the following objectives have been set: 

• To analyze plasmonic modes of nanostructures suitable for biosensing. 

• To analyze the performance merits of plasmonic biosensors with respect to 

the geometrical parameters of the nanostructures. 

• To fabricate and characterize the selected nanostructures. 

• To develop novel biosensors based on fabricated nanostructures for both 

plasmonic affinity biosensing and surface-enhanced Raman spectroscopy, 

which will provide a performance improvement or novel functionalities when 

compared with the current state-of-the-art biosensors. 
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3 RESULTS 

This presented doctoral dissertation has resulted in 6 published papers authored or 

co-authored by the author of the thesis. The contribution of the author of the 

dissertation to each of these papers is provided in List of appendices. The results are 

organized into two subchapters, which focus on plasmonic nanostructures for affinity 

biosensors and plasmonic nanostructures combined with SERS. 

3.1 Plasmonic nanostructures for affinity biosensors 

The introduction of plasmonic nanostructures into biosensing has opened the door to 

novel sensing concepts offering potential benefits over continuous film SPR 

biosensors. One of the main benefits of nanostructure-based biosensors is a faster 

sensor response due to a lower sensing area and thus arguably a lower amount of 

captured molecules required to produce a sensor response. The faster sensor 

response might lead to an increased analytical biosensor performance in terms of the 

smallest resolvable amount of an analyte.  

To analyze the performance of the plasmonic biosensor, a routine approach uses 

solely the optical characteristics of FOM. The role of analyte transport to 

nanostructures is an important but often overlooked theme despite its high contribution 

to the level of performance. For this reason, a multiphysical approach for the analysis 

of plasmonic biosensors is highly required. Moreover, such an approach can reveal 

the conditions and design parameters under which the performance of nanostructure-

based plasmonic biosensors can surpass the performance of their continuous film-

based counterparts. 

In Appendix II, we addressed this issue by describing how the analyte capture 

depends on various parameters of the biosensor; in particular, we focused on design 

parameters of the micro- or nanostructures, characteristics of the interacting 

molecules, and the geometry of the microfluidic cell. We proposed an analytical model 

of the analyte transport in microfluidic systems interfaced with micro- and 

nanostructures. Each of these structures is characterized by its fill factor f  (analyte 

capturing area over the whole surface area). The analytical model of mass transport to 

these structures is an empirical model based on the results of numerical simulations. 
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These were obtained by using the finite element method (COMSOL package).  In the 

empirical model, the steady-state diffusion-limited mass-transfer coefficient (the rate of 

analyte transport to the surface of a nanostructure) is estimated by  

 
2 1

k
m p

k

R f
k k

R f f

−=
− +

,  (10) 

where /
k np p

R k k=  is a ratio of the mass transfer coefficient for an individual plasmonic 

element composing the array  
np

k  existing outside the influence of any other 

functionalized elements, with respect to the mass transfer coefficient for a continuous 

surface 
p

k  . 

The theoretical model was verified by a series of experiments using a diverse group 

of micro- and nanostructures (microwires, nanodisks, and nanorods) and diverse 

analyte/receptor systems (DNA, RNA of different sequences). Firstly, these micro- and 

nanostructures were designed to allow a relatively wide range of possible fill factors by 

using computational electromagnetic methods (such as rigorous coupled-wave 

analysis for microwires and coupled dipole approximation for nanorods and 

nanodisks). Subsequently, the samples of micro and nanostructures were fabricated. 

The samples of microwires were fabricated by maskless UV lithography (widths of wire 

were 1.4, 10, and 100 μm, fill factors between 0.16 and 0.64), the samples of nanorods 

were fabricated by electron beam lithography (nanorod dimensions were: 110 nm × 

30 nm × 30 nm, fill factors were between 0.01 and 0.05) and the samples of nanodisk 

were fabricated by the hole-mask colloidal lithography (nanodisk diameter was 

110 nm, fill factor was 0.2). The samples were then interfaced with an optical prism 

(used for light coupling through an attenuated total reflection) and a microfluidic cell 

using various channel designs as illustrated in Figure 11. 
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Figure 11: Illustration of the experimental arrangements for reported experiments – 

samples of microwires (A), nanorods (B), and nanodisks (C) with respective channel 

designs. 

Plasmonic features were observed in normalized spectra and allowed recording 

sensor responses (shifts of resonance wavelength) to various analytes. We performed 

model oligonucleotide detection experiments. In particular, the kinetic analysis of the 

observed sensor response was used to extract the mass-transfer coefficients for the 

micro- and nanostructures and the mass-transfer coefficients are compared with those 

obtained with the SPR biosensor based on an unstructured gold film. To directly 

compare the analyte transport to nanostructure-based sensors with the analyte 

transport to a flat-film-based sensor, we calculated also mass transfer enhancement 

defined as 

 m

p

k
E

k
= .  (11) 

The observed mass-transfer enhancements follow the trends theoretically predicted by 

the analytical model as depicted in Figure 12. For fill factors approaching 1, all the 

mass transfer enhancement for all the structures approaches the trend of 1/f. 

Generally, the structures with small feature sizes (nanodisks, nanorods) preserve 1/f 

trend also for lower fill factors whereas the structures with large feature sizes 

(microwires) do not provide further enhancement with lower fill factors. The analytical 

model correctly describes a deviation for these lower fill factors for all the structures. 
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Figure 12: Mass transfer enhancement for different fill factors and different micro- and 

nanoplasmonic biosensors. 

The results of the study Appendix II highlight that the analyte transport has to be 

considered during the design of nanostructure-based sensors and provide the 

analytical expression for accurate and simple calculation of the effect. Moreover, the 

study shows, that the analyte transport can be significantly enhanced (up to 100 times 

with a fill factor of 0.01) when using nanostructures resulting in the improved sensing 

performance of plasmonic nanobiosensors. 

The performance of the nanoplasmonic biosensor is proportional to both the optical 

performance and the mass transport performance. These two properties are strongly 

affected by a variation in the fill factor of a nanostructure. Generally, the optical 

performance decreases, and mass transport performance increases with decreasing 

fill factor. The resulting trend of the biosensor performance is thus given by the 

interplay of these two competing effects. 

To describe the full dependency of analytical performance on the fill factor, we 

proposed a novel universal model of the performance of nanoplasmonic biosensors in 

Appendix III. This universal model relates the performance characteristics of a 

biosensor with the design parameters of a plasmonic nanostructure, the microfluidic 

conditions, and the properties of the interacting molecules. Firstly, the minimal 

detectable concentration was expressed as 

min

3
c

S

σ
κΓ

=  
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where σ  is the standard deviation of sensor response (noise), SΓ  is the sensitivity of 

sensor response to the changes of the surface density of the captured analyte, and κ  

is the efficiency of analyte transport from a bulk solution to the sensor surface and 

analyte capture by receptors. Secondly, all these three aspects were analytically 

estimated by appropriate theoretical models. Contributions of these aspects are also 

pronounced directly in the measured sensor responses. In an SPR biosensor based 

on a gold continuous film, the large read-out area and small mass transfer efficiency 

manifest as high signal-to-noise but slow sensor response. In contrast, in 

nanoplasmonic sensors, the small read-out area and high mass transfer efficiency 

result in low signal-to-noise but fast sensor response. 

We applied the proposed theoretical model for the study of a nanoplasmonic 

biosensor based on an array of gold nanorods. We fabricated a series of samples with 

different packing densities of arrays (1-16 nanorods/µm2) by electron beam lithography 

(Figure 13 A). We interfaced these samples with an attenuated-total-reflection-based 

read-out system and recorded spectra (B). As seen in Figure 13, these recorded 

spectra (C) corresponded well with the spectra obtained by a numerical simulation 

using the finite-difference time-domain method (Lumerical FDTD) combined with an 

analytical approximation based on island film theory (D).  

 

Figure 13: A – SEM images of sensing substrates with different fill fractions.  

B – Schematic of the biosensor. C – Experimental and D – theoretical reflectance 

spectra of the sensing substrates at optimal angles of incidence. 
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Subsequently, we used the nanorod arrays with different fill factors for the detection 

of single-stranded DNA (poly-A). We extracted the minimal detectable concentration 

for these biosensors based on different fill factors and showed this dependency in 

Figure 14. The minimal detectable concentration approaches a minimum for the fill 

factors of 0.04 and 0.08. Moreover, the nanorod-based biosensor offers a significant 

detection performance improvement over the standard SPR system (by a factor of 7) 

when the optimal packing density is selected. These trends were also confirmed by the 

results of theoretical model which predicts the performance increase by an order of 

magnitude.  

 

 

Figure 14: Comparison of the theoretical model with the experimental data showing 

the dependency of the smallest detectable concentration of the analyte that can be 

detected by a biosensor on the fill fraction of the sensing structures. 

Importantly, the performance model of biosensors reported in Appendix III can be 

applied to a wide variety of optical platforms, nanoplasmonic sensing structures, and 

detection assays and used as an optimization tool to find the best biosensor design. It 

also emphasizes the role of the fill factor of the nanostructure, which has been shown 

to play an important role in both the noise of the optical measurement and in mass 

transfer. 

The models developed within Appendix II and III also clarified the role of a size of 

a single plasmonic element which constitutes the array in the performance of the 

plasmonic biosensor. In general, the smaller elements provides higher mass transport 

enhancement and thus might lead to the higher performance of plasmonic biosensor. 
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In contrast, the small feature size of the plasmonic element requires more demanding 

fabrication techniques. To address both issues simultaneously, we used an array of 

gold nanostripes (Appendix IV). Gold nanostripes still require for its fabrication the use 

of nanopatterning techniques (such as electron beam lithography), but their 

dimensions result in a more stable fabrication process in comparison with previously 

reported gold nanorods. 

The biosensor was designed in two consecutive steps. Firstly, the reflectivity of the 

nanostripe array was analyzed for various geometrical parameters of a single 

nanostripe (a width and a height) and a fixed period using rigorous coupled-wave 

analysis. Suitable geometrical parameters were selected in order to maximize the 

contrast of a resonance dip in the spectrum. For the wavelength corresponding to the 

minimum of the dip, the nanostripe array supports a plasmonic mode propagating 

along the nanostripes (Figure 15 A). The used fundamental plasmonic mode exhibits 

a maximum electric field on the top face of the nanostripe and thus is a mode with a 

potentially high sensitivity to RI (Figure 15 B). Secondly, the biosensing performance 

of a sensor using these nanostripe arrays was analyzed. In particular, the theoretical 

analysis encompassed the study of the effect of the nanostripe array period on the 

performance of a biosensor based on two different approaches: a complex 

performance model incorporating optical characteristics of the nanostructure as well 

as the actual noise characteristics of the optical readout system and a simple model 

based solely on the figure of merit of a plasmonic nanostructure. 
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Figure 15: A – Scheme of the plasmonic nanostripe array, B – modulus of electric field 

for one period of a nanostripe array (height – 200 nm, width – 100 nm, period –  2 μm, 

wavelength – 850 nm), C – reflectivity spectra calculated for nanostripe arrays with 

6 different periods by RCWA, D – normalized spectra measured for nanostripe arrays 

with 6 different periods (internal angle of incidence – 75 deg, sample  –  deionized 

water). 

To experimentally verify the biosensor design, we have prepared gold nanostripe 

arrays of different parameters using electron-beam lithography. The samples were 

interfaced with a spectroscopy-based laboratory platform, which was modified to allow 

for conducting experiments under conditions suitable for excitation of surface 

plasmons on nanostripes (large angle of incidence, different beam sizes). The 

microfluidic system was modified to provide a sample flow that is orthogonal with 

respect to the direction of nanostripes as this is intrinsic. The comparison of theoretical 

and experimental spectra is shown in Figure 15 C and D. The contrasts of the dips 
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related to the excitation of surface plasmons are lower in the experiments than those 

provided by the theoretical calculations. Subsequently, the sensor was characterized 

in refractometric experiments in which refractive index sensitivity and the best 

refractive index resolution were shown to be 1989 nm/RIU and 3.6×10-7 RIU. The 

biosensing performance was characterized using a model detection of an MDS-related 

nucleic acid (miRNA-125b) in a buffer. The 4 different NW arrays (periods from 2 to 8 

μm) provided different mass-transport properties as illustrated by different binding 

rates in the calibration curves in Figure 16 A. Minimal detectable concentration in 

Figure 16 B showed the best sensing performance for a 4 μm period. In particular, the 

biosensor can detect miRNA-125b at concentrations down to ~ 17 pM and provides a 

limit of detection better by a factor of ~ 2 than that of a conventional SPR biosensor. In 

comparison, the theoretical analysis suggested that the optimized biosensor is able to 

detect molecular analytes at concentrations lower by a factor of ~10 than the SPR 

biosensor using a continuous gold film. 

 

Figure 16: Detection of miR125b by the nanostripe-based plasmonic biosensor:  

A – Calibration curve and B – the minimum detectable concentration for 4 different 

periods of nanostripe array biosensor and SPR biosensor based on a continuous gold 

film. 

The presented combined results in Appendix IV show how to improve the 

bioanalytical performance of the nanoplasmonic biosensor by selecting the appropriate 

packing density of plasmonic elements. The results also suggest an avenue for further 

improvement of the performance of this biosensor as the sidewalls of the nanostripes 

were not passivated against the binding of the analyte. The binding to the sidewalls 
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does not contribute significantly to the sensor response but removes the analyte from 

the liquid sample; thus the reduction of analyte binding to these areas should improve 

mass transfer and the performance of the biosensor even more. 
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3.2 Plasmonic nanostructures combined with SERS 

Plasmonic sensing based on surface-enhanced Raman spectroscopy (SERS) is 

influenced by the distance of the molecule from the surface of the nanostructure and 

the magnitude of the electric field therein. The plasmonic nanostructures offer many 

different routes to redistribute the electromagnetic field. We present two types of 

nanostructures based on nanohole arrays (NHAs) to enhance the interaction of the 

plasmonic field with a Raman scattering molecule. 

Nanohole arrays are frequently used substrates for both SERS and affinity 

biosensing due to easy fabrication and tunable operation. The NHAs provide the 

maximum intensity of electric field around the nanohole and inside the cavity. To deliver 

molecules of interest therein, two arrangements are considered. In a traditional 

arrangement, NHAs are employed as a sensor in a flow-over format; however, the 

performance is then strongly limited by mass transfer to the nanoholes and inside. In 

an unconventional format, the NHAs are employed as a sensor in a flow-through 

format; however, this approach requires fabricating NHA onto a nitride membrane and 

such nanostructure tends to be fragile. 

To overcome these limitations, we firstly proposed an approach employing flow-

through NHA without the need for a nitride membrane (Appendix V). In this approach, 

the analyte flows through the porous hydrogel, which also constitutes a dielectric 

spacer between a nanohole array and a complimentary nanoparticle (Figure 17). The 

NHA-nanoparticle stack is then used to enhance the interaction of the electromagnetic 

field with the bound molecules. Moreover, the porous hydrogel can be actively driven 

to swell or collapse by a temperature. Below the critical temperature (32°C for the 

hydrogel used in the study – poly(N-isopropyl acrylamide)), the swelling of the 

hydrophilic hydrogel is accompanied by a liquid flow from the vicinity of the structure 

into the pores dragging the analyte inside. The hydrogel thus might serve as a quasi-

3D matrix to capture the analyte. Above the critical temperature, the hydrogel’s matrix 

collapses while expelling all the water. 
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Figure 17: A – Schematics of plasmonic nanostructure composed of periodic nanohole 

arrays and B – the cross-section of the spatial distribution of the electric field amplitude 

for the plasmonic modes of the structure. 

We analyzed the interaction of light with nanostructure by using Lumerical FDTD. 

The interplay between different modes (propagating mode on a perforated film, 

localized mode on a gold disk) was described with respect to the thickness and optical 

properties of the hydrogel layer. Subsequently, the samples of nanostructures with 

selected parameters were fabricated using UV nanoimprint technology combined with 

a template stripping method. The samples were characterized by recording normalized 

transmission spectra with varying angles of incidence and correspondence between 

the resonance peaks and dip in the theoretical simulations and experiments was 

identified. 

To confirm the temperature-dependent behavior of the porous hydrogel, the 

samples were interfaced with an optical platform with a temperature-stabilized 

chamber. The temperature of the sample was swept between 22°C and 38°C with the 

increment of a single degree and the transmission spectra were recorded. Most 

importantly, the significant shifts of the peaks were observed above the critical 

temperature (Figure 18).    
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Figure 18: Dependence of spectral position of plasmonic features B and C plotted as 

a function of time for different temperatures in the range of T = 22 °C to T = 38°C. 

To explore the potential of the developed hybrid nanostructure for biosensing, we 

carried out two experiments: affinity-based biosensing and SERS-based biosensing.  

In the first experiment, we have directly monitored the covalent coupling of the 

mouse immunoglobulin G (mIgG) to a hydrogel layer while passivating the top surface 

of the nanostructure. By comparing sensor responses for two different resonances, we 

have shown that the mIgG molecules were able to penetrate through the pores into the 

swollen hydrogel while not biding directly to the gold surface of the nanostructure.  

In the second experiment, we have tested the samples with hybrid nanostructures 

as a SERS substrate. The SERS spectrum of the pristine sample is rather complex 

due to the direct contact of a plasmonic structure and a hydrogel material (namely its 

benzophenone units) The observed peaks are close to previously reported values for 

this hydrogel. After the characterization, the samples of hybrid nanostructures were 

incubated overnight with a Raman label of 4-mercaptobenzoic acid (4-MBA) to form a 

monolayer. The main peaks connected with the label (1071 cm-1 and 1581 cm-1) 

appeared in the measured spectra. Furthermore, we have compared the spectra 

before and after the hydrogel collapsing and the increase of the signal as high as 45 

% was observed.  

The work presented in Appendix V demonstrates how to overcome the common 

mass-transfer limitations of NHA-based sensors. Moreover, the approach shows the 

way how to enhance the performance of many different structures by incorporating an 

active hydrogel, which might increase the amount of captured molecules. An active 
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hydrogel also allows tuning the resonance wavelength of the plasmonic structure which 

might be useful in many wavelength-sensitive applications. 

In our second approach, we suggested using the NHA with an extended electric 

field profile (Appendix VI) to probe Raman scattering molecules. The proposed 

nanostructure consists of a nanohole array placed on the refractive-index-matched 

dielectric spacer. This spacer allows excitation of plasmonic modes with a long-range 

characteristic not available from common SERS substrates. 

To design these structures, we used Lumerical FDTD. The reflectivities and near-

fields for resonant features were simulated for three different nanostructures: (a) NHA 

on a substrate (conventional), (b) NHA on a dielectric spacer (pseudo-long-range – 

PLR), and (c) NHA on a dielectric spacer combined with enhancing gold mirror (long-

range – LR). The nanostructures are shown in Figure 19 A-D.  

    

Figure 19: Three-dimensional and side-view schematic for the three types of SERS 

substrates investigated (A-D): long-range (LR), pseudo-long-range (PLR), and 

conventional.  

E – The calculated FQ  and corresponding measured experimental SERS signal of a 

4-MBA band at 1077 cm-1. 

To estimate the SERS performance for these nanostructures, we computed the 

quality factor FQ  in hot-spot using  
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where max min
RS RS

β ω ω= −  is the range of Raman shifted frequencies (300-1800 cm-1) and 

E and E0 are electric fields with and without the presence of nanostructure, respectively. 

We have fabricated nanohole arrays using a process based on a solvent-assisted 

molding. For this technique, a master was fabricated using electron-beam lithography 

and reactive ion etching. This master comprises dielectric pillars on a silicon wafer. 

Then a PDMS stamp was cast from the silicon master. Solvent-assisted molding was 

used to replicate the pattern from the PDMS stamp to acetone-softened PMMA. 

Finally, gold was deposited and the sacrificial PMMA pillars were removed.  

To experimentally investigate the dependence of the performance of the PLR 

substrates on the CYTOP thickness, we firstly incubated the samples of different 

CYTOP thicknesses with the 4-mercaptobenzoic acid (4-MBA) and then measured the 

intensity of the 1077 cm-1 band using a Raman microspectrometer. The results are 

shown in Figure 19E. The intensity of the band increases with the CYTOP thickness 

as the contrast of the plasmonic resonance increases. This trend corresponds with the 

results of the numerical simulation of FQ . We also investigated the relationship 

between the SERS signal acquired using the long-range samples and the asymmetry 

of a refractive index around the nanostructure. The fabricated samples were incubated 

with 4-MBA to form a monolayer. To create RI symmetry, some of the samples were 

further coated with a CYTOP layer. The SERS spectra of 4-MBA were recorded and 

compared. The results confirm that the fabricated samples provide higher SERS 

signals when they are surrounded by a symmetrical environment (Figure 20).  
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Figure 20: SERS spectra of 4-MBA collected in air (blue) and embedded in CYTOP 

layer (red) using LR-SERS substrates.  

To confirm the extended profile of the field, a thin layer of CYTOP was used to create 

a dielectric spacer above the nanostructure, onto which a Raman label, rhodamine 6G 

(R6G), was deposited. To create RI symmetric environment, the sample was put in the 

contact with deionized water. The SERS spectrum was then measured by 

microspectrometry. The addition of the 10 nm thick CYTOP layer resulted in a signal 

intensity conservation of 4%, whereas none of the peaks were observed in the 

conventional substrate. It is important to highlight, that the decrease of the SERS signal 

could be due to multiple factors: the decay of the electric field (the electromagnetic 

enhancement mechanism), the absence of possible charge transfer between R6G and 

gold (the chemical enhancement mechanism), and the difference between R6G 

adsorption on CYTOP and gold surfaces. To partially clarify the role of electromagnetic 

field, we have simulated the quality factor dependence on the distance from the surface 

of the nanostructure. At the distance of 10 nm, the FQ  drops to 3 % of its initial surface 

value, which corresponds with our experimental data.  

The study in Appendix VI shows how the specific design of SERS substrate can 

provide a high intensity of electromagnetic field further from the surface in order to 

obtain a measurable SERS signal. Although the SERS signal above the structure was 

substantially lower than the initial SERS signal, the presented approach shows a route 

towards more complex SERS assays than presented simple SAMs. 
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4 CONCLUSIONS 

This dissertation presents the results of research into plasmonic nanostructures for 

biosensing. In particular, it focuses on advances in the understanding, design, and 

fabrication of plasmonic nanostructures as well as their use in affinity refractometric 

biosensors and biosensors based on surface-enhanced Raman spectroscopy.  

A broad range of nanostructures was studied and various plasmonic modes were 

investigated, including localized plasmonic modes supported by arrays of gold 

nanorods and nanodisks, propagating modes of nanostripes and localized and 

propagating modes of nanohole arrays combined with gold nanoparticles or a gold 

layer. Based on the analysis of these nanostructures, new biosensors based on affinity 

refractometric biosensors and biosensors based on surface-enhanced Raman 

spectroscopy were proposed.  

In addition, the performance of plasmonic affinity biosensors was investigated. In 

order to account for the effects of analyte transport to plasmonic nanostructures, 

a phenomenological model developed for the flow-over biosensors was used and 

validated using plasmonic nanostructures of different characteristics (ranging from 

random arrays of nanoparticles to periodic arrays of microstripes). Furthermore, the 

model was combined with the theoretical model of optical read-out platform yielding a 

universal model that allows predicting performance of plasmonic affinity biosensors 

and interrelates the minimum detectable concentration of analyte with design 

parameters of the sensing structure and flow cell design. By using the developed 

performance model, two novel sensors based on nanostructures have been designed 

and shown to exceed the performance of conventional SPR biosensors. First, a 

biosensor based on the random array of nanorods was developed and used for the 

detection of polyA oligonucleotide. Second, a biosensor based on the period array of 

nanostripes was developed and used for the detection of oncohematologically relevant 

miRNA-125b. 

Furthermore, plasmonic nanostructures have been investigated to address the 

limitations of SERS-based biosensors related to the limited distance between the 

analyte and the sensing surface. In the first approach, a thermoresponsive 

nanostructure based on a nanohole array in a gold layer and nanodisks separated by 
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a hydrogel was used to actively trigger fluid flow to the regions of the high 

electromagnetic field. The functionality of the nanostructure was demonstrated by 

observing both affinity biosensing of mouse immunoglobulin and SERS experiments 

of Raman label under different temperatures. In the second approach, a sandwich 

nanostructure based on a nanohole array in a gold layer, low-refractive-index dielectric, 

and a continuous gold layer was designed to extend the electromagnetic field 

associated with surface plasmons farther from the sensing structure. The sensing 

performance of the nanostructure was investigated in a model SERS experiment in 

which Raman label (4-mercaptobenzoic acid) was detected. 

The doctoral research has resulted in 6 publications in peer-reviewed scientific 

journals. 
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Abstract

Surface plasmon resonance microscopy and imaging are optical methods
that enable observation and quantification of interactions of nano- and mi-
croscale objects near a metal surface in a temporally and spatially resolved
manner. This review describes the principles of surface plasmon resonance
microscopy and imaging and discusses recent advances in these methods, in
particular, in optical platforms and functional coatings. In addition, the bi-
ological applications of these methods are reviewed. These include the de-
tection of a broad variety of analytes (nucleic acids, proteins, bacteria), the
investigation of biological systems (bacteria and cells), and biomolecular in-
teractions (drug–receptor, protein–protein, protein–DNA, protein–cell).
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INTRODUCTION

Understanding how life works on the molecular and cellular levels is an important challenge for
modern science. Addressing this challenge requires the development of sensitive and robust tools
for the investigation of biomolecules, cells, and their interactions. Label-free affinity biosensors
present an emerging technology that holds vast potential for these applications (1).Affinity biosen-
sors based on optically excited surface plasmons represent the most advanced label-free optical
affinity biosensor method. The first reports on the use of surface plasmons for probing processes
on the surfaces of metal layers (2) and sensing (3) date back to the 1980s. In the early 1990s, the first
surface plasmon–based biosensors [referred to as surface plasmon resonance (SPR) biosensors]
were demonstrated and applied to the investigation of biomolecular interactions (4). In the follow-
ing years, SPR biosensors have become an important tool with a significant impact on biophysics,
molecular biology, and pharmaceutical research. Conventional SPR biosensors enable real-time
observation and quantification of interactions between biological objects in a liquid sample and
their counterparts immobilized on the surface of a metal supporting surface plasmons. In contrast
to such biosensors that create the sensor output by integrating signals from the interactions oc-
curring within macroscopic areas of the surface, SPR imaging and microscopy are methods that
aim to allow localization of these interactions through the imaging of the metal surface by means
of surface plasmons. The origins of SPR microscopy and imaging date back to the 1980s, when
Yeatman & Ash (5) and Rothenhäusler & Knoll (6) reported the first spatially resolved plasmonic
measurements.These pioneering studies have inspired a great deal of research, and numerous SPR
imaging and microscopy platforms have been developed and applied to a multitude of biological
problems. SPR imaging and microscopy have been subject to numerous publications, including
several comprehensive reviews (7–13).

In this review, we explain the fundamentals of surface plasmon imaging and microscopy and
discuss selected advances in the development and applications of these methods over the past five
years. These include the detection of biomolecules and the investigation of biological systems and
biomolecular interactions.

PRINCIPLES OF SURFACE PLASMON RESONANCE IMAGING
AND MICROSCOPY

Surface plasmon is a mode of electromagnetic field that is associated with collective oscillations
of free conductive electrons in the metal near metal-dielectric interface. The electromagnetic
field of the surface plasmon is localized to the interface and decays into both the metal and the
dielectric. This characteristic makes surface plasmons an effective tool for probing processes on
metal surfaces (14, 15). A wide variety of surface plasmon modes exist on different metal-dielectric
(nano)structures (16).

Propagating surface plasmon (PSP) supported by a continuous metallic film is the surface plas-
mon mode most commonly used in SPR imaging and microscopy. The electromagnetism of PSP
may be characterized by its penetration depth to the dielectric (∼102 nm) and its propagation
length (∼101 μm). Metal-dielectric multilayers may alter these characteristics, as demonstrated
by the long-range and short-range surface plasmons propagating along a thin metal film embed-
ded between two dielectrics (17). Localized surface plasmon (LSP) is supported by an individual
metal nanoparticle. The electric field of a fundamental LSP mode oscillates as an electric dipole
and exhibits a penetration depth on the order of tens to hundreds of nanometers. Other surface
plasmons are supported by periodic arrays of metal nanoparticles. These modes originate from
the coupling of light diffracted parallel to the surface (surface lattice resonances) with single-
particle LSPs. These modes exhibit rather delocalized electromagnetic field (in comparison with
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Figure 1

Optical excitation of surface plasmons: (a) a prism-based attenuated total reflection configuration for SPR
imaging, (b) a high numerical aperture objective configuration for SPR microscopy, (c) transmission
arrangement for localized SPR microscopy, and (d) a collinear transmission arrangement for SPR imaging.
Abbreviations: NP, nanoparticle; SPR, surface plasmon resonance.

LSPs) and have a penetration depth on the order of hundreds of nanometers (18). Furthermore,
surface plasmons originating from the interplay between various surface plasmons such as diffrac-
tively coupled PSPs and localized cavity modes may exist on a periodic array of nanoapertures in
a metal film (19–22).

The main approaches to the optical excitation of surface plasmons are shown in Figure 1. The
most widely used geometry is based on the attenuated total reflection (ATR) method and prism
coupling (Figure 1a). The ATR configuration is typically used to excite surface plasmons such as
PSPs on unstructured metal films. Incident light passes through a prism and is made incident on
the base interfaced with a plasmonic structure under an angle of incidence larger than the critical
angle, generating an evanescent wave.When the propagation constant of the wave is equal to that
of surface plasmons on the plasmonic structure, the light excites the surface plasmons, which re-
sults in a decreased intensity of the reflected light. PSPs on an unstructured metal film can also be
excited by light focused to the side of the back focal plane of a high numerical aperture oil immer-
sion objective to illuminate a metal film with the use of collimated beam at the desired angle of
incidence (Figure 1b). The reflected light from the metal film is collected by the same objective.
Alternatively, surface plasmons on nanostructures (e.g., LSPs) can be excited and observed in a
reflection or transmission microscope (Figure 1c). The illumination is adjusted to be either colli-
mated or convergent, depending on the characteristics of the surface plasmon; furthermore, dark-
field illumination through a dark-field condenser can be employed, and the scattered light can
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be collected and analyzed. Other optical platforms are based on collinear geometry (Figure 1d).
In this geometry, collimated light is made incident onto a plasmonic structure (periodic arrays of
nanoparticles, nanoholes, nanoslits, randomly distributed nanoparticles) and excites surface plas-
mons while generating changes in the intensity of the reflected or transmitted light. Although the
approach depicted in Figure 1a is often referred to as SPR imaging, and the approach depicted
in Figure 1b is often referred to as SPR microscopy, this terminology is not used consistently in
the literature. In this review, we use the term SPR imaging for all of the platforms in which the
sensing surface (structured or unstructured) is illuminated by a rather large (and often collimated)
beam of light and surface plasmons are excited by means of an ATR prism or diffraction couplers.
Furthermore, we use the term SPR microscopy for all of the platforms in which a beam of light is
focused onto a small area of the sensing surface (structured or unstructured) and surface plasmons
are excited via a microscope objective.

ADVANCES IN OPTICAL PLATFORMS

Surface Plasmon Resonance Imaging and Prism-Based Platforms

The ATR method has been used in SPR imaging for over three decades, and numerous plat-
forms based on this approach have been developed and even commercialized (23). Therefore, in
recent years, attention has mainly focused on aspects affecting the performance of prism-based
SPR imaging platforms.

Corso et al. (24) combined angle-resolved SPR and SPR imaging in one instrument, which
allowed them to set the measurement conditions for SPR imaging that provide the best sensitiv-
ity. In addition, SPR imaging platforms were proposed that allow for the acquisition of the entire
spectrum of light coupled to surface plasmons from each spot (spectral imaging). Shao et al. (25)
developed a prism-based SPR two-dimensional (2D) spectral imaging sensor with phase interro-
gation. They used a liquid crystal tunable filter to vary the input wavelength and a liquid crystal
modulator to introduce phase retardation between the s- and p-polarizations to create a platform
enabling the measurement of phase retardation at multiple wavelengths. The sensor was demon-
strated to attain a refractive index (RI) resolution as low as 2.7 × 10−7. Subsequently, the same
group developed an SPR imaging platform employing an acousto-optic tunable filter with an RI
resolution of 1 × 10−6 (26). The factors limiting spatial resolution in prism-based SPR imaging
were studied by Laplatine et al. (27), who showed that these platforms suffer from geometrical
aberrations that can be even more limiting than the propagation length of surface plasmons. By
optimizing the prism coupler and introducing the line-scan imaging mode, they demonstrated
that lateral resolution can be improved down to 2.8 μm.

Surface Plasmon Resonance Imaging and Collinear Optics Platforms

Botazzi et al. (28) developed a compact optical platform using pillars buried in a gold film with
an RI resolution of 4 × 10−6. The same plasmonic structures were used in an even more compact
platform (10 × 15 × 6 cm3) with an RI resolution of 6 × 10−5 (22). Gomez-Cruz et al. (29)
developed a fully integrated platform based on a nanohole array and achieved an RI resolution of
10−6. Guner et al. (30) reported an SPR imaging platform based on a smartphone and a disposable
grating coupler that achieved an RI resolution of 4 × 10−5. Lee et al. (31) developed an SPR
imaging platform based on a smartphone LED and camera and capped nanoslit arrays. Each chip
contained several arrays with different periods.The transmitted light was recorded, and the period
producing the strongest coupling was determined and used as a sensor output.
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Cappi et al. (32) developed an SPR imaging platform employing gold nanoislands. They used
a white LED and a color CMOS detector to enable spectral measurement. By analyzing images
from pixels with red, green, and blue filters of the detector, the spectral position of the LSPR peak
was determined. A spectral SPR imaging platform based on a hybrid surface plasmon mode of a
periodic array of nanoholes was developed by Guo &Guo (20). They detected the first diffraction
order with a camera enabling the acquisition of the spectrum of light coupled to surface plasmons
without the use of an additional dispersive element. Van Duyne’s group (33) developed a spectral
SPR imaging sensor utilizing a liquid crystal tunable filter. Light transmitted through an array of
metal nanodiscs was passed through a liquid crystal-tunable filter and received by a detector to
yield images atmultiple wavelengths.An alternative spectral SPR imaging approachwas developed
by Lee et al. (34), who used a broadband light source and a tunable monochromator attached
to a microscope. They measured the intensity of light transmitted through a nanoslit array and
achieved an RI resolution of 1 × 10−5.

Surface Plasmon Resonance Microscopy

SPR microscopy platforms tend to exhibit better spatial resolution than their SPR imaging coun-
terparts and are therefore the platform of choice when high spatial resolution is required. Spatial
resolution for SPR microscopy platforms based on unstructured metal films is limited mainly by
the propagating nature of surface plasmons, as their propagation length is usually much larger
than diffraction-limited resolutions provided by high numerical aperture objectives (0.2 μm for
an objective with a numerical aperture of 1.4 and a wavelength of 550 nm). Therefore, numerous
studies were concerned with reducing the propagation length of surface plasmons. Banville et al.
(35) demonstrated that the propagation length of surface plasmons can be reduced by the use of
plasmonic nanostructures. They investigated the trade-off between the spatial resolution and im-
age contrast and found that nanostructuring enables submicrometer spatial resolution. Banville
et al. (36) also demonstrated a method to improve lateral resolution in SPR microscopy by com-
bining images acquired with surface plasmons propagating in opposite directions. Kim’s group
(37) developed a similar approach by using a linear motor stage for spatially switching the direc-
tion of surface plasmon momentum. The resolution of the reported platform was almost 15 times
better than that of conventional SPRmicroscopy. Another approach for improving the spatial res-
olution was developed by Somekh’s group (38). They constructed a wide-field SPR microscope
with angular scanning that employed an amplitude spatial light modulator placed in a conjugated
back focal plane to allow for dynamic control of the illumination angle and collection of SPR
images at different angles of incidence. The spatial resolution can also be improved by using a
scanning approach proposed by Watanabe et al. (39), who used different SPR images generated
while changing the position of the SPR chip. Argoul’s group (40) has improved the scanning SPR
microscope by reducing the readout area corresponding to a single detector pixel with radially
polarized illumination and a fiber-based interferometer. They showed that the resolution of such
a microscope reaches the theoretical diffraction limit.

Whereas most SPR microscopes gather only information about changes in the amplitude or
phase of light coupled to surface plasmons, holographic approaches measure both of these quan-
tities (41). Zhang et al. (42, 43) developed a compact SPR holographic microscope employing a
Wollaston prism in which the p-polarized light (both amplitude and phase) that carried the in-
formation of interest was combined with reference s-polarized light; the resulting interferogram
was used for SPR image reconstruction. Gao et al. (44) developed a platform based on an on-
chip interferometer consisting of a slit and groove in a metallic film for monitoring the phase
difference of surface plasmons propagating in between them. In addition, a design based on two
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coupled interferometers was explored, and the resolution of the single-interferometer and double-
interferometer sensors was 3 × 10−4 and 5 × 10−5, respectively.

Another SPR microscopy platform was described by Chen et al. (45), who used dark-field illu-
mination and an array of gold nanorods. The LSPs were excited by a light-passing condenser, and
the scattered light was collected by a 10× magnification objective. The authors compared their
proposed approach with a similar spectrometry-based LSPR sensor and estimated that it provides
a tenfold improvement in sensing performance.

Altug’s group (19, 46) developed a 1D spectral SPR microscopy platform using three nanohole
arrays in a row. Light from a broadband source was transmitted through the nanohole substrate
mounted in an inverted microscope and analyzed by an imaging spectrometer. The optical spec-
trum for each array was acquired, and the spectral position of the LSPR peak was determined.

Liu et al. (47) developed a platform for the interrogation of individual nanoparticles in a dark-
field SPR microscope. The light transmitted through a sparse array of nanospheres was made
incident on a grating and diffracted onto a camera.The recorded image containedmutually shifted
zero and first diffraction order images, and the first diffraction order was used to obtain the spectral
position of the LSPR.

ADVANCES IN FUNCTIONALIZATION METHODS

To fully exploit the potential of spatially resolved SPR imaging andmicroscopymethods, function-
alization approaches are desired that can deliver biological functionality to plasmonic structures
in a spatially resolved manner. The scale and spatial resolution vary broadly depending on the
application, from immobilizing a multitude of different biomolecules into a large array (>100) of
macroscopic (0.01 mm2) spots, to delivering a single-type biomolecule to individual nanoscopic
plasmonic features. A detailed description of common immobilization methods can be found in
books (15, 48) and reviews (49, 50). In this section, we focus on advances in the functionalization of
arrays onmacroscopic areas.For advances in spatially resolved functionalization of nanostructures,
we refer the reader to our recent review (16). The primary focus is on methods for the preparation
of protein and nucleic acid arrays; immobilization of bacteria is typically accomplished via spe-
cific receptors (antibodies or carbohydrates) covalently attached to surface carboxy-terminated
self-assembled monolayers (51) or via receptor-pyrrole conjugates that are prepared by electro-
chemical polymerization (52).

Most functionalization methods used to produce bimolecular arrays are typically based on
microspotting techniques (contact or noncontact printing, or microfluidics-, microstamping- or
lithography-based approaches) (49). Amethod for the preparation of arrays of peptide nucleic acid
(PNA) probes was proposed by Simon et al. (53). The method is based on direct microspotting
of thiol-terminated PNA probes prehybridized with a short complementary DNA strand [instead
of using single-stranded PNA (ssPNA) probes] that are subsequently removed by NaOH. This
ensures optimal surface density and orientation of the PNA probes. The resulting PNA arrays
were demonstrated to be superior (or equal) in terms of binding capacity to those obtained by
standard ssPNA microspotting. Nand et al. (54) proposed an in situ protein synthesis method
to generate protein arrays directly from prearrayed plasmid DNA probes, exploiting the high-
affinity interaction between the protein TUS tag and the TERDNA sequence. A mixture of plas-
mid DNA and amine-terminated TERDNA was microspotted on a sensor surface functionalized
with polyethyleneimine; in vitro transcription and translation (IVTT) mix was added, and fusion
proteins were synthetized. The feasibility of the method was demonstrated in experiments with
the binding of protein-specific antibodies. A two-step templated, ribosomal biosynthesis-based
printing method for the fabrication of protein microarrays was reported by Manuel et al. (55). In
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the first step, a microarray of proteins was created inmicrowells by cell-free protein synthesis; each
microwell contained both an IVTTmix and a specific DNA template sequence that were used to-
gether to create specific hexahistidine-tagged proteins. In the second step, the protein microwell
array was used to contact print the protein microarray onto a nitrilotriacetic acid–functionalized
SPR imaging chip. Another method for the preparation of proteins arrays was proposed by Kruis
et al. (56), who utilized leucine zipper heterodimerization. The sensor surface was functionalized
with thiol-terminated zwitterionic peptides, a small percentage of which carried leucine zipper
moiety. Using a continuous flow microspotter, proteins with the complementary leucine zipper
fusion tag were immobilized to create a protein array.

Wood et al. (57) used a polydopamine (PDA) multilayer for the fabrication of DNA microar-
rays.Dopaminemonomers self-polymerize to create a PDA layer on gold that enables the covalent
attachment of biomolecules via amine coupling. In this work, PDA multilayers were formed on
gold spots through repeated injections of dopamine, after which amine-terminated DNA probes
were attached.

BIOANALYTICAL APPLICATIONS

In this section, we review bioanalytical applications of SPR imaging and microscopy. The main
characteristics of these applications are presented in Table 1.

Detection of Protein Biomarkers

C-reactive protein (CRP), a clinical biomarker of acute inflammatory diseases, was targeted by
Altug’s group (58). The authors used a brightfield SPR imaging sensor based on an array of
gold nanoholes (see Figure 2) that allowed for the visualization of individual gold nanoparti-
cles (AuNPs) captured on the surface of the array. The surface of the chip was functionalized with
anti-CRP antibodies, and a sandwich assay with antibody-coated 100-nm AuNPs was used to de-
tect CRP. The authors detected CRP down to 27 and 100 pg/mL in buffer and cell culture media
with 10% horse serum, respectively.

An ovarian cancer marker, protein r-PAX8, was detected by Escobedo et al. (59) using a
nanohole array–based platform. The sensor surface was functionalized with anti-r-PAX8 anti-
body via amino coupling, and protein r-PAX8 was detected in buffer at concentrations down to
0.25 μg/mL.

Hu et al. (60) used SPR imaging to detect the tumormarkerα-fetoprotein.The sensing surface
was functionalized with the poly[oligo(ethylene glycol) methacrylate-co-glycidyl methacrylate]
(POEGMA-co-GMA) brush and an anti-α-fetoprotein antibody. A two-step sandwich assay with
functionalized AuNPs was employed, and α-fetoprotein was detected in 10% human serum with
a limit of detection (LOD) of 1 ng/mL.

Moreover, Hu et al. (61) detected a colorectal cancer biomarker, carcinoembryonic antigen
(CEA), using SPR imaging, POEGMA-co-GMA functional coating, and a two-step sandwich as-
say where the sensor response was enhanced by an antibody-modified PDA reduced graphene
oxide (PDA-rGO) followed by a PDA-induced spontaneous reductive deposition of gold on PDA-
rGO.CEAwas detected in 10% human serumwith an LOD of 500 pg/mL.CEAwas also targeted
by Liu et al. (62). The surface of an SPR imaging sensor was microspotted with thiol-terminated
aptamers against CEA, which was detected using a multistep sandwich assay in which the cap-
ture of CEA by aptamer was followed with repeated injections of concanavalin A and dextran to
enhance the sensor response.CEA concentrations as low as 50 pg/mLwere detected in both buffer
and 10% human serum sample.
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Table 1 Selected examples of applications of plasmonic biosensors for the detection of chemical and biological species

Target
Detection format
(detection time) Performancea Optical platform Reference

Protein biomarkers
CRP SA: Ab–AuNP (2 h) LOC: 27 pg/mL

LOC: 100 pg/mL,
10% horse serum

Collinear using gold
nanohole array

58

r-PAX8 Direct detection (15 min) LOC: 0.25 μg/mL Collinear using gold
nanohole array

59

AFP 2-Step SA: Ab–AuNP +
polymerization (2.5 h)

LOD: 1 ng/mL,
10% human serum

Prism-based using
gold film

60

CEA 2-Step SA:
Ab–PDA-rGO + gold
deposition (2.5 h)

LOD: 0.5 ng/mL,
10% human serum

Prism-based using
gold film

61

CEA Multistep SA: concavalin
A + dextran (>1 h)

LOC: 50 pg/mL,
10% human serum

Prism-based using
gold film

62

HER2 Direct detection (1 h) LOC: 3 ng/mL Collinear using
nanoholes

63

PTX3 Direct detection (1 min) LOC: 100 ng/mL Collinear using buried
nanoholes

28

CatG Direct detection (10 min) LOD: 0.23 ng/mL Prism-based using
gold film

64

CatG Direct detection (10 min) LOC: 0.9 pmol/mL,
2% endometrial tissue

Prism-based using
gold film

65

Laminin-5 Direct detection (10 min) LOD: 4 pg/mL
LOC: 37 ng/mL,
0.1% human plasma

Prism-based using
gold film

66

Collagen IV Direct detection (10 min) LOD: 2,400 pg/mL
LOC: 50 ng/mL,
10% human plasma

Prism-based using
gold film

67

Metalloproteinase-1 Direct detection (10 min) LOD: 9 pg/mL
LOD: 3 ng/mL, human
plasma

Prism-based using
gold film

68

IL-1 β, IL-6, IFN-γ, and
TNF-α

SA: biotin–AuNP (3 h) LOD: 1.2, 0.05, 22, and
15 pg/mL

Prism-based using
gold film

69

IL-2, IL-4, IL-6, IL-10,
IFN-γ, TNF-α

Direct detection (40 min) LOD: 5–20 pg/mL
LOC: 32 pg/mL, human
serum

Dark-field microscopy
of nanorods

45

IL-2, IFN-γ, TNF-α,
IL-10

Direct detection (30 min) LOD: 21–35 pg/mL Dark-field microscopy
of nanorods

70

Other proteins
Thrombin, IgE,
streptavidin,
fibronectin

Direct detection (45 min) LOD: 1 nM (60 ng/mL) for
streptavidin

Dark-field microscope
using nanorods,
spectral imaging

71

Nucleic acids with medical relevance
miR-15a SA: ON +

polymerization (2.5 h)
LOD: 0.5 fM (∼2.5 fg/mL)
LOC: 3.5 fM
(∼17.5 fg/mL), 40%
human serum

Prism-based using
gold film

72

(Continued)

158 Bocková et al.

A
nn

ua
l R

ev
. A

na
l. 

C
he

m
. 2

01
9.

12
:1

51
-1

76
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

14
7.

23
1.

2.
11

 o
n 

06
/1

5/
19

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

55



AC12CH08_Homola ARjats.cls May 22, 2019 12:31

Table 1 (Continued)

Target
Detection format
(detection time) Performancea Optical platform Reference

miR-16, miR-181,
miR-34a, miR-125b

SA: strep–AuNP (35 min) LOD: 0.35, 0.39, 0.5,
0.95 pM (∼2, 2, 3,
5 pg/mL), 90%
erythrocyte lysate samples

Prism-based using
gold film

73

ON ABCB1 gene Direct detection (6 min) LOD: 0.5 nM (∼2.5 ng/mL) Prism-based using
gold film

74

BCR/ABL fusion gene Direct detection (20 min) LOD: 10 nM (∼100 ng/mL) Prism-based using
gold film

75

Bacterial nucleic acids
16S RNA (Legionella
pneumophila)

SA: strep–quantum dots
(3 h)

LOD: 1 pM (∼10 pg/mL) Prism-based using
gold film

76

16S RNA: L. pneumophila SA: ON–AuNP (1 h) LOD: 1 pM (∼10 pg/mL) Prism-based using
gold film

77

16S RNA: L. pneumophila,
Pseudomonas aeruginosa,
Salmonella typhimurium

SA: ON–AuNP (0.5 h) LOC: 10 pg/mL (all three
strains)

Prism-based using
gold film

78

Genomic DNA
(Staphylococcus aureus)

SA: ON–AuNP
(T > 30 min)

LOC: 1 fM (∼10 fg/mL) Prism-based using
gold film

79

Bacteria
Salmonella enteritidis,
S. pneumoniae,
Escherichia coli
O157:H7

Direct detection (<7 h),
CCM

LOC: 3 CFU/mL, culture
medium

LOC: 60 CFU/mL,
10% milk, mineral water,
ground bee

Prism-based using
gold film

80

E. coli O157:H7 Direct detection (<10 h),
CCM

LOC: 100 CFU/mL, culture
medium

Prism-based using
gold film

52

E. coli O157:H7 Direct detection (<10 h),
CCM

LOC: 10 CFU/mL, culture
medium

Prism-based using
gold film

81

Cronobacter spp.,
Salmonella spp.

Direct detection (<24 h),
CCM

LOC: 30 CFU/25 g,
powdered infant formula

Prism-based using
gold film

82

Chlamydia trachomatis,
Neisseria gonorrheae

Direct detection (10 min) LOD: 300 CFU/mL
LOD: 1,500 CFU/mL

Collinear system using
nanoholes, spectral
imaging

46

Candida albicans SA: Ab (1 h) LOD: 106 cells/mL Prism-based using
gold film

83

Bioparticles
IAV, HIV-VLP Direct detection

(∼seconds)
LOC: 109/mL Prism-based using

gold film
84

Exosomes Direct detection (10 min) LOC: 5 μg/mL Prism-based using
gold film

85

aDetermined in buffer unless otherwise stated.
Abbreviations: Ab, antibody; AFP, α-fetoprotein; AuNP, gold nanoparticle; CatG, cathepsin G; CCM, culture/capture/measure approach; CEA, carci-
noembryonic antigen; CRP, C-reactive protein; HER2, human epidermal growth factor receptor type 2; HIV-VLP, human immunodeficiency virus-based
virus-like particles; IAV, inactivated influenza A virus; IFN-γ, interferon-gamma; IgE, immunoglobulin E; IL, interleukin; LOC, lowest observed concen-
tration; LOD, limit of detection; ON, oligonucleotide; PDA, polydopamine; PTX3, pentraxin 3; rGO, reduced graphene oxide; SA, sandwich assay; Strep,
streptavidin; TNF-α, tumor necrosis factor-alpha.
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Figure 2

AuNP-enhanced detection of CRP using a surface with nanoholes. (a) CRP sandwich assay. (b) Different
concentrations of CRP visually distinguished on surface plasmon resonance imaging. (c) Calibration curve
for CRP. All panels adapted with permission from Reference 58. Copyright 2018 American Chemical
Society. Abbreviations: AuNP, gold nanoparticle; CRP, C-reactive protein.

A breast cancer biomarker, human epidermal growth factor receptor 2 (HER2) antigen,was de-
tected byMonteiro et al. (63). They used an SPR imaging platform based on an array of nanoholes
functionalized with biotinylated anti-HER2 antibody attached via the immobilized streptavidin.
The platform was demonstrated to directly detect HER2 in buffer at a concentration of 3 ng/mL.

Bottazzi et al. (28) developed an SPR imaging platform for the detection of pentraxin 3 (PTX3),
a prospective biomarker of cardiovascular diseases and kidney pathologies.The platformwas based
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on a hexagonal lattice of polymeric pillars embedded in gold film to which anti-PTX3was attached
via amino coupling. Direct detection of PTX3 at concentrations of 100 ng/mL in buffer was
achieved.

CathepsinG (CatG), amolecule associated with an early immune response,was also targeted by
the SPR imaging method (64, 65). The sensing spots were functionalized with MARS-115, a syn-
thetic CatG inhibitor.Gorodkiewicz et al. (64) demonstrated the direct detection of CatG in buffer
with an LODof 0.23 ng/mL. In a subsequent study, the platformwas applied to study endometrio-
sis (65), and it was found that the CatG levels of patients suffering from this condition were twice
as high as the control group. The same group also targeted other prospective cancer biomark-
ers, such as laminin-5, collagen IV, and metalloproteinase-1 (66–68), using the above-described
methodology. In their study, laminin-5, collagen IV, and metalloproteinase-1 were directly de-
tected in buffer with LODs of 4 (66), 2,400 (67), and 9 pg/mL (68), respectively. An analysis of
clinical blood samples using SPR imaging revealed that patients with bladder and breast cancer
exhibited higher concentrations of laminin-5 (66) and collagen IV (67), respectively.

Detection of cytokines using prism-based SPR imaging and specific antibodies was carried
out by Kaiperien’s group (69). Detection of selected cytokines, e.g., interleukin (IL)-1β, IL-6,
interferon-gamma (IFN-γ), and tumor-necrosis-factor alpha (TNF-α), was performed in a
three-step sandwich assay with a biotinylated antibody, neutravidin, and biotinylated AuNPs.
LODs of 1.2, 0.05, 22, and 15 pg/mL were claimed for IL-1β, IL-6, IFN-γ, and TNF-α, re-
spectively. Detection of 6 cytokines (IL-2, IL-4, IL-6, IL-10, IFN-γ, and TNF-α), was per-
formed by Kurabayashi’s group (45). They used dark-field LSPR imaging on a sparse array
of antibody-coated nanorods. Cytokines were detected in buffer (LODs from 5 to 20 pg/mL)
and then in undiluted human serum. In addition, the same group investigated the immuno-
suppressive drug-altered secretion of cytokines (IL-2, IFN-γ, TNF-α, and IL-10) by T cells
(70). Initially, Jurkat T cells were activated with a mixture of ionomycine and phorbol 12-
myristate 13-acetate, and then the tacrolinum immunosuppressant was added. Using the assay
described elsewhere (45), the secretion of all cytokines was measured in buffer with LODs of 21–
35 pg/mL.

Detection of Other Proteins

Multiplexed detection of four protein targets (thrombin, immunoglobulin E, streptavidin, and fi-
bronectin) by dark-field SPR imaging was performed by Rosman et al. (71). The authors used four
batches of nanorods, one for each protein, functionalized with their respective aptamers.Nanorods
were sequentially injected over the sensor surface, and the position of each adsorbed nanorod was
recorded. During the direct detection of proteins, the spatially resolved signal was matched with
the map of aptamer-functionalized nanorods to determine the type of protein captured. LOD
(1 nM) was only reported in the case of streptavidin.

Detection of Nucleic Acids with Medical Relevance

MicroRNA miR-15a, a colon cancer biomarker, was detected by Hu et al. (72). They used gold
islands functionalized with hairpin-structured thiolated DNA probes and a two-step enhance-
ment strategy based on a sandwich assay combining (a) multiple binding of secondary oligonu-
cleotides to the hairpin-structured probes that were previously opened by single miR-15a and
(b) prolongation of a secondary oligonucleotide by in situ DNA-initiated polymerization. This
approach achieved an LOD for miR-15a as low as 0.5 fM. Detection of miR-15a in 40% serum
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obtained from healthy controls and patients with colon cancer was also performed, and concen-
trations of 10.5 and 3.5 fM were detected, respectively. Four microRNAs (miR-16, miR-181,
miR-34a, and miR-125b), potential biomarkers of myelodysplastic syndrome, were targeted by
Homola’s group (73). A prism-based SPR imaging sensor was functionalized with ultralow fouling
poly(carboxybetaine acrylamide) brushes to which DNA probes were covalently attached. Detec-
tion of microRNA was performed by means of a sandwich assay with streptavidin-coated AuNPs.
The LODs ranging from 0.35 pM to 0.95 pM were established for microRNAs spiked in 90%
erythrocyte lysate. Mariani et al. (74) used SPR imaging to detect an oligonucleotide sequence
related to the single nucleotide polymorphism of the human ABCB1 gene. They used SPR chips
with different nanostructures that were functionalized with thiolated oligonucleotide probes. A
nanostructure based on silver nanoprisms was found to be most sensitive, and the target oligonu-
cleotide was detected directly with an LODof 0.5 nM.The sequence of the BCR/ABL fusion gene,
which plays a crucial role in the evolution of chronic myelogenous leukemia, was detected using
prism-based SPR imaging by Wu et al. (75). The total RNA was extracted from K562 cells, and
cDNA was obtained by applying a reverse transcription. The target DNA sequence was detected
using an SPR chip functionalized with thiolated DNA probes, and an LOD of 10 nMwas attained.

Detection of Bacterial Nucleic Acids

Tabrizian’s group (76, 77) reported on the use of SPR imaging for the detection of 16S rRNA from
Legionella pneumophila. In the first report, they used an SPR chip functionalized with thiolated
DNA probes and a sandwich assay with biotinylated secondary DNA probes and streptavidin-
coated quantum dots (76) or a sandwich assay with oligonucleotide modified AuNPs (77). RNA
from L. pneumophila was extracted and fragmented to obtain 16S rRNA. The same LOD of 1 pM
was reported for both assays.The same group also demonstrated the simultaneous detection of 16S
rRNA of three pathogenic bacterial strains: L. pneumophila,Pseudomonas aeruginosa, and Salmonella
typhimurium using a sandwich assay with oligonucleotide-AuNPs (78). 16S rRNA at concentra-
tions as low as 10 pg/mL was measured for all three strains. The detection of genomic DNA from
Staphylococcus aureus was reported by Spoto’s group (79) using an SPR chip functionalized with
peptide nucleic acid probes and a sandwich assay with oligonucleotide-AuNPs. Genomic DNA
concentrations down to 1 fM were detected.

Detection of Bacteria

Pathogenic bacteria, such as Salmonella enterica, Streptococcus pneumoniae, Escherichia coli and
Cronobacter spp., have been targeted by the research groups of Livache and Roupioz (52, 80–
82). To detect extremely low levels of bacteria, they incorporated bacteria cultivation on an
SPR chip, allowing for the detection of a greater population of cells [this is referred to as
the culture/capture/measure (CCM) approach]. They used a prism-based SPR imaging plat-
form functionalized with specific receptors (antibodies or carbohydrates). Using this approach,
Bouguelia et al. (80) detected Salmonella enteritidis, S. pneumoniae, and E. coli O157:H7 in the
buffer at concentrations as low as 3 CFU/mL. Mondani et al. (81) reported detection of E. coli
O157:H7 at levels below 10 CFU/mL in 10% milk, mineral water, and ground beef samples
cultivated on an SPR chip. Moreover, detection of E. coli O157:H7 in spring water and tap
water, apple peel, and green salad was demonstrated with a similar detection performance (81).
Proof-of-concept detection of Cronobacter spp. and Salmonella spp. was reported by Morlay et al.
(82). They used an array of antibodies and demonstrated detection of both at levels down to
30 CFU in 25 g of powdered infant formula. Bulard et al. (52) used the CCM approach and
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an array of carbohydrates immobilized on an SPR imaging chip to monitor their interaction
with five different E. coli strains. They showed that the bacterial strains interacted differently
with immobilized carbohydrates, providing a “carbohydrate binding fingerprint.” Using this
platform, they detected and discriminated E. coli strains initially occurring at 102 CFU/mL
levels.

Chlamydia trachomatis and Neisseria gonorrhoeae, which cause sexually transmitted infections,
were detected using spectral SPR imaging with an array of nanoholes (46). The antibodies were
captured on the surface of nanoholes via protein A/G. Bacteria were directly detected in buffer
with LODs of 300 and 1,500 CFU/mL for C. trachomatis and N. gonorrhoeae, respectively.

Detection of Candida albicans, an opportunistic pathogenic yeast present in oral cavities, was
detected using prism-based SPR imaging (83). The gold surface was functionalized with primary
antibodies against C. albicans via amino coupling. The sandwich assay with antibodies was able to
detect C. albicans in buffer with an LOD of 106 cells/mL.

Detection of Bioparticles

Individual biological submicrometer-size objects such as spherically shaped viruses [inactivated
influenza A virus (IAV)] and virus-like particles [human immunodeficiency virus-based virus-like
particles (HIV-VLP)] were detected by Shpacovitch and coworkers (84). They used a prism-based
SPR imaging platform functionalized with mucins (via thiol groups of cysteine-rich regions on
mucin) or biotinylated antibodies (via biotin to the immobilized streptavidin) to capture IAV and
HIV-VLP, respectively. The binding of individual IAV and HIV-VLP was observed in buffer; the
binding of HIV-VLP was also observed in serum.

Tumor-derived exosomes were detected by Zhu et al. (85). They used prism-based SPR imag-
ing and antibodies against transmembrane proteins CD9, CD63, CD82, CD41b, EpCAM, and
E-cadherin that were spotted on the surface of an SPR chip. Exosomes isolated from human
hepatocellular carcinoma cell lines (MHCC97L, MHCC97H) and mouse melanoma cell lines
(B16-F1, B16-F10) were detected directly, and the method was able to detect exosome from the
MHCC97H cell line at a concentration of 5 μg/mL. It was also shown that highly metastatic
cell lines (MHCC97H, B16-F10) secreted more exosomes than those with low metastatic effect
(MHCC97L, B16-F1).

INVESTIGATION OF BIOLOGICAL SYSTEMS

Investigation of Bacteria

Tao’s group (86) used SPR microscopy to monitor interactions of antibodies with individual bac-
teria. E. coli O157:H7 bacteria were attached to the sensor via covalently immobilized antibodies,
and the interaction between the bacteria and the same antibodies contained in buffer was mea-
sured. The work demonstrates the feasibility of SPR microscopy-based analysis of biomolecular
interactions involving single live bacteria and the effect of heterogeneity in a microbial popula-
tion on these interactions. Tao’s group also utilized SPR microscopy to quantify the motion of
single bacteria and explored the correlation between this motion (resulting in changes in the im-
age contrast) and antibiotic action on the bacterial metabolism (51). In this work, they studied
E. coli O157:H7 interacting with a bactericidal antibiotic polymyxin B. The experiments revealed
that antibiotic action significantly slows down bacterial motion.

Goluch’s group (87) exploited SPR imaging to study bacterial films. In their earlier work
they employed prism-based SPR imaging to monitor E. coli and P. aeruginosa that moved and
attached across the sensor surface. Bacteria were placed in a growth medium on an SPR chip,
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and the bacterial growth and biofilm formation were monitored in real time. Subsequently, they
evaluated the efficacy of bovine serum albumin (BSA), casein, and penicillin/streptomycin sur-
face coatings to prevent adhesion of P. aeruginosa and S. aureus (88). Prior to each experiment,
protein and antibiotic solutions were pipetted to the SPR surface and left to dry. It was ob-
served that bacterial attachment was most effectively inhibited by casein for both P. aeruginosa and
S. aureus.

Mallevre et al. (89) used a prism-based SPR imaging sensor with the CCM approach to
evaluate the toxicity of silver nanoparticles (AgNPs) and AgNO3 on S. enteritidis. The dose-
dependent changes in multiplication of the bacteria were consistent with those obtained by us-
ing a standard plating method. It was also shown that the toxic effect already occurs at mg/L
levels.

Investigation of Cells

Investigation of living adherent cells using a high-resolution scanning SPR microscope was re-
ported by Argoul’s group (90). They studied C2C12 mouse myoblast cells cultured on an SPR
chip with respect to their adherence and motility. The evolution in shape of the adherent cells was
tracked, and local dynamics of filopodia and lamellipodia protrusions was observed. Subsequently,
they also observed the cellular migration, adhesion, detachment, and attachment of C2C12 mouse
myoblast cells on the gold substrate (40). The process of the attachment of individual cells was
studied by Tu et al. (91).They used SPRmicroscopy on a nanohole array interfaced with microflu-
idics incorporating single-cell trapping units. Mouse embryonic stem cells (C3H10) and human
tumor cells (HeLa) were monitored during culturing, and it was demonstrated that the single-cell
attachment process follows the logistic retarded growth model (with different parameters for the
different cells).

A study of the transport of mitochondria along primary rat hippocampus neurons was carried
out by Tao’s group (92). They used an SPR microscope with advanced image postprocessing to
track moving objects (localization precision ∼5 nm). Spatiotemporal measurements of neural cells
seeded on a poly-l-lysine-coated SPR chip allowed for the tracking of mitochondria and deter-
mining the structure of microtubule bundles in neural cells.

As many intracellular signal transduction processes involve the remodeling of cytoskeleton
or the translocation of signaling molecules, several attempts have been made to monitor cell
response to various stimulations or to the spatial distribution of specific subcellular structures.
Shinohara et al. (93) used prism-based SPR imaging to monitor intracellular signal transduc-
tion by translocation of protein kinase C (PKC). PC12 cells were cultured on an SPR chip and
stimulated with K+ or PKC activator phorbol-12-myristate-13-acetate (PMA) to induce PKC
translocation that generated a sensor response. It was shown that cellular response to both K+

and PMA increased with the concentration. The translocation of PKC was employed by Mir &
Shinohara (94) who used prism-based SPR imaging to examine differentiation of PC12 cells on a
poly-l-lysine-coated SPR chip. They demonstrated that their method can distinguish differenti-
ated cells from nondifferentiated cells by comparing the sensor response to acetylcholine receptor
agonists.

Zhang et al. (95, 96) used a prism-based SPR imaging method to investigate the response of
living cells to various stimuli. Initially, they studied human type II alveolar epithelial cell line A549
cells cultured on an SPR chip that were stimulated by K+ and epidermal growth factor (EGF).
They demonstrated that the two different stimulants generated different sensor responses (95).
Subsequently, they applied the same approach to analyze the response of a human hepatocellular
carcinoma cell (HCC-LM3) to stimulation by K+, EGF, and vascular EGF (VEGF) (96). The

164 Bocková et al.

A
nn

ua
l R

ev
. A

na
l. 

C
he

m
. 2

01
9.

12
:1

51
-1

76
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

14
7.

23
1.

2.
11

 o
n 

06
/1

5/
19

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

61



AC12CH08_Homola ARjats.cls May 22, 2019 12:31
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Figure 3

Schematic illustration for imaging mechanical force transduction with plasmonic nanosprings. Adapted with
permission from Reference 98. Copyright 2017, American Chemical Society. Abbreviation: RGD, arginine–
glycine–aspartic acid.

higher the concentration of K+, the larger was the change in the sensor response. In contrast to
EGF, VEGF did not produce any sensor response.

Tao’s group (97) investigated the expression of EGF receptor (EGFR) and measured the kinet-
ics of the binding of the antibody to EGFR on the cell surface with single-cell resolution. In this
study, EGFR-overexpressed cells were grown on a collagen-coated SPR chip, and a monoclonal
antibody (anti-EGFR) was used as a model to study the binding kinetics and affinity. The equi-
librium dissociation constant was determined and shown to vary substantially from cell to cell.
Experiments with cell lines having different EGFR-expression levels (A431, HeLa, and A549)
showed that the steric hindrance effects of other membrane proteins may influence the drug-
receptor interactions.

Xiong et al. (98) proposed an approach for the investigation of mechanical signals associated
with mechanical forces propagating in cells. This approach is based on the combination of single-
particle dark-field spectral microscopy and plasmonic nanosprings [two AuNPs connected by
a polyethylene glycol (PEG) chain] that act as a mechanical sensor transferring force-induced
molecular extension/compression to the optical response. The nanosprings used in this work
consisted of AuNPs attached to the thiol-modified surface via Au–S chemistry and one smaller
AuNP bound to the cell surface via RGD tripeptide−integrin interaction. Initially, the authors
determined the relationship between the position of the spectral peak of one nanospring and the
coupling distance, which was then correlated with the mechanical force exerted (Figure 3). This
approach allowed for the visualization of the activation of localized mechanical force transduction
in single live cells triggered by reactive oxygen species.

Berthuy et al. (99) tackled the problem of cell secretion by using prism-based SPR imaging.
They employed human prostatic carcinoma cells (LNCaP) that were attached to an array of an-
tibodies (anti-PSA, anti-B2M) microspotted on the sensor surface and monitored the secretion
of PSA and B2M triggered by dihydrotestosterone by capturing the secreted PSA and B2M by
the respective antibodies. Detection of antic-myc antibody secreted by an individual cell (9E10
hybridoma) attached to an array of nanodiscs was demonstrated by Raphael’s group (100).
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INVESTIGATION OF MOLECULAR INTERACTIONS

Drug–Protein Receptor Interactions

Li et al. (101) used prism-based SPR imaging to investigate the interaction between an immuno-
suppressive drug (FK506) and its target protein (FKBP12). The calibration curve for the binding
of FK506 to the immobilized FKBP12 protein was established and used to determine the equi-
librium rate constant of the interaction. Subsequently, Zhou et al. (102) further studied FK506.
This involved a drug-target recognition study on a protein mutation microarray (the interaction
of FK506 with FKBP12 WT and six mutants arrayed on the surface), a drug-mediated protein–
protein interaction study (the formation of conditioned FKBP12-FK506-calcineurin complex),
and a multiplexed drug binding specificity study on a protein microarray (FK506, SB203580, and
biotin-specific binding to FKBP12, p38-a, and streptavidin).

Protein–DNA Interactions

Pillet et al. (103) used prism-based SPR imaging and dendrimeric functional coating to investigate
the DNA–protein interaction model involved in E. coli plasmid segregation. They used five differ-
ent amine-terminated DNA probes with different affinities to the SopB protein and determined
the kinetic constants of their interactions with SopB. O’Sullivan’s group (104) used prism-based
SPR imaging to monitor the interaction between protein and different thiol-modified aptamers
chemisorbed on sensor surface. They determined the equilibrium dissociation constants of the in-
teractions among theseβ-conglutin binding aptamers to be 20 nM, 13 nM, and 1 nM forβ-CBA I,
β-CBA II, and 11-mer, respectively.

Protein–Protein Interactions

Miyachi et al. (105) used SPR imaging to investigate the binding of basic fibroblast growth factor
2 (FGF-2) to chondroitin sulfate (CS) tetrasaccharide conjugates. They found that the binding
affinity of the CS tetrasaccharide structures to FGF-2 differed significantly, depending on whether
they had a CS-E unit or a CS-D unit at the saccharide nonreducing end.

A nanoparticle-based SPR spectral imaging system was used for the analysis of carbohydrate-
protein interactions (47). Bare AuNPs were attached to the glass substrate, functionalized with
proteins (antitransferrin, antithrombin, BSA), and incubated with solutions containing carbohy-
drates (transferrin, heparin). Equilibrium binding constants of the interactions were extracted
from the obtained calibration curves.

Zhao et al. (106) used prism-based SPR imaging for qualitative high-throughput profiling of
epigenetic interactions between histone peptides and histone reader proteins. Selected 125 his-
tone peptides were immobilized on the sensor surface, and their interactions with eight different
proteins were analyzed in a single experiment to obtain respective binding affinities (Figure 4).
Moreover, based on the kinetic analysis, the molecular basis of the structural recognition of
two histone–protein pairs and a mechanism of histone-mediated DNA damage repair were
proposed.

Protein–Cell Interactions

Tao’s group (107) investigated interaction of herceptin (an antibody used as an antitumor drug)
and the membrane HER2. In their study, the binding kinetics of herceptin with HER2 were
measured in single intact cultured cells and primary cells extracted from breast tumor tissues.
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Figure 4 (Figure appears on preceding page)

(a) Heatmap of binding affinities between histone peptides and histone reader proteins. (b) The binding curves of proteins to respective
histones (c). Figure adapted with permission from Reference 106. Abbreviation: RU, refractive unit.

The equilibrium dissociation constant was determined and shown to vary among different cell
lines. Significantly weaker herceptin–HER2 interaction was observed when using herceptin-
resistant cells compared to those obtained using herceptin-sensitive cells. Furthermore, it was
demonstrated that the steric hindrance of membrane protein mucin-4 can alter drug-receptor
binding. Subsequently, they studied the same interaction except for the conjugation of herceptin
with AuNPs (108). It was found that conjugation significantly affects the binding kinetic and that
the mechanism of herceptin-AuNP binding depends on the conjugation density of herceptin on
AuNPs and the expression level of HER2 on the cell membrane.

OTHER APPLICATIONS

Cheng et al. (109) used a prism-based SPR imaging platform to monitor the effect of chemical
agents on amyloid-β (Aβ) fibril elongation. Aβ monomers were incubated with Fe3+, Cu2+, and
Zn2+ (known to promote Aβ fibril growth). In addition, (−)-epigallocatechin gallate (EGCG)
(known to inhibit Aβ fibril growth) and the fibrils were covalently attached to the sensor sur-
face. Aβ monomers were then introduced, and the process of fibril elongation was monitored.
It was demonstrated that the elongation process was modulated by the presence of metals and
EGCG.

The process of toehold-mediated DNA strand displacement was studied using dark-field
SPR microscopy and a plasmon ruler (110). The plasmon ruler used was a core-satellite AuNP
assembly composed of several satellite nanoparticles bound to a core nanoparticle via DNA
hybridization. DNA-strand displacement was triggered by an invader sequence (miRNA-21
oncogen) that released the satellite from the core. The kinetics of strand displacement was inves-
tigated for different toehold sequence lengths and homo-/hetero–DNA/RNA duplexes. Appar-
ent rate constants were calculated from the probability of strand displacement. A plasmon ruler
was also used for monitoring the extension process of DNA (telomerase primer) activated by a
telomerase by Qian et al. (111). AgNPs dimers used as plasmon rulers were created via hybridiza-
tion of AgNPs functionalized with complementary thiol-terminated DNA. AgNPs dimers were
adsorbed on a glass substrate and cell extract, and deoxyribonucleotide triphosphates (dNTPs)
were added to allow cellular telomerase to incorporate dNTPs to the end of the telomerase
primer. The extended telomerase primer hybridizes with a DNA and forms a rigid structure
that results in increasing the distance between AgNPs. Interparticle distance was determined
from TEM images. Based on both spectral analysis and dark-field microscopy images, it was
demonstrated that telomerases extracted from different cell lines exhibit different activity (i.e.,
DNA extension rate) and that the telomerase inhibitor EGCG indeed reduces the telomerase
activity.

Jia et al. (112) used prism-based SPR imaging for DNA aptamer screening and real-time mon-
itoring of the SELEX process. A target protein, lactoferrin, and a mixture of control proteins
were covalently attached to the SPR chip via amine coupling. A DNA library was designed, and
the respective DNA sequences were coupled with complementary DNA on AgNPs to create a
DNA–AgNP library. In the reported experiments, DNA–AgNPs were flowed along the surface
with immobilized lactoferrin and control proteins. Subsequently, the channel with target protein
was disconnected and eluted, and the respective DNA was amplified by PCR and used in the
following cycle. Finally, specific DNA was sequenced, and aptamer candidates were identified.
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The SPR imaging based on a nanohole array was used for nucleic acid sequencing byCetin et al.
(113). They used a nanohole array to which primed-template DNA was attached. This method-
ology exploits the specificity with which a complex is formed between a primed-template DNA,
a dNTP, and a polymerase. A model DNA (4 bp) was sequenced in this work.

SPR microscopy was also used to image and measure the length of a single DNA (114). Yu
et al. functionalized a gold surface with amine-terminated thiols over which λ-DNA molecules
were stretched by the capillary force. The SPR images were used to determine the average length
of the whole λ-DNA and it was found to agree well with theoretical simulations and fluorescence
images.

Corn’s group (115, 116) investigated the uptake of small molecules (melitin) and large
molecules (concanavalin) by hydrogel NPs for the controlled uptake and release of bioactive
molecules in drug delivery. They loaded hydrogel NPs with different concentrations of molecules
and adsorbed them on the surface of an SPR chip modified with hydrophobic alkanethiols. The
difference in the sensor response to loaded and unloaded nanoparticles was found to correlate
with the amount of loaded molecules.

DISCUSSION

The development of optical platforms for SPR imaging and microscopy has been driven by dif-
ferent needs and applications. Whereas in SPR microscopy, research into optical platforms has
been concentrated mainly on achieving the best spatial resolution, research in SPR imaging has
encompassed activities toward improving performance (both spatial resolution and RI resolution)
as well as reducing the size and complexity of SPR imaging devices. RI resolution is one of the
main characteristics that describes sensing performance of SPR imaging platforms. However, one
should keep in mind that RI resolution (a) depends on multiple factors (e.g., spatial and tempo-
ral averaging of sensor response) that are often different (or not stated) in different reports and
(b) is not the best characteristic when comparing platforms employing different surface plasmon
modes (i.e., different surface plasmon modes may exhibit rather different electromagnetic field
profiles). RI resolutions reported in the literature span a broad range of values (10−3 to 10−7). The
best laboratory SPR imaging platforms achieve an RI resolution of around 10−7 while being able
to simultaneously measure ∼100 sensing spots with a temporal resolution of ∼1 s. In contrast,
the performance of compact SPR imaging systems (often based on collinear optics and plasmonic
nanostructures) is inferior, typically achieving RI resolutions on the order of 10−3–10−6. When
assessing the potential of such devices for bioanalytical applications, it also remains to be seen to
what extent miniaturization can be achieved while providing robust and stable optical systems in-
sensitive to environmental factors (e.g., temperature variations), which are often sources of sensor
response drifts. Although improving spatial resolution in SPR microscopy has clearly been the
main motivation for a large number of research studies, it should be noted that the spatial res-
olutions reported by different groups were often determined under specific (and different) con-
ditions, making direct comparison difficult. However, it should be noted that several approaches
have been developed that allow SPR microscopy platforms to achieve a diffraction-limited res-
olution (∼200 nm). Moreover, SPR microscopy employing advanced image processing methods
has been shown to be capable of visualizing the transport of biological objects (organelles) moving
inside a cell with high precision (5 nm).

Biosensors based on SPR imaging have been applied in the detection of a broad variety of
biologically relevant analytes, ranging from proteins and nucleic acids to viruses and bacteria. De-
tection performance is typically expressed in terms of the LOD. However, the reported LODs
are often determined by different methods that make direct comparison difficult even when the
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same analyte is to be detected. Comparison of the detection capabilities of different biosensors
for different applications is even more elusive, as the ultimate detection performance of an SPR
biosensor depends on multiple factors. These include the performance of the SPR instrument
(optical platform, microfluidic system, and functional coating), the detection format, and com-
position of the sample (although most reports are concerned with the detection in buffer, the
number of applications in real-world biological media is growing). Proteins represent the group
of analytes targeted most frequently. The LODs achieved in buffer are typically in the pg/mL
to ng/mL range; the LODs in complex samples (e.g., blood serum and plasma) are typically
higher by an order of magnitude or more. Functional metal NPs are often employed to im-
prove the specificity and LOD of the assay, which is more efficient in combination with the plat-
forms that used surface plasmons with higher penetration depths (e.g., PSPs). Detection of nu-
cleic acids has also been pursued, and the reported LODs are typically in the nM range or in the
fM to pM range for direct and particle-enhanced sandwich assays, respectively. The SPR imag-
ing technique has also been shown capable of detecting individual bioparticles. Moreover, SPR
imaging platforms have been applied to high-throughput analyses of a multitude of biomolecu-
lar interactions, such as small drug–protein receptor, protein–nucleic acid, and protein–protein
interactions. SPR imaging and microscopy methods have also been introduced in cell research
to provide a platform for the study of individual cells as well as their groups and assemblies.
This included investigation of the properties of intact living cells, such as their adhesion, re-
sponse to external stimuli, signaling, and secretion as well as the interaction of ligands with mem-
brane receptors embedded in the native environment of the cell. The concept of monitoring
the interactions involving individual cells has been demonstrated, and SPR microscopy has been
shown to provide resolution that allows tracking the individual subcellular structures (organelles,
cytoskeleton).

OUTLOOK

Since their conception, SPR imaging and microscopy have made great advances in terms of both
technology and applications. However, they have not yet reached the level of maturity and use of
conventional SPR biosensors. Only a few SPR imaging and microscopy commercial platforms are
available,which limits the development of new applications and the impact of this technology.This
also contributes to a lack of standardization of instrumentation and measurement methodologies
that need to be improved in the future. Although the LODs achieved by SPR imaging platforms
meet the requirements of numerous relevant bioanalytical applications, analysis of complex sam-
ples (e.g., bodily fluids) withminimumor no sample preparation remains a challenge. In the future,
this issue is expected to be alleviated by advances in the development of functional coatings and
detection methodologies. The need for more sensitive and accurate SPR imaging and microscopy
platforms may be addressed by new developments in plasmonics and optical measurement meth-
ods. Plasmonic nanostructures may play an important role in some future applications, but their
routine use will require the development of cost-effective methods for their fabrication. Given
the growing number of applications and complexity of problems addressed by SPR imaging and
microscopy, these methods will undoubtedly continue to evolve and have an increasing impact on
the fields of biology, medicine, food safety, and security.
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The study of optical affinity biosensors based on plasmonic nanostructures has received significant

attention in recent years. The sensing surfaces of these biosensors have complex architectures, often

composed of localized regions of high sensitivity (electromagnetic hot spots) dispersed along a dielectric

substrate having little to no sensitivity. Under conditions such that the sensitive regions are selectively

functionalized and the remaining regions passivated, the rate of analyte capture (and thus the sensing

performance) will have a strong dependence on the nanoplasmonic architecture. Outside of a few recent

studies, there has been little discussion on how changes to a nanoplasmonic architecture will affect the

rate of analyte transport. We recently proposed an analytical model to predict transport to such complex

architectures; however, those results were based on numerical simulation and to date, have only been

partially verified. In this study we measure the characteristics of analyte transport across a wide range of

plasmonic structures, varying both in the composition of their base plasmonic element (microwires,

nanodisks, and nanorods) and the packing density of such elements. We functionalized each structure with

nucleic acid-based bioreceptors, where for each structure we used analyte/receptor sequences as to

maintain a Damköhler number close to unity. This method allows to extract both kinetic (in the form of

association and dissociation constants) and analyte transport parameters (in the form of a mass transfer

coefficient) from sensorgrams taken from each substrate. We show that, despite having large differences in

optical characteristics, measured rates of analyte transport for all plasmonic structures match very well to

predictions using our previously proposed model. These results highlight that, along with optical

characteristics, analyte transport plays a large role in the overall sensing performance of a nanoplasmonic

biosensor.

Introduction

In the past decade there has been an extraordinary growth of
research into optical affinity biosensors based on plasmonic
nanostructures (i.e., nanoplasmonic biosensors).1–4 In
contrast to their surface plasmon resonance (SPR)
predecessors based on a continuous metal film,5

nanoplasmonic substrates are often composed of (metal)
plasmonic features dispersed along a dielectric substrate. The

architecture of these substrates can take many configurations,
ranging from sensors based on positive relief nanodisks,6

nanorods,7 nanoprisms,8 and nanowires,9 to sensors based
on negative relief nanoholes,10 as well as N-particle clusters of
both types (e.g., nanorod dimers,11 nanohole heptamers12).
Although measurements on these substrates can proceed via
several modes (e.g., localized surface plasmons, collective
resonances, and Fano resonances), they all follow a similar
principle when used as a biosensor, whereby the selective
capture of analyte by immobilized receptors causes a change
in the sensor response.

The orthogonal functionalization of nanoplasmonic
substrates – the immobilization of bioreceptors to sensitive
regions (i.e., plasmonic hot spots) and passivation of the
remaining non-sensitive regions – has been demonstrated to
significantly increase biosensing performance when
compared to similar substrates with uniform
functionalization.13,14 This performance increase is due to
increases in analyte transport: illustrated in Fig. 1 for a SPR
and nanoplasmonic biosensor. SPR biosensors are often
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subject to severe diffusion limitations, where a lack of fluid
movement adjacent to the sensing surface results in a zone
of depleted analyte (depletion layer) that grows in size along
the flow direction (Fig. 1a).15 When uniformly functionalized,
a nanoplasmonic biosensor of similar size will exhibit a
similar depletion layer (Fig. 1b). Conversely, analyte transport
to an orthogonally functionalized nanoplasmonic biosensor
will exhibit more complex depletion layers (Fig. 1c), where
the passivated regions between plasmonic elements allow for
depletion layer recovery and furthermore, enhanced rates of
transport. When plasmonic elements become sufficiently far
apart from one another, the depletion layers (with a size of
the same magnitude as a single plasmonic element) become
hemispherical in shape and smaller in size, leading to even
higher rates of transport (Fig. 1d). Fig. 1e demonstrates how
this phenomenon is manifested experimentally, where we
compare the sensor response of a SPR biosensor with that of
a microwire-based biosensor. The two sensors exhibit similar
optical sensitivity (seen in the similar responses at
equilibrium), however, the time to reach equilibrium for the
microwire biosensor is much shorter: an effect solely
attributed to an increase in analyte transport.

Hence, when orthogonally functionalized, the rate of
analyte transport, and thus the sensor response, will be
strongly influenced by the nanoplasmonic architecture – both
in the size and shape of each plasmonic element as well as
their spacing with respect to each other. Prediction of such
transport rates to complex substrates (useful for sensor
optimization) was unavailable until recently, when using the
results of several numerical methods we proposed a simple

analytical approach to estimate transport to array-based
sensors.16 We later demonstrated this effect experimentally,
showing that the sensing performance for a nanoplasmonic
biosensor is dependent on the product of optical
performance with the rate of analyte transport.17

In this study we examine the analyte transport
characteristics to a wide range of micro- and nanoplasmonic
biosensors, all of which are practically relevant within the
current literature. We examine the biosensing characteristics
of plasmonic substrates having three configurations – based
on microwires, nanorods, and nanodisks – with the former
two having variable coverage of plasmonic elements. These
substrates are functionalized using multiple analyte/receptor
systems based on both DNA and RNA oligonucleotides.
Sensorgrams created from individual channels on each
substrate are used to extract both kinetic data (association
and dissociation rate constants) as well as the rate of analyte
transport (mass transfer coefficient). We show that, across all
substrates, experimental measurements of analyte transport
match very well to our previously developed analytical model.

This study serves as an experimental verification of our
previously developed analytical model,16 which had only been
partially verified through experiments limited to only
nanorod based substrates used for the detection of a single
analyte.17 Altogether, rather than focusing on optical
characteristics, this study highlights the characteristics of
analyte transport across many types of heterogeneous sensing
surfaces. In addition to being relevant to the nanoplasmonic
configurations shown herein (i.e., sensors based on
microwires, nanodisks, and nanorods), these results are

Fig. 1 The shape of the analyte depletion layer (dotted-dashed lines), and thus the rate of analyte transport, is dependent on the nanoplasmonic
architecture. (a) A SPR biosensor will have similar analyte transport characteristics as (b) a uniformly functionalized nanoplasmonic biosensor, both
having depletion layers of similar size. (c) When orthogonally functionalized, the same nanoplasmonic biosensor will exhibit a thinner analyte
depletion layer (more complex in shape), along with increased rates of transport. (d) When the fill fraction of a nanoplasmonic biosensor is
sufficiently low, the depletion layer will be hemispherical and much smaller in size than in case (a), where analyte transport, proceeding solely via
diffusion, is two-dimensional, allowing for further increases in analyte transport. (e) Sensorgrams taken from both a SPR- and microwire-based
biosensor using the same flow cell (details below, l = 10 μm, c = 10 nM); the increased sensor response for the microwire biosensor (in both the
association and dissociation phases) is directly attributed to increased analyte transport.
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applicable to a majority of current nanoplasmonic biosensor
designs used in a flow-over format. The results shown herein
can be used to design optimal architectures for
nanoplasmonic biosensing.

Background and methodology

Fig. 2 shows the three nanoplasmonic configurations and
associated microfluidic channels considered in this study.
Plasmonic substrates exhibited a unique reflectance spectra
having a plasmonic feature (minimum or maximum) at a
wavelength λr. The sensor response was calculated as the
shift of this position (Δλr) as a result of changes in the
surface density of captured analyte (ΔΓ), where the
proportionality between these changes defines the sensitivity
SΓ = Δλr/ΔΓ, determined by the optical characteristics of each
sensor.

We consider the microfluidic-based delivery of analyte to
the sensing surface, where each microchannel has height H,
width W, and the sensing region has length L.
Nanoplasmonic sensors consist of individual gold plasmonic
elements with characteristic length l (in the direction of
flow), width w (orthogonal to flow), and height h. Each
sensing substrate had a fill fraction f, defined as the ratio of
the overall surface area of the plasmonic elements with

respect to the projected surface area of the sensing surface
(Fig. 2); by this definition, SPR-based sensors (having a
continuous gold film) have a fill fraction of f = 1.

A liquid solution having an analyte concentration c is
flowing through the sensing chamber. After transport to the
sensing surface, analyte is captured in a 1 : 1 manner by
functionalized bioreceptors having a surface density Γo (on
each gold plasmonic element). Such capture can be described
by both the association rate constant k1 and the dissociation
rate constant k2. Using a quasi-steady approximation, time-
rate changes in the sensor response can be described
analytically as18

dλr
dt

¼ SΓ
k1c Γo − Γð Þ − k2Γ
1þ k1 Γo −Γð Þ=km

� �
(1)

The value km represents the steady-state, diffusion-limited
mass transfer coefficient, and is a measure of the efficiency
of analyte transport; km is related to the analyte flux to the
sensor surface J (averaged over the entire active surface) via
km = J/c.

Analyte transport to a uniformly functionalized SPR
biosensor is a relatively well studied topic. The mass transfer
coefficient for a continuous gold film (here noted as kp)
situated in a rectangular geometry is dependent on the
geometry of the microchannel (H, W, L), the diffusivity of the
analyte D, and the volumetric flow rate Q. For flow in
rectangular flow cells (with a single capture surface), kp can
be accurately predicted using a truncated solution proposed
by Newman19 as

kp ¼ 1:47
QD2

LH2W

� �1
3

: (2)

Conversely, analyte transport to a nanoplasmonic
biosensor is a much more complex problem. The study of
transport to a heterogeneous reactive/passivated surface has
only been recently examined, where several authors examined
the problem theoretically from a microscopic perspective,20,21

and we examined the problem from a macroscopic
perspective.16 In our model, the mass transfer coefficient to a
nanoplasmonic sensor is predicted to follow

km ¼ kp
Rk − f

Rkf − 2f þ 1
; (3)

where Rk = knp/kp is a ratio of the mass transfer coefficient
for an individual plasmonic element composing the array
(knp), existing outside the influence of any other
functionalized elements, with respect to the mass transfer
coefficient for a continuous surface (kp). In this study knp
would be representative of experiments consisting of a single
microwire, nanodisk, or nanorod (we have also proposed a
model to predict knp to single nanodisks and nanorods22).
From eqn (3) (when Rk ≫ 1) it can be seen that as the fill
fraction approaches unity (f → 1), the mass transfer
coefficient to an array approaches that to a continuous film

Fig. 2 (a) Schematic of the microfluidic flow cells and reflectance
spectra for the substrates used in this study, specifically, configurations
based on (b) microwires, (c) nanorods, and (d) nanodisks.
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(km → kp) and furthermore, scales inversely to the fill fraction
(km ∼ kpf

−1) in the region of f ≈ 1.
Eqn (1) is routinely used to extract kinetic parameters (k1,

k2) from sensorgrams taken via the SPR method, specifically
through fitting of eqn (1) to experimental data obtained at
various analyte concentrations.18 This equation also provides
insight into the nature of affinity capture during a biosensing
assay. The term Da = k1Γo/km represents the Damköhler
number: a dimensionless parameter that represents the ratio
between the rate of (reactive) affinity analyte capture with
respect to the rate of analyte transport to the sensor
surface.15 The form of this term corresponds to the
beginning of a detection experiment, where the surface
density of captured analyte is very small (Γ ≈ 0). Affinity
capture is considered to be diffusion-limited when Da ≫ 1,
and reaction-limited when Da ≪ 1.

When the Damköhler number is on the order of unity (Da
≈ 1), contributions of both reactive and transport effects to
the sensor signal are of similar magnitude. Therefore, in this
regime one can use eqn (1) to extract both kinetic and mass
transport parameters from sensorgram data. For the
experiments shown herein, we thus used different analyte/
receptor pairs for each substrate as to maintain Da ≈ 1.
Sensorgrams taken from each substrate, consisting of
multiple injections with variable c, were used to obtain
information on k1, k2 and km. This method provides an
internal standard, as experiments using substrates having
different fill fractions (similar configuration, analyte/receptor
pairs, and detection conditions) will only lead to changes in
measured mass transport behavior (km), where
measurements of kinetic behavior are not expected to change
(k1, k2).

The results herein are applicable to sensors operated in a
flow over format, which are representative of the vast
majority of previous work on nanoplasmonic biosensors.
These results cannot be directly applied to flow through
nanoplasmonic biosensors, which in a limited number of
works, have been shown to overcome diffusion limitations
(via flow directly adjacent to, and through, the sensing
surface).23–25 In a similar fashion, these results do not apply
to sensors where analyte transport occurs through active
means (e.g., (di)electrophoresis).

Results

Plasmonic elements on each sensing substrate were
functionalized with thiol-derivatized DNA or RNA sequences
that were complementary to a target analyte, whereas the
glass surfaces were untreated. We assumed no interaction
between analyte and the glass surface, as both the analyte
(ssDNA/ssRNA) and glass surface have a slight negative
charge under the conditions of the assay.26 The fill fraction
was calculated for each substrate according to the equations
shown in Fig. 2. For all flow cells and analyte/receptor pairs
we also performed experiments using a continuous gold layer
(i.e., SPR biosensor, f = 1).

There were 2–5 individual measurement channels on each
sensing substrate, from which we recorded the sensor
response during the injection of analyte (association phase),
followed by an injection of buffer without analyte
(dissociation phase). The sensor surface was regenerated
after each cycle. Sensorgrams taken from individual channels
consisting of 3–6 injections (association and/or dissociation
phases measured with variable analyte concentration) were
used to extract characteristic interaction parameters,
specifically k1, k2, Γo, and km (or kp for SPR-based
measurements). Unless noted, all experiments were
conducted under conditions such that 0.1 < Da < 12.

For both the continuous gold surfaces and large microwire
substrates we assumed a sensitivity of SΓ,SPR = 5.56 nm mm2

ng−1, which corresponds to the sensitivity of a propagating
surface plasmon with a resonant wavelength of 750 nm to
the addition of a 5 nm thick dielectric adlayer (RI = 1.43).17

This value was used to estimate the probe density (Γo) for
each analyte/receptor pair in each flow cell (via data taken
from continuous gold films). The sensitivities of other
substrates were estimated via the ratio between the average
fitted value of Γo between a micro- or nano-structured
substrate and that for a continuous gold surface, multiplied
by SΓ,SPR. The data shown in Fig. S1, S3, and S5 (ESI†) give
representative values of the sensitivities across all of the
substrates and fill fractions that we utilized in experiment.

Microwire experiments

We fabricated 21 substrates based on microwires of both
varying wire size (l = 1.4, 10, 100 μm) and fill fraction (0.16 <

f < 0.64), where each substrate had 2 measurement channels
and 2 reference channels. The microwires were aligned with
their long axis parallel with the plane of incidence (TM
polarization). We performed experiments using two different
target DNA oligomers complementary to a single probe
sequence (Fig. 3a). Example sensorgrams for both a
microwire substrate and a continuous gold surface are shown
in Fig. 3d and e.

The normalized reflectance spectra taken from substrates
based on larger microwires (l = 10, 100 μm, Fig. 3b) exhibited
spectral dips which correspond to the excitation of
propagating surface plasmons, where the contrast of the
spectral dips decreased with decreasing fill fraction. We
observed no significant difference in the high concentration
equilibrium sensor response between the larger microwire
substrates (Δλr = 0.47 ± 0.08 nm, 26 sensorgrams) and
continuous gold films (Δλr,SPR = 0.45 ± 0.08 nm, 4
sensorgrams). This similarity suggests that the larger
microwire substrates have a sensitivity equivalent to the
continuous gold surface, which is consistent with the work
by Sarkar et al.9 concerning wires with dimension l ≫ λr.
These data lead to a density of immobilized probes of Γo =
2.6 ± 0.5 × 10−14 mol mm−2.

Conversely, the normalized reflectance spectra taken from
the smaller microwire substrates (l = 1.4 μm, Fig. 3c) show a
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more complex spectra, a result of the coupling of propagating
surface plasmons with lattice resonances.27 These sensors
were observed to exhibit a lower sensitivity, where the high
concentration equilibrium sensor responses for smaller
microwires were lower than that for a continuous gold
surface (Fig. 3d and S1†).

Extracted values of km, k2, and k1 across all microwire
substrates for both analytes are shown in Fig. 3f–h. A
selection of fitted sensorgrams along with their extracted
parameters are shown in Fig. S1.† It can be seen that
extracted association rate constants are similar for both
target sequences; however, dissociation rate constants for the
11-mer sequence are lower by over an order of magnitude
with respect to those for the 10-mer sequence. We observed a
large increase in the mass transfer coefficient with
decreasing fill fraction, with larger increases observed for

microwires having smaller dimension. No differences were
seen in km between experiments using the two target analytes
for a given substrate. Predictions for km as a function of the
fill fraction match well with experimental data (Fig. 3f); the
ESI† gives details on these predictions, along with
information on both experimental and predicted parameters
(Table S1).

Nanodisk experiments

We fabricated a single substrate with nanodisks arranged in
a random packing order covering the entire floor of the
sensing microchannel. The RNA analyte/receptor scheme is
shown in Fig. 4a. In hybridized form this pair exhibits a
stem-loop structure with an adenine bulge,28 but otherwise
demonstrated typical 1 : 1 binding kinetics. Fig. 4b shows the

Fig. 3 Microwire experiments. (a) Schematic for the DNA receptor/analyte system. Reflectivity spectra for microwire sensing substrates for (b)
larger (l = 10, 100 μm) and (c) smaller (l = 1.4 μm) microwires at varying fill fraction. Arrows indicate the plasmonic feature tracked during
experiment. Selected sensorgrams (10-mer analyte) for both (d) a microwire substrate (f = 0.16, l = 1.4 μm) and (e) a continuous gold surface;
fitted sensorgrams are shown in Fig. S1.† (f) Extracted values of km across all microwire substrates. Symbols represent experimental data; solid lines
represent the predicted response for each microwire size (via eqn (3)). Extracted values of both (g) k2 and (h) k1 across all microwire substrates.
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reflectance spectra of the substrate, where the dips in the
reflectance spectra correspond to the excitation of
longitudinal localized surface plasmons (TE polarization).
From a SEM image we calculated a mean diameter of l = 88 ±
8 nm (h = 30 nm) and packing density of ρ = 13.9 μm−2. The
fill fraction was thus estimated as f = ρAnp = 0.200.

We obtained two sensorgrams from both the nanodisk
substrate (a single sensorgram is shown in Fig. 4c) and a
continuous gold surface. The high concentration equilibrium
sensor response for the continuous gold film (Δλr,SPR = 1.42 ±
0.07 nm) led to a density of immobilized probes of Γo = 6.2 ±
0.3 × 10−14 mol mm−2; data for the nanodisk substrates was
lower (Δλr = 0.281 ± 0.005 nm), indicating these substrates
had a lower sensitivity; these values, along with fitted
sensorgrams and other associated data, are shown in Fig.
S3.†

Extracted values of km, k2, and k1 taken from nanodisk
substrates are shown in Fig. 4d. We observed little difference
between extracted values of k1 and k2 taken from nanodisk
and continuous gold experiments, and a large difference in
extracted values of km. Predicted values for the mass transfer
coefficient for the nanodisk array (km = 0.0258 mm s−1) and
continuous gold film (km = 0.0052 mm s−1) differed from
average experimental values by a factor of 1.72 and 1.92,
respectively (Table S2†). The differences between prediction
and experiment are likely attributed to both the more
complex flow cell design and the presence of nanodisks

across the entire floor of the sensing chamber (outside of the
interrogated region, Fig. S4†).

Nanorod experiments

We fabricated 6 substrates with nanorods arranged in a
random packing order, having their long axis arranged
parallel with the polarization of incident light (TE
polarization). Substrates were fabricated with varying fill
fraction, determined as f = ρAnp, where Anp was calculated
as the surface area of a rectangular block (l = 30 nm, w =
110 nm, h = 30 nm). An SEM image of one substrate can
be seen in Fig. 5b, and details on the flow cell are shown
in Fig. S6.† The dips in the reflectance spectra (Fig. 5b)
correspond to the excitation of longitudinal localized
surface plasmons. An example sensorgram taken from a
nanorod substrate is shown in Fig. 5c (association phase
only); we tested two chips per fill fraction, where each
chip had 3 measurement channels. We observed a slight
difference between the equilibrium response (high
concentration) observed using a continuous gold film
(Δλr,SPR = 1.01 ± 0.12 nm, 6 sensorgrams, leading to Γo =
2.89 ± 0.34 × 10−14 mol mm−2) and that using the
nanorod substrates (Δλr = 1.24 ± 0.21 nm, 18
sensorgrams), with no significant differences across
different nanorod fill fractions, which we also observed in
our previous study.17

Fig. 4 Nanodisk experiments. (a) Schematic for the RNA receptor/analyte system. (b) Normalized reflectivity spectra for both a nanodisk substrate
and a continuous gold film. The inset shows a SEM image of the nanodisk sensing substrate (scale bar 1 μm), where the disks had a mean diameter
of l = 88 ± 8 nm. (c) Representative sensorgram for the nanodisk substrate. (d) Extracted values of km, k1, and k2 for both nanodisk and continuous
gold substrates (using the same flow cell). Each bar represents data taken from a single sensorgram.
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Extracted values of km for the nanorod substrates are
plotted as a function of the fill fraction in Fig. 5d;
experimental data match well with analytical predictions
(Table S3†). There was little difference in the extracted values
of k1 across all nanorod substrates (Fig. 5e). Due to severe
diffusion limitations (Da > 50), we did not obtain data for k1
from continuous gold experiments; however, in that regime,
extracted measurements of kp can be considered to be
accurate. The good match between predicted and
experimental values of kp and km suggests that there was
little to no interaction between the ssDNA analytes and the
non-functionalized glass surfaces.

Discussion

The experimental design used herein, i.e., the use of different
analyte/receptors for each substrate (each having a different
association rate constant), ensured that all measurements
were taken in the range of Da ≈ 1. These conditions allowed
us to extract both kinetic and mass transfer parameters from
sensorgrams using methods that are commonly used in
biomolecular interaction analysis. When considering a single
analyte/receptor system, the kinetic data (k1, k2) collected in
this study show little dependence on the fill fraction across
each substrate configuration, whereas as expected, extracted
values of km vary significantly with changes in the fill
fraction. Therefore, it is likely that the extracted values of km

are void of artifact. The strong match between observed and
predicted values of km across all substrates also suggests that
other transport effects (e.g., thermophoresis) are very limited
under the conditions used here.

To directly compare the analyte transport behavior across
the three experimental substrate configurations (and three
different flow cells), we calculated the mass transfer
enhancement E = km/kp for all of the experimental data
shown above. These data are plotted in Fig. 6. In addition,
using existing analytical solutions for analyte transport, we
predicted Rk (via predictions of knp and kp) for all of the
substrate configurations used herein; these predictions are
detailed in the ESI† (Tables S1–S3). From the data shown in
Fig. 6, it can be seen that the values predicted by eqn (3)
match well to all of the experimental data taken across all fill
fractions.

Design guidelines

The results shown herein have fairly strong implications for
the design of a nanoplasmonic sensor: the rate of mass
transport to a nanoplasmonic structure is strongly dependent
on both the sensor fill fraction as well as the specific
plasmonic architecture (where the difference in size between
individual plasmonic elements and the overall sensing region
will determine Rk). Thus, two different plasmonic
nanostructures having similar Rk and f will have similar mass

Fig. 5 Nanorod experiments. (a) Schematic for the DNA receptor/analyte system. (b) Reflectivity spectra for the nanorod substrates along with the
continuous gold surface. (inset) SEM images of a nanorod substrate (scale bar 1 μm); individual nanorods had dimensions of l = 30 nm, w = 110
nm, and h = 30 nm. (c) Sensorgram for a nanorod substrate (f = 0.023). (d) Extracted values of km across all substrates. The solid line represents
the predicted response. (e) Extracted values of k1 for the nanorod substrates (3 sensorgrams per chip).
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transport characteristics, regardless of the substrate
configuration or packing order. The value Rk is strongly
dependent on the size and shape of an individual plasmonic
element. Plasmonic structures having individual elements
with smaller characteristic sizes will have higher Rk (and have
a stronger dependence on the fill fraction), seen explicitly in
the data herein taken from microwire substrates. A same
argument holds related to how much an individual
plasmonic element protrudes into the sensing medium:
positive relief elements will have higher Rk with respect to
negative relief elements (e.g., nanohole) having similar
characteristic sizes. Eqn (3) also sets the upper limit for mass
transport, where the mass transfer enhancement for any
nanostructure cannot exceed E = 1/f (seen from eqn (3) as Rk

→ ∞).
These results also suggest interesting behavior for

plasmonic sensors based on N-particle clusters, for which an
individual plasmonic element is represented by an individual
cluster composing the array (larger size, smaller Rk), and not
a single element (smaller size, larger Rk). Thus, at equal fill
fraction, analyte transport to an array of clustered plasmonic
elements (e.g., nanodisk heptamers) is expected to be lower
than that to an array of non-clustered elements. The
difference in transport rates to N-particle clusters (vs. that to
a non-clustered array) will increase as the overall size of the
cluster increases.

For nanostructures with fill fraction such that f > 1, such
as an array of high aspect ratio nanoparticles, mass transport
should continue to scale as E = 1/f, with lower rates of
transport compared to a continuous gold surface. As follows,
nanoplasmonic structures that are not functionalized in a
orthogonal manner (having immobilized receptors along the
entire sensing surface) will have a fill fraction of f ≥ 1, and
will exhibit mass transport properties that are equal to (or

less than) a sensor based on a continuous gold film. This
property highlights the importance of the use of orthogonal
functionalization methods for nanoplasmonic biosensors.

Conclusions

In summary, we have investigated the analyte transport
characteristics for a wide range of micro- and nanoplasmonic
substrates, with variations of both the substrate
configuration (individual elements based on microwires,
nanodisks, and nanorods) as well as the substrate fill
fraction. Rates of analyte transport, quantified here as the
mass transport coefficient, were obtained via the kinetic
analysis of sensorgrams taken from individual channels on
each substrate. We utilized multiple analyte/receptor pairs
within (and across) different substrate configurations to
ensure accurate measurements of both kinetic and mass
transport data. In addition to their dissimilar sensing
architectures, the substrates tested herein have vastly
different spectral profiles and sensitivities. However, we show
that the analyte transport characteristics across all substrates
follow similar characteristics, which are dependent both on
the sensor fill fraction f as well as the nature of the
individual plasmonic elements composing the substrate
(defining Rk), and invariant to the substrate configuration or
packing order (random or periodic). Rates of transport across
all substrates match well to those predicted by eqn (3),
proposed in a previous study,16 of which the results herein
serve as an experimental verification.

The results of this study confirm that analyte transport to
nanoplasmonic biosensors can be accurately predicted using
a simple analytical model. This model, given by eqn (3) in
the form of a mass transfer coefficient (km), can be applied to
nearly all affinity-based nanoplasmonic biosensors in the

Fig. 6 Mass transfer enhancement (E = km/kp) plotted vs. the fill fraction for all of the experimental substrates (symbols). All experimental data
scale according to eqn (3), data from which are shown as the solid lines using respective values of Rk for each substrate.
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current literature. Along with knowledge of the kinetic
parameters related to an affinity-interaction, these
predictions can be used to predict the rate of analyte capture
across both diffusion- and reaction-limited conditions (via
eqn (1)). In terms of design optimization, these predictions
are especially valuable when used with other methods to
predict the optical characteristics of these sensors.

Material and methods
Fabrication of sensing substrates

All plasmonic substrates consisted of gold structures on a
glass chip, fabricated via lift-off.

Microwire. Microwire lift-off templates were fabricated via
UV lithography, where clean glass substrates were spin-
coated (Laurell WS650, 4500 rpm, 60 s) with Microposit
S1805 (Dow Chemical) and soft baked on a hot plate (120 °C,
120 s). Patterns corresponding to a microwire array (6 × 11
mm2 overall size) were written by direct write laser
lithography (MicroWriter ML2, Durham Magneto Optics)
using a 1 μm, 405 nm laser. The samples were then post
baked on a hot plate (120 °C, 120 s) and developed (75 s,
Microposit MF-319, Dow Chemical) using mild agitation.

Nanodisk. Nanodisk lift-off templates were fabricated via
hole-mask colloidal lithography, where clean glass substrates
were spin-coated (3000 rpm, 60 s) with poly-
Ĳmethylmethacrylate) (PMMA, 2% solution in anisole, 950
kDa, MicroChem) and soft baked on a hot plate (120 °C, 10
min). This layer was immersed into a 0.2% solution of
polydiallyldimethyl ammonium (PDDA) for 30 s, rinsed with
Milli-Q water (Q-water), and gently dried with nitrogen. The
substrate was then immersed in a solution of sulphonated
polystyrene particles (PPs, 110 nm mean diameter, 0.2%
weight, Life Technologies, Czech Republic) for a short period,
rinsed with Q-water, and gently dried with nitrogen, after
which a 25 nm thick gold film was deposited via e-beam
evaporation (UHV 350, Balzers). The PPs were removed via
stripping with tape, after which the PMMA on the bottom of
each nanohole was removed with oxygen plasma (10 min).

Nanorod. Nanorod lift-off templates were fabricated via
e-beam lithography, where clean glass substrates were
subsequently spin-coated (Laurell WS650, 3000 rpm, 30 s)
with two layers of PMMA having different molecular weights
(495 and 950 kDa, 2% solution in anisole, MicroChem Corp.),
and soft-baked on a hot plate (120 °C, 120 s), after which a
conductive polymer layer (AquaSAVE, Mitsubishi Rayon) was
spin-coated (2500 rpm) and soft-baked (100 °C, 120 s).
Patterns corresponding to a nanorod array (randomly
distributed, overall size of 2 × 1 mm2 for each sensing
channel) were exposed via an electron beam (Raith eLINE
Plus, 20 kV), after which the AquaSAVE layer was washed off
by purified water. Samples were developed for 30 s in a 3 : 1
mixture of isopropyl alcohol (IPA) :methyl isobutyl ketone
(MIBK), followed by immersion in IPA for 30 s.

Metal layers were deposited on all substrates using
e-beam evaporation (microwires: 1.5 nm Ti, 50 nm Au;

nanodisks: 1.5 nm Ti, 30 nm Au; nanorods: 1.5 nm Cr, 30
nm Au). Lift-off was carried out via sonication (Elmasonic
P30H) in either acetone (nanorod, nanodisk substrates) or
Mr-Rem700 (microwire substrates, Dow Chemical). Sensing
substrates consisting of a continuous gold film (1.5 nm Ti,
50 nm Au) were produced by evaporation of metal layers onto
either the entire glass substrate (microwires, nanodisks) or
onto an array of 2 × 1 mm2 rectangles (nanorods).

Optical and microfluidic setup

We used a multi-channel laboratory SPR platform with
wavelength interrogation developed at the Institute of
Photonics and Electronics (Prague). Optically, the sensor is
based on the Kretschmann geometry using the attenuated
total reflection method, where light from a halogen lamp
(Ocean Optics, HL-2000-HP-B) is sent through a collimator,
dichroic polarizer, and an optical prism (BK7 glass)
interfaced to the sensing substrate via an index matching
fluid. Reflected light was collected by a custom-built
spectrograph (based on a gold diffraction grating) using a
CMOS camera (Basler, acA1920-155um). Normalized
reflectivity spectra were obtained via the ratio of the dark-
noise corrected reflectance intensity with either (a) the dark-
noise corrected reflectance from a plain glass slide
(nanorods, nanodisks), or (b) the dark-noise corrected
reflectance from a sensing substrate exposed to air
(microwires). The sensor output (λr) was taken as the position
of either the reflectance dip (nanodisks, nanorods, l = 10, 100
μm microwires) or the reflectance maximum (l = 1.4 μm
microwires), where λr corresponded to the geometrical center
of the spectral feature having intensities lower than 40% of
its depth. Fluidic channels are formed by sealing a series of
four open faced microchannels of similar design (consisting
of vinyl gaskets glued to an acrylic flow cell with machined
input/output ports) to a sensing substrate. The vinyl gaskets
had a thickness of H = 50 μm, where the horizontal
microchannel design was slightly different across
experiments (shown in detail in Fig. S2, S4 and S6†). A
multichannel peristaltic pump (Ismatec, ISM931C) was used
to deliver samples to each channel on the flow cell, which for
microwire and nanodisk experiments used passive fluidic
switching described previously (with further descriptions of
the flow cells used herein).29 The flow cell and sensing
substrate were maintained at a temperature of 25 °C during
all experiments.

Biosensing experiments

All biosensing experiments were conducted in a similar
fashion, with only slight changes in reagents and
functionalization protocols between each substrate
configuration.

Reagents. We used buffers of PBS (10 mM phosphate, 2.9
mM KCL, 137 mM NaCl, pH 7.4), PBSNaCl (PBS + 500 mM
NaCl, pH 7.4), and TrisMg (10 mM Tris-HCl, 30 mM MgCl2,
pH 7.4). Mercaptohexanol (HS–(CH2)6–OH) was purchased
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from Sigma-Aldrich. A thiolated carboxy-terminated poly-
ethylene glycol (ctPEG, HS–(CH2)11–(EG)6–OCH2–COOH) was
purchased from Prochimia (Poland). The DNA and RNA
oligonucleotides DNA probes PRwire (DNA, 5′-5ThioMC6D-
iSp18-TTA TTA TTA CGA GAC CCT GGC ACA AAC ACG TTA
CAC CTC AAA GCA-3′), PRdisk (RNA, 5′-5ThioMC6D-iSp18-ACC
UUU UAU ACA ACC GUU CUA CAC UCA AC-3′), PRref (DNA,
5′-5ThioMC6D-TTA TTA TTA TTA TGC TTT GAG GTG-3′),
PRrod (DNA, 5′-HS-T20-3′), and the oligonucleotide targets
TARwire1 (DNA, 3′-GTG GAG TTT C-5′), TARwire2 (DNA, 3′-GTG
GAG TTT CG-5′), TARdisk (RNA, 5′-5Phos-GAG GUA GUA GGU
U-3′), and TARrod (DNA, 5′-A20-3′) were purchased from
Integrated DNA Technologies (USA). All other chemicals were
of analytical grade.

Microwire and nanodisk functionalization. Before
functionalization, substrates were rinsed with ethanol and Q-
water, cleaned with ozone for 10 min, rinsed with ethanol
and Q-water, and dried with nitrogen. Substrates were then
mounted into the SPR setup. A short injection of PBS buffer
(<5 min) was then followed by a 25 minute injection of 200
nM probes in PBS (measurement channels for microwire and
nanodisk substrates had PRwire and PRdisk, respectively, and
reference channels for both had PRref), followed by a 5
minute injection of PBS, a 15 minute injection of ctPEG
(microwires) or mercaptanol (nanodisks), a 3 minute
injection of PBSNaCl, and finally a sustained injection of PBS
(running buffer).

Nanorod functionalization. Before functionalization,
substrates were rinsed with ethanol and Q-water, dried with
nitrogen, and immersed in a solution of 4 : 3 : 28 NH3 :H2O2 :
Q-water for 30 minutes (40 °C). Substrates were then rinsed
with Q-water, dried with nitrogen, and cleaned with ozone
for 10 min. Substrates were then immersed overnight in a
refrigerated solution of probes (2 μM PRrod) in TrisMg.
Substrates were then rinsed with Q-water, dried with
nitrogen, mounted to the SPR prism using an index matching
fluid, and sealed to a flow cell. An injection of
mercaptohexanol (1 M, 20 min) was followed by a 5 minute
injection of PBS, a 5 minute injection of 2 mM NaOH, a 5
minute injection of PBS, and a sustained injection of TrisMg

(running buffer).
Experimental protocol. Before analyte injection, running

buffer was pumped for a minimum of 10 minutes to obtain a
stable baseline, after which target analytes at variable
concentration (microwires: TARwire1 and TARwire2; nanodisks:
TARdisk, nanorods: TARrod) were injected for a period of 10–
15 minutes (association phase), followed by an injection of
running buffer for at least 20 minutes (dissociation phase).
After each association/dissociation cycle, substrates were
regenerated with 5 mM NaOH for 2 minutes. Sensor
responses were corrected for long term drift, and for
microwire and nanodisk experiments, the reference channel
response was subtracted from the measurement channel. All
injections for each sensorgram were obtained from the same
detection channel. Aside from variable flow cells and
receptor/analyte pairs, other assay conditions (flow rate,

microchannel height, and temperature) were constant across
all experiments.

Analysis of sensorgrams

All sensorgrams were analyzed to extract bioanalytical
information as follows. We assumed that analyte was
captured in a 1 : 1 manner by immobilized bioreceptors,
which has been successfully used in a number of studies
relevant to the kinetic analysis of solid phase DNA
hybridization.30–32 Under such capture mechanism, when
mass transport effects are included (i.e., using a two
compartment model), the time-rate sensor response can be
described according to eqn (1).18

We used non-linear least squares optimization to extract
the parameters k1, k2, Γo, and km from experimental
sensorgrams (3–6 injections at variable c) taken from
individual channels. Specifically, after providing initial
estimates of k1 = 1 × 106 1/M s−1, k2 = 4 × 10−4 1/s, SΓΓo = 0.45
nm, and km = 0.035 mm s−1, we searched for a minimum in
the vector difference between the time-series experimental
data and the solution to eqn (1). At each iteration the
solution to eqn (1) was obtained via ode23 with relative and
absolute tolerances of 10−6, Jacobian values were calculated
using finite differences, and the best-fit values of k1, k2, Γo,
and km were updated. Iterations were terminated when the
squared 2-norm of the residual was below 10−6 (<2000
iterations). The nanorod experiments did not use passive
fluidic valving, thus for those sensorgrams we modified c as
a function of time to account for axial dispersion via the
results of Taylor.33

For each fit we allowed k1, k2, and km to be global
parameters. The probe density Γo was set to be a local
parameter for each injection, as there was a small deviation
in the probe density for each injection due to the sequential
nature of obtaining each sensorgram from a single channel
(incomplete regeneration after each injection cycle). We
observed only a small deviation in fitted values of Γo across
all injections for each channel on each substrate (Fig. S1, S3
and S5†). In addition, we observed only a small difference in
extracted values of k1, k2, Γo, and km when allowing Γo to be a
global parameter across all injections for each sensorgram.
Extracted parameters had little sensitivity to initial estimates,
which is highlighted in Fig. S7,† where changes in the initial
estimates for km by over 3 orders of magnitude had little to
no influence on the resulting fits for k1, k2, Γo, and km.
Similar results were obtained via variation of initial estimates
of k1, k2, and Γo. Results from a selected set of sensorgrams
matched well with results obtained via commercial software
(BIAevaluation 4.1).
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ABSTRACT: Optical biosensors based on plasmonic nano-
structures present a promising alternative to conventional
biosensing methods and provide unmatched possibilities for
miniaturization and high-throughput analysis. Previous works
on the topic, however, have been overwhelmingly directed
toward elucidating the optical performance of such sensors,
with little emphasis on the topic of mass transport. To date,
there exists no examination, experimental nor theoretical, of
the bioanalytical performance of such sensors (in terms of
detection limits) that simultaneously addresses both optical
and mass transport aspects in a quantitative manner. In this
work we present a universal model that describes the smallest
concentration that can be detected by a nanoplasmonic
biosensor. Accounting for both optical and mass transport aspects, this model establishes a relationship between bioanalytical
performance and the biosensor’s design parameters. We employ the model to optimize the performance of a nanoplasmonic
DNA biosensor consisting of randomly distributed gold nanorods on a glass substrate. Through both experimental and
theoretical results, we show that the proper design of a nanostructured sensing substrate is one that maximizes mass transport
efficiency while preserving the quality of the optical readout. All results are compared with those obtained using a conventional
SPR biosensor. We show that an optimized nanoplasmonic substrate allows for the detection of DNA at concentrations of an
order of magnitude lower with respect to an SPR biosensor.

KEYWORDS: affinity biosensing, nanoplasmonics, analyte transport, limit of detection, nanoparticle arrays, DNA detection

Since their first applied use in the 1980s,1,2 refractometric
biosensors based on surface plasmon resonance (SPR)

have undergone significant technological advances.3 Owing to
their real-time, sensitive, and label-free operation, SPR
biosensors have become the gold-standard to measure the
kinetic parameters of a biomolecular interaction and, thus, have
been widely used in molecular biology and drug discovery.4 In
addition, these biosensors are increasingly being used for the
detection of (bio)chemical species within a variety of fields,
including medical diagnostics,5,6 environmental monitoring,7

and food safety and security.8

In the past two decades, however, progress in nano-
fabrication and characterization techniques9,10 has led to rapid
advancements in the field of nanoplasmonics: the study of
nanoscale optical phenomena occurring on nanostructured
surfaces.11 These advancements have spawned an extensive
amount of research into the development of nanoplasmonic
biosensors.12−16 Although nanoplasmonic biosensors offer a
multitude of benefits, including sensor miniaturization and
multiplexing opportunities, there has been a lack of evidence
that they can exceed their conventional SPR counterparts in
terms of detection performance.17

A significant amount of previous work has focused on the
characterization and optimization of different types of nano-

plasmonic sensing structures. The sensing potential of these
structures is often reported strictly in terms of optical
performance, for example, in terms of the so-called figure of
merit: a characteristic related to the resolution of refractive
index (RI) within the bulk sample solution. High values of such
a figure of merit have been reported for periodic plasmonic
structures supporting diffractive coupling to surface plas-
mons,18−21 complex geometries supporting Fano resonan-
ces,22−27 and plasmonic metamaterials supporting a waveguide
mode.28 However, in plasmonic affinity biosensors, the capture
of analyte induces RI changes only within a confined region
close to the sensing surface. Therefore, to fully evaluate the
potential of a sensing structure, a performance characteristic
describing the resolution of surface RI changes must be
considered.29 Several authors have presented comparative
studies of the characteristics describing the response of a
nanoplasmonic and conventional plasmonic sensors to surface
RI changes, showing rather comparable performances.20,30−32

It is important to point out that the bioanalytical power of a
sensor is best described by the minimum amount of analyte in a
sample that can be detected. Hence, to sufficiently evaluate a
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sensor’s performance, one must also consider the rate of analyte
transport from the bulk volume to the sensor surface. For
nanoplasmonic sensors, this topic has been subject to relatively
little discussion. The selective immobilization of receptors to
high-sensitivity regions (i.e., electromagnetic hot-spots on
individual nanoparticles) serves to reduce the effective area
where analyte capture takes place, which under diffusion-
limited conditions will result in faster analyte transport.33 This
effect has been demonstrated experimentally, where passivation
of nonsensitive regions both in between34 and within35 each
hot-spot has been shown to lead to improvements in
performance. Despite these early works, a quantitative
elucidation of this effect has remained unknown until recently,
where several groups have since examined the problem (via
numerical simulation) from both a microscopic36 and macro-
scopic37 perspective.
It follows that changes to the architecture of the sensing

substrate will affect both the optical and the mass transport
properties of the sensor, both of which have direct influence on
performance. These two properties often compete with one
another in a complex manner: for example (as shown herein),
decreasing the packing density of active sensing elements can
lead to increased analyte transport, albeit at the expense of
increased sensor noise. Hence, simple and accurate methods to
optimize such sensing architectures (without the need for
intensive computation) remain desirable.
In this study we propose a universal model to predict the

performance of an optical affinity biosensor, which accounts for
both optical and mass transport aspects. The model interrelates
the design parameters of a biosensor with its detection
performance and thus provides a tool for improving biosensor
design with respect to the lowest detectable analyte
concentration. We apply this model to a case study regarding
the optimization of the performance of a DNA biosensor based
on the spectroscopy of localized surface plasmons excited on
gold nanoparticles (NPs). We demonstrate, both by theory and
experiment, that this model allows the identification of a
plasmonic nanostructure that yields a nanoplasmonic biosensor
with the best performance. Furthermore, we show that the
optimized nanostructure enables the detection of analyte at a
concentration that is an order of magnitude lower with respect
to that detectable by a conventional SPR biosensor.

■ UNIVERSAL MODEL FOR THE PERFORMANCE OF
AN OPTICAL AFFINITY BIOSENSOR

Although there are multiple characteristics that can be used to
describe the performance of a biosensor, perhaps the most
analytically relevant is the smallest concentration of target
molecules (analyte) that can be detected (cmin). Assuming that
the uncertainty of the sensor response is limited only by the
noise in the sensor output, cmin can be defined as the
concentration of analyte that produces a sensor response (Y)
equal to three standard deviations of the noise (σ) (Figure 1),

σ=
=

c
S c c

3
( )c

min
min (1)

where Sc = dY/dc is the sensitivity of the sensor response (Y) to
the concentration of the analyte (c). For affinity biosensors, in
which target molecules bind to receptors immobilized on the
active surface, Sc can be further decomposed into Sc = SΓ dΓ/dc,
where the first term, SΓ = dY/dΓ, is the sensitivity of the sensor
response to the changes in the surface density of the captured

analyte (Γ). The second term, dΓ/dc, represents the efficiency
of analyte transport from the bulk solution to the sensor
surface. Defining κ = (dΓ/dc)c=cmin, cmin can be expressed as

σ
κ

=
Γ

c
S
3

min
(2)

As shown here, all three terms can be theoretically predicted
from parameters related to different components of the sensor.
The rate of analyte transport, and thus the term κ, is described
by a complex interplay of convection, diffusion, and the
(reactive) capture of analyte. This process can be described in
terms of the rate of analyte capture as38

Γ =
Γ − Γ − Γ

+ Γ − Γt
k c kd

d
( )

1 k
k

1 o 2
( )1 0

m (3)

where k1 and k2 are the association and dissociation rate
constant, respectively, Γ0 and Γ are the surface density of the
receptors and captured analyte, respectively, and km is the
diffusion-limited mass transport coefficient, which can be
calculated analytically via parameters related to both the
microfluidic conditions and the architecture of the sensing
substrate.37 For low analyte concentrations (c → cmin, cmin ≪
Γ0/κT) the surface density of captured analyte will be negligible
(Γ ≪ Γ0); thus κ can be expressed as

κ =
Γ

+
−⎛

⎝⎜
⎞
⎠⎟k T k T

1 1

1 0 m

1

(4)

where T is the total detection time. The terms in eq 4 can be
used to calculate the Damköhler number Da = k1Γ0/km, a term
that relates the relative rate of analyte capture with respect to
the rate of analyte transport. When Da ≫ 1 (i.e., k1Γ0 ≫ km),
the capture of analyte will be dif fusion-limited. Conversely,
when Da ≪ 1, the capture of analyte will be reaction-limited.33

In optical plasmonic biosensors, the amount of captured
target molecules is determined by measuring changes in several
characteristics of light (the resonant wavelength, intensity, or
phase). Thus, SΓ can be defined as SΓ = SnM(dn/dc)h, where M
denotes the molecular weight of the analyte, (dn/dc) denotes
the RI increment,39 and Sn denotes the sensitivity to surface RI
changes, defined as Sn = dλr/nS, where nS corresponds to RI
within a distance from the sensor surface h.
The noise is subject to both short- and long-term variation as

well as long-term drift, which originate from inherent random
variation in the measured light intensity as well as general

Figure 1. Schematic of the response of an affinity biosensor to the
smallest concentration of target molecules that can be detected (cmin).
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instabilities in the system. For a sensing scenario such that
uncertainty of the sensor response is limited only by the noise
originating in the optical system and readout electronics, σ
depends on the shape of the resonant feature in the spectra as
well as the properties of the light source and the detector and
can be calculated via the theory proposed by Piliarik et al. (see
SI for details).40

Both the term Sn and the shape of the resonant feature in the
spectrum are highly dependent on the characteristics and
spatial distribution of the plasmonic nanoparticles and can be
calculated by electromagnetic simulations.14

■ PERFORMANCE OF A DNA BIOSENSOR BASED ON
SPECTROSCOPY OF LOCALIZED SURFACE
PLASMONS

We have applied the aforementioned model to a case study
regarding the direct detection of short DNAs using a biosensor
based on the spectroscopy of localized surface plasmons. The
sensing substrates consisted of randomly distributed nanorods
on a glass substrate having optimized dimensions (30 × 30 ×
105 nm, details of optimization in the SI) and variable packing
density (ρ = 1−16 NPs/μm2) (Figure 2A). For purposes of
comparison, we performed similar experiments using a
continuous gold layer, the results of which pertain to a
conventional SPR biosensor. The gold surfaces were function-
alized by DNA probes with a complementary sequence to the
target molecule. We classified each nanostructure according to
its fill fraction f = ρA, where ρ is the packing density and A is
the surface area of a single NP exposed to the medium onto
which bioreceptors are immobilized: f thus represents the ratio
of the active sensing area (where collection takes place) to the
entire area of the sensing region. As per this definition, f = 1 for
a continuous gold layer. The nonspecific adsorption of a target
molecule to the inter-NP area was assumed to be negligible due
to a slight DNA/glass repulsive force.41 For other analyte
molecules, such as proteins, a selective functionalization to
passivate the glass surface would have to be utilized.34 The

sensing substrates were mounted to the flow-cell and
illuminated through the prism in the ATR configuration
(Figure 2B) at an optimized angle of incidence. For sensing
substrates consisting of nanorods the light was polarized
parallel to the incident plane (TE polarization); for sensing
substrates consisting of a continuous gold layer the light was
polarized perpendicular to the incident plane (TM polar-
ization).
Figure 2C shows collected experimental reflectance spectra

along with those obtained from theory (details in the SI). It can
be seen that the experimental positions of the minima
correspond very well with theory; however, they are shallower
and wider due to the nonuniform distribution of NP sizes used
in experiment.
A sample containing target DNA was injected into the flow

cell for 10 min, during which the sensor output (position of the
spectral minimum λr) was recorded over time. A total of 220
injections were performed across all sensing substrates. Figure 3
shows selected sensorgrams related to the injection of target
DNA at variable concentration (20 pM to 20 nM). It can be
seen that whereas the sensor response (Δλr) to the highest
concentration (20 nM) is comparable across all of the sensing
substrates, the sensor response to lower concentrations
increases with decreasing f. On the other hand, the sensor
output from sensing substrates with lower f suffers from higher
noise. Figure 4 plots the average binding rate (dλr/dt, measured
just after injection) across all substrates as a function of
concentration (2−8 injections per substrate per concentration).
The solid lines were obtained via linear regression (fit to dλr/dt
= cSc(c → 0)/T). The extracted values of Sc(c → 0) are shown
in the inset of Figure 4. The two contributions to sensitivity, SΓ
and κ, were determined via SΓ = Δλreq/Γeq, and κ = Sc(c → 0)/
SΓ, where Δλreq and Γeq are the resonant wavelength shift and
the surface density of the formed complexes after reaching an
equilibrium state (Figure 3A, 20 nM). The receptor density Γeq

≈ Γ0 = 3.9 × 10−14 mol·mm−2 was determined from SPR
measurements (details in the SI). Values of cmin were then
determined using eq 1, where σ was measured as the standard

Figure 2. (A) SEM images of sensing substrates with different fill fractions. (B) Schematic of the biosensor. (C) Experimental and (D) theoretical
reflectance spectra of the sensing substrates at optimal angles of incidence.
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deviation of the sensor output over a time period of 10 min
prior to detection (in the running buffer, three independent
measurements for each sensing substrate).
Figure 5 summarizes all the relevant performance character-

istics determined from experiment; these data are compared to
those taken from theory (see SI for calculation details).
According to theoretical calculation of the noise, σ scales as σ ∝
√w/d where w is the full-width-at-half-maximum and d is the
contrast (depth) of the resonance dip. According to the theory
pertinent to calculation of the reflectance from random arrays
of NPs, w is only marginally dependent on the fill fraction,
whereas at low fill fraction d scales as d ∝ f, and at high fill

fraction d asymptotically approaches a maximum. Therefore, at
low fill fraction σ scales as σ ∝ f−1, and at high fill fraction σ
asymptotically approaches a minimum (Figure 5A). On the
contrary, SΓ is only marginally dependent on fill fraction
(Figure 5B).
According to the theoretical calculation pertinent to the

analyte transport, κ scales as κ ∝ f−1 (indicative of diffusion-
limited conditions) at high fill fraction, whereby at low fill
fraction κ asymptotically approaches a constant value of κ =
k1Γ0 (indicative of reaction-limited conditions) (Figure 5C).
According to eq 2, the dependency of cmin on fill fraction

stems from the interplay between σ, SΓ, and κ. For our sensing
scenario, the best value of cmin = 0.7 pM corresponds to the
sensing substrate with optimal fill fraction f = 0.04
(corresponding to packing density ρ = 4 NP/μm2) (Figure
5D). The performance of the more sparse arrays suffers due to
increases in noise; the performance of the more dense arrays
suffers due to decreases of analyte transport efficiency (the
system is diffusion-limited).
It is important to note that the most favorable values of SΓ

and σ taken from arrays of NPs are comparable to those taken
from a continuous gold layer, which corresponds with
conclusions reported by other authors.30−32 Conversely,
favorable values of cmin are about an order of magnitude
lower, which for these data is a direct result of significantly
improved analyte transport.
All of the experimental data in Figure 5 are in excellent

agreement with theory. The differences in predictions of cmin
with respect to experimental values can be attributed mainly to
the differences in the prediction of σ; however, data from both
theory and experiment can be seen to scale similarly. The roots
of this difference can be attributed to the following: (I) for
theoretical calculations we considered only high-frequency
noise originating in both the optical system and readout
electronics, whereas experimental values of σ also included
long-term noises and drifts, both originating in general
instabilities of the system; and (II) the high-frequency noise
is dependent on the shape of the reflectance dip, which was
wider and shallower compared to theory (Figure 2C,D) as a
result of nonuniform distribution of NP sizes used in
experiment. In addition, the extreme broadening seen in the
most dense arrays ( f = 0.16) can be attributed to near-field
interactions between neighboring NPs.

■ CONCLUDING REMARKS
We have presented a universal model to predict the smallest
concentration of target molecules that can be detected by an
optical affinity biosensor. The model combines all the relevant
performance characteristics of a biosensor (the sensitivity to the
changes in the surface density of the captured analyte, baseline
noise, and mass transport efficiency), it provides a straightfor-
ward method to quantify them, and it shows that the ultimate
performance of a biosensors is determined by the interplay
between them. Due to the general definition of the relevant
aspects, the model can be applied to a wide variety of optical
platforms, nanoplasmonic sensing structures, and biodetection
assays as an optimization tool to find the best biosensor design.
We have employed this model to determine the optimal

performance of a DNA biosensor based on spectroscopy of
localized surface plasmons excited on random arrays of gold
NPs. We have shown, in both theory and experiment, that a
properly designed sensing substrate can offer significant
increases in detection performance when compared to a

Figure 3. Experimental binding curves corresponding to different
concentrations of DNA in solution for sensing substrates with varying
fill fraction.

Figure 4. Calibration curves corresponding to the different fill fraction
of the sensing structure. (Inset) Dependency of Sc(c → 0) on the fill
fraction.
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conventional SPR biosensor (here shown as a decrease in the
detection limit of about an order of magnitute). To the best of
our knowledge, such an improvement in the performance of a
nanoplasmonic biosensorstemming from a model that
considers both photonic and transport aspectsis the first of
its kind. The improvement shown herein is primarily attributed
to a reduction of the active sensing area (by decreasing the
surface density of the plasmonic NPs) while preserving the
quality of the optical readout (by the excitation of the localized
resonance in ATR configuration42). Such reduction of the
sensitive area (i.e., the fill fraction) helps to reduce effects
stemming from diffusion-limited conditions and leads to
increases in mass transport. On the contrary, a reduction of
the sensitive area also leads to increases in the sensor output
noise, a result of the decrease of the contrast of the
characteristic spectral dip.
It should be noted, however, that these results (i.e., the

specific level of sensing improvement, along with the
responsible mechanism) are pertinent to the experimental
conditions used herein and might not be applicable to other
experimental systems. We remind the reader that this topic is
inherently complex, where an optimal nanoplasmonic archi-
tecture will depend on many factors that remained constant
within this study, including (i) the overall size of the readout
area, (ii) the microfluidic conditions (e.g., size of flow cell, flow
rate), (iii) the properties of the analyte and receptor (e.g., sizes,
kinetic parameters, surface density of receptors), (iv) the
arrangement of the optical platform, and finally (v) properties
of the light source and readout electronics. A full examination
of these effects remains outside the scope of what can be
discussed here. Nevertheless, the results shown herein
demonstrate that both optical and mass transport aspects
have to be considered for the proper design/analysis of a
nanoplasmonic sensor.

■ MATERIALS AND METHODS

Fabrication of the Sensing Substrates. Arrays of gold
nanorods were fabricated using electron beam lithography as
follows. Glass substrates were cleaned with acetone, dried,
subjected to ozone for 10 min (UVO-Cleaner 42-220, Jelight
Company Inc.), rinsed subsequently with ethanol and purified
water (Milli-Q, EMD Millipore), and dried. Two layers of
poly(methyl methacrylate) (PMMA) with different molecular
weights (495 and 950 kDa, 2% solution in anisole, MicroChem
Corp.) were spin-coated (Laurell WS650, 3000 rpm for 30 s for
both layers) and soft-baked on a hot plate (120 °C for 120 s for
both layers). A conductive polymer layer (AquaSAVE,
Mitsubishi Rayon) was spin-coated on the top (2500 rpm)
and soft-baked at 100 °C for 120 s. Patterns corresponding to
randomly distributed nanorod arrays with an overall size of 2 ×
1 mm2 were exposed via an electron beam (Raith eLINE Plus,
20 kV), after which the AquaSAVE layer was washed off by
purified water. Samples were developed for 30 s in a 3:1
mixture of isopropyl alcohol (IPA) and methyl isobutyl ketone
(MIBK) followed by immersing in a stopper (IPA) for 30 s.
Metal layers (1.5 nm of Cr and 30 nm of Au) were then
deposited using an ultra-high-vacuum thermal evaporator
(UHV 350, Balzers), followed by washing out the sacrificial
layer in acetone (45 °C) in an ultrasonic bath (Elmasonic
P30H). The sensing substrates for conventional SPR measure-
ments were produced by evaporation of metal layers (1.5 nm of
Cr and 50 nm of Au, 2 × 1 mm2 overall size) on glass slides.

Surface Biofunctionalization and Assay. Both the
nanostructured substrates and the continuous gold layer were
functionalized via the attachement of thiol-derivatized DNA
probes (SdT20, SH-5′-(dT)20-3′; Integrated DNA Technolo-
gies, USA) using chemisorption. Prior to functionalization, the
substrates were rinsed with ethanol and Milli-Q water, dried
with a stream of nitrogen, and imersed in cleaning solution
(NH3:H2O2:milli Q water in the ratio 4:3:28) for 30 min at 40

Figure 5. Comparison of the theoretical model with the experiment, showing the dependency on fill fraction of the sensing structures of (A) noise, σ,
(B) sensitivity to the changes in the surface density of the captured analyte, SΓ, (C) mass transport efficiency, κ, and (D) the smallest concentration
of target molecules that can be detected by a biosensor, cmin.
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°C. They were then rinsed with water, dried, and cleaned with
UV-ozone cleaner for 5 min. The substrates were then
immersed in a 2 μM solution of thiolated DNA probes in
TrisMg buffer (10 mM Tris-HCl, 30 mM MgCl2, pH 7.4 at 25
°C) and incubated in a refrigerator overnight in a humid
atmosphere. Preceding measurements, substrates were rinsed
with water, dried with a stream of nitrogen, and mounted to the
ATR setup. A 1 M solution of blocking alkanethiol solution
(mercaptohexanol; Sigma-Aldrich, Czech Republic) in phos-
phate-buffered saline (PBS) was injected into the flow cell at a
flow rate of 20 μL min−1 for 20 min, which was followed by a 5
min injection of PBS buffer, a 5 min injection of 2 mM NaOH,
and finally a 5 min injection of PBS buffer. Preceding the
detection step, a running buffer (TrisMg) was introduced to
generate a baseline. Finally, a solution of target DNA (5′-
(dA)20-3′, MW = 6281.21 Da, variable c) in the running buffer
was injected for 10 min (20 μL min−1), after which the sensor
surface was flushed with buffer for 5 min.
Optical Setup for Real-Time Monitoring of Surface

Processes. In this work we used a four-channel laboratory SPR
sensor platform that was developed at the Institute of
Photonics and Electronics (Prague). The sensor is based on
the Kretschmann geometry of the attenuated total reflection
method and spectral modulation. In this sensor, light from a
halogen lamp (Ocean Optics, HL-2000-HP-B) passes through a
collimator, dichroic polarizer, and a BK7 glass prism interfaced
with a sensing chip using index matching fluid. A flow cell with
four separate flow chambers was interfaced with the chip. A
multichannel peristaltic pump was used to deliver liquid
samples to the flow cell. All experiments were performed at a
temperature of 25 °C. The reflected light was collected by a
custom-built spectrograph composed of a gold-coated
diffraction grating, imaging optics, and a CMOS camera
(Basler, acA1920-155um). The reflectivity spectra of the
plasmonic structures were obtained by normalizing the light
reflected from the sensing structures by the light reflected from
the plain glass slide (after subtraction of the dark signal). The
sensor output (position of the reflectance dip, λr) was
determined using the centroid method: λr corresponds to the
geometrical center of the portion of the spectral dip with
intensities lower than half of its depth. The sensor response to
different concentrations of the target molecule was referenced
to the sensor response obtained from a reference channel
containing running buffer. The binding curves were corrected
for a constant drift, which was determined as a mean value of
the slope of the binding curve 5 min before and 5 min after
detection.
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(7) Chocarro-Ruiz, B.; Fernańdez-Gavela, A.; Herranz, S.; Lechuga,
L. M. Nanophotonic Label-Free Biosensors for Environmental
Monitoring. Curr. Opin. Biotechnol. 2017, 45, 175−183.
(8) Gaudin, V. Advances in Biosensor Development for the
Screening of Antibiotic Residues in Food Products of Animal
Origin−A Comprehensive Review. Biosens. Bioelectron. 2016, 90,
363−377.
(9) Biswas, A.; Bayer, I. S.; Biris, A. S.; Wang, T.; Dervishi, E.; Faupel,
F. Advances in Top-Down and Bottom-Up Surface Nanofabrication:
Techniques, Applications & Future Prospects. Adv. Colloid Interface
Sci. 2012, 170, 2−27.
(10) Jones, M. R.; Osberg, K. D.; Macfarlane, R. J.; Langille, M. R.;
Mirkin, C. A. Templated Techniques for the Synthesis and Assembly
of Plasmonic Nanostructures. Chem. Rev. 2011, 111, 3736−3827.
(11) Stockman, M. I. Nanoplasmonics: Past, Present, and Glimpse
into Future. Opt. Express 2011, 19, 22029−22106.
(12) Lopez, G. A.; Estevez, M.; Soler, M.; Lechuga, L. M. Recent
Advances in Nanoplasmonic Biosensors: Applications and Lab-on-a-
Chip Integration. Nanophotonics 2017, 6, 123−136.
(13) Jackman, J. A.; Ferhan, A. R.; Cho, N.-J. Nanoplasmonic Sensors
for Biointerfacial Science. Chem. Soc. Rev. 2017,.46361510.1039/
C6CS00494F
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A B S T R A C T

We present a new optical biosensor based on surface plasmons excited on an array of gold nanostripes via 
attenuated total reflection. We investigate performance of the biosensor using a theoretical model that considers 
both optical and mass transport aspects. The analysis of optical aspects employs two different approaches: a 
complex model incorporating optical characteristics of the nanostructure as well as the noise characteristics of 
the optical readout system and a simple model based solely on the figure of merit of the nanostructure. The 
theoretical analysis suggests that the optimized biosensor is able to detect molecular analytes at concentrations 
lower by a factor of ~ 10 than conventional surface plasmon resonance biosensors. In order to validate the 
theoretical model, we characterize the gold nanostripe arrays of different designs in model refractometric and 
biosensing experiments. We show that the nanoplasmonic sensor exhibits refractive index sensitivity of 1989 
nm/RIU and refractive index resolution down to 3.6× 10− 7RIU. In addition, we use the nanoplasmonic biosensor 
for the detection of a microRNA biomarker of myelodysplastic syndromes (miRNA-125b) and demonstrate that 
the biosensor can detect miRNA-125b at concentrations down to ~ 17 pM.   

1. Introduction

In the last three decades, optical biosensors based on surface plas-
mons (SPs), commonly referred to as surface plasmon resonance (SPR) 
biosensors, have matured into a powerful technology with a broad va-
riety of biophysical applications. SPR biosensors have become a leading 
technology for the real-time label-free investigation of biomolecular 
interactions [1]. Moreover, they have been increasingly researched for 
the development of analytical devices for medical diagnostics, envi-
ronmental monitoring, food safety, and security [2–4]. Over the last 
decade, advances in nanoscience and nanotechnology have stimulated 
the research of plasmonic nanostructures and their use in biosensing 
devices [5–8]. First nanoplasmonic biosensors were based on localized 
SPs excited on metal nanoparticles on a dielectric substrate [9]. Various 
nanoparticle shapes have been investigated, such as nanorods, nanor-
ings, nanoprisms, nanostars, or bipyramids [10–13]. In addition, nano-
structures based on ordered arrays of metal nanoparticles have been 
investigated and shown to allow for the excitation of special plasmonic 
modes (e.g. Fano resonances [14], lattice resonances [15]), that can 
offer improved figures of merit (and thus potentially improved analyt-
ical performance) [16,17]. Metal stripes and their arrays have also been 

investigated and shown to support a variety of SPs propagating along the 
stripes or in the direction perpendicular to the stripes. Sarkar et al. 
conducted a theoretical study of gold stripes with a low height/width 
ratio and evaluated the potential of SP modes supported by such stripes 
for sensing [18]. Berini’s group investigated long-range SPs propagating 
on a low height/width ratio stripe [19], demonstrating that these SP 
modes can be used to detect red blood cells [20], bacteria in urine [21], 
or human cardiac troponin [22]. Chowdhury et al. investigated an array 
of low height/width stripes of nanoscopic dimensions and showed that 
they can support Fano resonances originating from the coupling be-
tween localized SPs and the Rayleigh anomaly [23]. A similar plasmonic 
nanostructure was realized and investigated experimentally by Ronur 
Praful et al. [24]. While nanostructures provide multitude of plasmonic 
modes of different characteristics (e.g. electromagnetic field distribu-
tion), they also provide specific (and potentially diverse) conditions for 
the transport of target molecules to receptors immobilized in the sensing 
areas of plasmonic nanostructures [25–28]. Therefore, in order to 
develop nanoplasmonic biosensors with the best analytical perfor-
mance, both optical and mass transport aspects need to be considered 
[29]. 

In this paper, we propose a novel type of biosensor based on 
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propagating plasmonic modes excited on an array of tall gold nano-
stripes via attenuated total reflection. We investigate both the optical 
and analyte transport contributions to the performance of the new 
biosensor and demonstrate the ability of the biosensor to detect low 
levels of miRNA-125b. 

2. Materials and methods 

2.1. Fabrication of nanostripe arrays 

Arrays of gold nanostripes were fabricated on BK7 glass substrates 
using the electron-beam lithography and lift-off process. Initially, a glass 
substrate (microscope slide) was cleaned with acetone and dried with a 
stream of nitrogen. Then the substrate was exposed to ozone for 10 min 
(UVO, Jelight), rinsed with ethanol, and Q-water (Milli-Q, Millipore); 
the ozone cleaning procedure was repeated twice. A resist layer of poly 
(methyl methacrylate) in anisole (PMMA A4 950 kDa, Microchem) was 
spin-coated (60 s at 1000 rpm, Laurell WS650) on the substrate and soft- 
baked at 120 ◦C for 120 s. Then, a conductive polymer layer of Aqua-
SAVE (Mitsubishi Rayon) was spin-coated (30 s at 2500 rpm) and soft- 
baked at 100 ◦C for 120 s. The nanostripe array pattern (overall size 
1.6 ×2.6 mm2, 4 arrays per substrate) was produced using electron- 
beam lithography (eLINE Plus, Raith) at 10 kV. The conductive poly-
mer layer was removed by rinsing with Q-water. The pattern was 
developed in a mixture of methyl-isobutyl-ketone and isopropanol (1:3) 
for 120 s at 22 ◦C followed with a stopper (isopropanol) for 30 s at 
22 ◦C. After drying the surface with a flow of nitrogen, a short oxygen 
plasma treatment (30% generator power for 20 s, Nano, Diener) was 
applied to remove the PMMA residues. Metal layers (5 nm thick adhe-
sion layer of titanium followed with a 200 nm thick layer of gold) were 
deposited using an e-beam deposition in a vacuum (PLS 570, Pfeiffer 
Vacuum). The lift-off of the sacrificial layers was carried out in an 
acetone bath in an ultrasonic cleaner at 50 ◦C. Then, the resulting sensor 
chip was cleaned with ethanol and Q-water. The SPR chips used in 
reference experiments were prepared by coating the glass substrate with 
a 1.5 nm thick adhesion layer of titanium and a 48 nm thick layer of 
gold. 

2.2. Optical platform 

Spectroscopy of SPs on nanostripe arrays was performed using an 
optical platform based on the attenuated total reflection and prism 
coupling [29]. In this optical platform, light from a halogen lamp 
(HL-2000-HP-N, OceanOptics) was collimated and polarized parallel to 
the plane of incidence (TM polarization) and made incident onto a 
substrate with a nanostripe array (sensor chip) through a prism made of 
BK7 glass. The chip was attached to the prism in such a way that the 
nanostripes were parallel with the plane of incidence. The reflected light 
was projected onto a grating that dispersed the light over a camera 
(acA1920–155 µm, Basler). The sensor chip was interfaced with a 
4-channel acrylic microfluidic flow cell that provided flow in the di-
rection perpendicular to that of nanostripes. Dispersionless micro-
fluidics [30] and a multichannel peristaltic pump (IPC 8 ISM 931 8, 
Ismatec) were employed to deliver liquid samples to the flow cell. The 
images collected by the camera were processed as follows. Firstly, 
approximately 1000 images (equal to the total acquisition time of 3 s) 
were collected and averaged. Secondly, 12 lines of pixels corresponding 
to a microfluidic channel were binned to create a raw spectrum from 
which a dark spectrum (obtained under no illumination) was subtracted 
and the resulting spectrum was divided by a spectrum taken when the 
microfluidic flow cell was filled with air. This normalized spectrum was 
fitted with a polynomial curve to obtain the spectral position of the 
plasmonic dip (resonance wavelength). The same optical platform and 
data processing were employed in comparative experiments using SPR 
chips with a continuous gold layer. 

2.3. Chip functionalization 

The nanostripe array chips were functionalized with thiolated DNA 
probes using the procedure described below. Prior to the functionali-
zation, the chips were cleaned with ozone for 10 min, rinsed with 
ethanol, Q-water, and dried with nitrogen. The chips were then 
immersed in a 2 μM solution of thiolated HS-probes (HS - 5′-CCC CCT 
CAC AAG TTA GG-3′) in TrisMg30 buffer (10 mM Tris + 30 mM MgCl2, 
pH 7.4) and stored refrigerated overnight to ensure the attachment of 
thiolated probes to the gold nanostripes. Subsequently, the chips were 
rinsed with Q-water, dried with nitrogen, mounted on the optical plat-
form, and interfaced with a microfluidic flow cell (Section 2.2). The 
surface of the chips was washed by consecutive injections of TrisMg30 
(5 min), 2 mM NaOH (2 min), TrisMg30 (5 min), PBS (5 min), and 
100 µM mercaptohexanol (20 min). Finally, the chips were washed with 
a sequence of PBS (5 min), 2 mM NaOH (5 min), and PBS (5 min). SPR 
sensor chips with continuous gold films were functionalized using the 
same procedure. 

2.4. Biosensing experiment 

In the performed biosensing experiments, miR125b was detected. 
MiR125b was purchased in HPLC grade from Integrated DNA Technol-
ogies. All other reagents were purchased in molecular biology grade or 
higher (Sigma Aldrich). Buffer solutions were prepared using Q-water 
(Milli-Q, Millipore). The biosensing experiments were performed at a 
temperature of 25 ◦C and a flow rate of 20 µl/min. In the experiments, 
the biosensor was exposed to different concentrations of analyte 
(miR125b) in buffer and the sensor response was recorded. The exper-
iments followed the protocol outlined below. First, TrisMg50 (10 mM Tris 
+ 50 mM MgCl2, pH 7.4) flowed through the flow cell until the sensor 
response baseline was established. Then, a solution of miR125b (5′-r 
(UCC CUG AGA CCC UAA CUU GUG A)-3′) at variable concentrations 
(0.1–100 nM) was injected for 10 min. Finally, TrisMg50 was flowed 
through the flow cell for at least 10 min. After each association/disso-
ciation cycle, the biosensor surface was treated with Tris (10 min, 
10 mM Tris, pH 7.4) to remove the bound miR125b from the biosensor 
surface enabling the repeated use of the chip. The experiments revealed 
that as many as eight regeneration cycles were possible on both types of 
plasmonic chips without observing any substantial reduction in the 
binding efficiency. The chip-to-chip reproducibility of the sensor 
response to the binding of miR125b was higher than 78% for all the used 
miR125b concentrations. 

3. Theory 

3.1. Theoretical analysis of plasmonic sensor based on nanostripe array 

The investigated plasmonic nanostructure consists of an array of gold 
nanostripes on a planar substrate (Fig. 1A). The substrate is assumed to 
be made of glass (nsubstrate = 1.51) and the sensing structure is in contact 
with an aqueous environment (nmedium = 1.33). In our simulations, we 
considered the width of nanostripes in the range from 100 to 500 nm 
and the array period in the range from 1 to 12 µm. The height of the 
nanostripes was kept constant at 200 nm, as our initial simulations 
confirmed that strong coupling of light to SP can be achieved on the 
nanostripes of such height. We assumed that light was incident on the 
nanostripe array from the substrate; the angle of incidence was larger 
than the critical angle for the substrate-sample system to allow for the 
excitation of SPs propagating along the nanostripes via attenuated total 
reflection. The reflectivity of the nanostructure and the distribution of 
the electromagnetic field of the SPs were calculated using the rigorous 
coupled-wave analysis (RCWA) [31]. The simulations show that a single 
gold nanostripe supports an SP mode that propagates along the nano-
stripe and exhibits a strong electromagnetic field (hot spot) at the top of 
the nanostripe. The components of the electric field of the SP mode are 
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shown in Fig. 1B. The normal component of the electric field of the SP 
mode decays exponentially with a distance from the top surface and its 
penetration depth is ~ 125 nm. 

When the light is made incident on the substrate with a gold nano-
stripe array, a portion of the light is coupled to SPs causing a drop in the 
intensity of the reflected light (and a dip in the spectrum of reflected 
light). The wavelength at which the coupling of light to SP is strongest 
(the reflected light intensity reaches a minimum) is referred to as the 
resonance wavelength. The resonance wavelength and resonance depth 
(contrast) vary with the angle of incidence. We calculated the resonance 
contrast for all considered design parameters and determined the opti-
mum angle of incidence yielding the highest spectral contrast for each 

design. The reflectivity of the nanostripe array with height – 200 nm, 
width – 100 nm, and period – 2 µm is shown in Fig. 2A. The simulations 
suggest that the resonance wavelength decreases with increasing angle 
of incidence. The strongest excitation of SP occurs at the angle of inci-
dence of ~ 75 deg and the wavelength of 850 nm (for comparison: the 
coupling to an SP on a continuous gold film occurs at the same wave-
length when the angle of incidence is ~ 66.5 deg). Fig. 2B shows the 
dependence of reflectivity on the wavelength of incident light and re-
veals the characteristic spectral dips corresponding to the excitation of 
SPs. The depth of the dips decreases with the increasing period of the 
nanostripe array. Conversely, the resonance wavelength does not 
depend on the distance between the gold nanostripes, which suggests 

Fig. 1. A – Scheme of the plasmonic nanostripe array, B – Excitation geometry, C – Modulus of electric field for one period of a nanostripe array (height – 200 nm, 
width – 100 nm, period – 2 µm, wavelength – 850 nm) calculated by RCWA. 

Fig. 2. Reflectivity of nanostripe arrays: A – Reflectivity of a nanostripe array (height – 200 nm, width – 100 nm, period array – 2 µm) as a function of angle of 
incidence and wavelength, B – Spectral reflectivity calculated for six different periods of the nanostripe array (height – 200 nm, width – 100 nm angle of incidence – 
75 deg); reflectivity calculated for a continuous gold film is provided for comparison. 
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that there is no coupling between the SPs propagating on individual 
nanostripes. 

3.2. Performance of sensor based on nanostripe array 

The performance of a nanoplasmonic sensor can be described by 
several performance characteristics. The bulk refractive-index sensi-
tivity SB (i.e. sensitivity of resonance wavelength to changes in the 
refractive index of the dielectric medium adjacent to the nanostructure) 
may be expressed as: 

SB =
dλres

dn
(1)  

where λres and n are the resonance wavelength and refractive index of 
the dielectric, respectively. The surface sensitivity SS may be expressed 
similarly by confining the refractive change to a distance from the sensor 
surface smaller than the penetration depth of the SP mode (sensing 
volume in Fig. 1). 

Another parameter that is commonly used to compare the potential 
of various nanoplasmonic sensors is the figure of merit (FOM). Surface 
and bulk FOMs can be defined as: 

FOMS,B =
SS,B

Ω
(2)  

where Ω is the width of the plasmonic spectral dip [32]. In this paper, 
the width of the dip is defined as the full width in the half of the depth of 
the spectral dip. When the nanostructures under consideration produce 
dips of a variable contrast (depth), this effect may be taken into 
consideration by using the modified figure of merit FOM* which can be 
expressed as: 

FOM∗
S,B =

SS,B

Ω
Δ (3)  

where Δ is the depth of the plasmonic spectral dip [33]. In this paper, the 
depth of the dip is defined as a difference between the maximum value of 
the normalized light intensity (outside the resonance) and the minimum 
value of the normalized light intensity (in the resonance). 

We investigated the dependence of FOMS,B and FOM∗
S,B on the main 

design parameters. To reduce the number of design parameters used for 
the optimization of the nanostripe array, we started the optimization by 
investigating the effect of the stripe width on FOM∗

S,B while keeping the 
h/w ratio not too high (h ≤ 200 nm, w ≥ 100 nm) for technological 
reasons. The simulations revealed that higher FOM∗

S can be achieved 
when using nanostripes with a lower width (see Fig. S1 in Supplemen-
tary Material). Therefore, we used nanostripes with w = 100 nm, h =

200 nm in all further simulations. We also computed the dependence of 
FOMS,B and FOM∗

S,B on the array period (see Fig. S2 in Supplementary 
Material) and found that FOM∗

S,B increases with decreasing the array 
period (as the depth of the resonance feature increases), whereas FOMS,B 

remain constant. 
In order to investigate the potential of the plasmonic nanostructure 

for affinity biosensing, we used the theory described in Ref. [29], which 
predicts the minimum detectable concentration of analyte cmin as 
follows: 

cmin =
3σ
SΓκ

(4)  

where σis the standard deviation of sensor response, SΓ is the sensitivity 
of sensor response to the changes of the surface density of the captured 
analyte, and κ is the efficiency of analyte transport from a bulk solution 
to the sensor surface and analyte capture by receptors. 

We calculated the minimum detectable concentration of analyte cmin 
for nanostripe arrays of different periods (Fig. 3) by using the RCWA 
method to determine the optical performance characteristics and an 

analytical model to calculate the efficiency of the mass transport. The 
full description of the calculation and all parameters used in the calcu-
lation are provided in Supplementary Material. As follows from Fig. 3, 
the minimum detectable concentration decreases with increasing array 
period until it reaches a minimum (for an array period of 4 µm) when it 
starts to increase again. This behavior confirms that the performance of 
the biosensor is determined by two contributions that exhibit an oppo-
site trend with respect to the array period: an optical performance that 
decreases with increasing array period (mainly due to the decrease in 
the resonance contrast) and mass-transport efficiency that increases 
with increasing array period. This is exemplified in Fig. S3 (Supple-
mentary Material), which shows (i) the mass transport expressed in 
terms of 1/κ and (ii) the resolution in surface analyte coverage expressed 
in terms of σ/SΓ, as a function of the period of array. Fig. 3 also reveals 
that FOMS,B does not describe this aspect properly and that FOM∗

S,B is 
better able to capture this trend. Notably, the calculations suggest that 
the nanostripe array biosensor of an optimal design could detect analyte 
concentrations lower by a factor of ~ 10 than the SPR biosensor using a 
continuous gold film. 

4. Experimental 

4.1. Characterization of nanostripe arrays 

Laboratory samples of nanostripe arrays were fabricated using the 
procedure described in Section 2.1. An atomic force microcopy (AFM) 
image and scanning electron microscopy (SEM) images illustrating pa-
rameters and morphology of the realized nanostripe arrays are shown in  
Fig. 4. As follows from the AFM image (Fig. 4A), the parameters of 
fabricated nanostripes were close to the design parameters (height 
~200 nm and the width ~ 100 nm). Fig. 4B suggests that the nano-
stripes exhibit the desired rectangular cross-section. The periods of 
nanostripe arrays were measured using SEM and were found to be in 
good agreement with the design values (8 µm and 2 µm, Figs. 4C and 
4D). 

To characterize the coupling of light into SPs on nanostripe arrays, 
the nanostripe array chips were interfaced with the optical platform 
described in Section 2.2 and spectral reflectivity of the nanostripe arrays 
was measured. Fig. 5 shows the normalized spectra obtained from 6 
different nanostripe arrays with a period ranging from 2 µm to 10 µm. 
The experimental spectra are in good agreement with those predicted by 
simulations (Fig. 2B). The blue shift of the experimental dips with 

Fig. 3. The minimum detectable concentration of analyte as a function of the 
nanostripe array period for the nanoplasmonic biosensor (height – 200 nm, 
width – 100 nm). The minimum detectable concentration calculated for a 
conventional SPR biosensor based on a continuous gold film is provided 
for comparison. 
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respect to simulations can be attributed to the discrepancies between the 
actual dimensions and optical constants of the nanostripes and the 
values used in the simulations. The observed reduction in the contrast of 
plasmonic dips may be caused by the damping of surface plasmons due 
to surface roughness and by a rather oblique incidence (while the angle 
of incidence in the prism was 75 deg, the external angle of incidence was 
as high as 82 deg). 

4.2. Nanostripe array sensor for refractometry 

To characterize the performance of the nanostripe array sensor as a 
refractive index sensor, we performed a refractometric experiment in 
which 4 solutions of Q-water and different concentrations of sodium 
chloride (1–4%) were injected into the flow cell and the sensor response 
was recorded. The sensorgram obtained using the sensor chip with the 
nanostripe array with a period of 2 µm is shown in Fig. 6A (data for all 
the used nanostripe array periods are shown in Fig. S5 in Supplementary 
Material). The refractive index of the solutions was independently 

measured using the temperature-stabilized refractometer (DSR-Λ, 
Schmidt and Haensch). The magnitude and noise of the sensor response 
were determined for each solution to allow for the determination of 
refractive index sensitivity and resolution. The values of refractive index 
sensitivity obtained at different array periods and different channels 
exhibited only small differences and the average sensitivity (including 
data obtained for all array periods) was (1989 ± 74) nm/RIU. This value 
corresponds well with the sensitivity value predicted by the theory 
(1906 nm/RIU). Fig. 6B shows the refractive index resolution calculated 
as a change in the refractive index corresponding to a standard deviation 
of the baseline noise for different periods of the nanostripe array. As 
expected, the best refractive resolutions (3.6× 10− 7RIU) were obtained 
with densest nanostripe arrays (lowest array periods), as such arrays 
exhibit plasmonic dips with the highest depth. 

4.3. Nanostripe array sensor for the detection of miRNA 

We performed a model experiment in which we applied the nano-
stripe array sensor functionalized with DNA probes (see Section 2.3) for 
the detection of miRNA-125b. To enable comparison with conventional 
SPR biosensor technology, we performed the same experiment using an 
SPR sensor based on spectroscopy of surface plasmons on a continuous 
gold film. Prior to detection experiments, we investigated stability of the 
used plasmonic sensing structures in buffer. Rather low drifts were 
observed when using continuous gold films (drift: ~ 16 pm/min) and 
nanostripe arrays (drift: 25–40 pm/min) which confirmed good stability 
of the functionalized nanostructures based on nanostripe arrays. Then, 
we measured the response of two types of plasmonic biosensors to six 
different concentrations of miRNA-125b and a blank sample (TrisMg50 
buffer without miR125b). A typical example of sensor response to 
miR125b is provided in Fig. S5 in Supplementary Material. The exper-
iments revealed that both the magnitude and rate of the sensor response 
increase with increasing array period. It should be noted that the same 
trend holds for the noise of the sensor response which is consistent with 
the trend observed in the refractometric experiments. In order to 
investigate selectivity of the sensor, experiments were carried out in 
which the functionalized surface was exposed to non-complementary 
miRNA. In these experiments, only negligible sensor response was 
observed suggesting that the interaction between the target miRNA and 

Fig. 4. Laboratory samples of nanostripe arrays: A – An AFM image of the array with a period of 2 µm, B – An SEM image of an individual nanostripe C and D – SEM 
images of nanostripe array with periods of 8 and 2 µm, respectively. 

Fig. 5. Normalized spectra measured for nanostripe arrays with 6 different 
periods (internal angle of incidence – 75 deg, sample: Q-water). 
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DNA probes was indeed specific and there was no interaction between 
the DNA probes and the non-complementary miRNA (Fig. S6). The 
sensor response expressed in terms of the binding rate dλres/dt was 
determined for a range of miR125b concentrations for both a nanostripe 
array biosensor and a conventional SPR biosensor. The resulting cali-
bration curves are shown in Fig. 7A. Each data point was obtained from 
at least 6 measurements. The minimal detectable concentration cmin was 
determined from Eq. 4 using the standard deviation of a binding rate to 
blank sample and slope of a calibration curve. 

As follows from Fig. 7B, the dependence of the minimum detectable 
concentration on the array agrees well with that provided by our theo-
retical model. Importantly, the minimal detectable concentration for the 
optimal nanostripe biosensor is lower than that for the conventional SPR 
biosensor based on a continuous gold film, leading to the improvement 
in the detection limit by a factor of 2. The difference between the 
improvement predicted by the theoretical model and that obtained by 
the experiments may be attributed to: (a) the differences in the di-
mensions/shapes of the real and simulated nanostripes, (b) the higher 
noise at the selected period as compared to the theoretical model 
(dominantly due to the real resonance features being shallower than 
predicted by the theoretical model; see Figs. 2B and 5) and (c) the an-
alyte binding occurring also on the vertical walls of the nanostripes that 
(due to the limited overlap with the EM field of SPs, see Fig. 1B) con-
tributes very little to the sensor response. The reduction of the binding of 
an analyte to these areas provides an avenue for improving the 

performance of the sensor. In the biosensors based on an array of metal 
nanostripes on a dielectric substrate, this can be achieved by forming a 
low-fouling coating on the dielectric substrate using orthogonal func-
tionalization chemistry [34]. 

5. Conclusions 

We report on a novel biosensor based on surface plasmons supported 
by a gold nanostripe array. We show that the widely used approach to 
the optimization of performance of nanoplasmonic biosensors based on 
the figure of merit fails to describe the complex behavior of nano-
plasmonic biosensors and that the proper assessment of performance of 
nanoplasmonic biosensors requires consideration of both optical and 
mass transport characteristics of plasmonic nanostructures. We show 
that the theoretical model considering both optical and mass transport 
aspects can provide a nanostripe array with an optimal biosensing per-
formance that is able to detect molecular analytes at concentrations 
lower by a factor of ~ 10 than conventional SPR biosensors. Finally, we 
demonstrate the potential of the nanostripe array-based biosensor in an 
experiment in which we detected miRNA related to myelodysplastic 
syndromes at concentrations as low as 17 pM. The demonstrated per-
formance can be further improved by optimizing the fabrication of 
nanostripe arrays and by employing site-specific functionalization 
methods. 

Fig. 6. Refractive-index sensing with nanostripe arrays: A – Sensor response for 4 different concentrations of NaCl and 4 nanostripe arrays with the period of 2 µm, 
and B – Bulk RI resolution for 6 different periods of nanostripe arrays. 

Fig. 7. Detection of miR125b by the nanostripe-based plasmonic biosensor: A – Calibration curve and B – The minimum detectable concentration for 4 different 
periods of nanostripe array biosensor and SPR biosensor based on a continuous gold film. 
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Herein, we report a new approach to rapidly actuate the plasmonic characteristics of thin gold films perfo-

rated with nanohole arrays that are coupled with arrays of gold nanoparticles. The near-field interaction

between the localized and propagating surface plasmon modes supported by the structure was actively

modulated by changing the distance between the nanoholes and nanoparticles and varying the refractive

index symmetry of the structure. This approach was applied by using a thin responsive hydrogel cushion,

which swelled and collapsed by a temperature stimulus. The detailed experimental study of the changes

and interplay of localized and propagating surface plasmons was complemented by numerical simulations.

We demonstrate that the interrogation and excitation of the optical resonance to these modes allow the

label-free SPR observation of the binding of biomolecules, and is applicable for in situ SERS studies of low

molecular weight molecules attached in the gap between the nanoholes and nanoparticles.

Metallic nanohole arrays (NHAs) have attracted increasing
attention after Ebbesen’s observation of the extraordinary
optical transmission1 assigned to surface plasmon-mediated
light tunneling through periodically arranged subwavelength
pores. Subsequently, NHA structures have been employed in
diverse application areas including optical filters,2,3 amplifica-
tion of weak spectroscopy signals such as fluorescence4,5 and
Raman scattering,6–9 second-harmonic generation,10 and par-
ticularly sensing. To date, NHA-based sensors have been uti-
lized for the direct optical probing of proteins,11,12–14 exo-
somes,15 viruses,16,17 bacteria,18 and even cancer cells19,20 and

organelles.21 Moreover, NHA have enabled studies on lipid
membranes that span over the holes22 and allowed the facile
incorporation of membrane proteins for interaction studies
with drug candidates.16,23

NHA structures enable the electromagnetic field to be
strongly confined inside subwavelength nanoholes24 due to
the excitation of two types of surface plasmon modes, propa-
gating surface plasmons (PSPs, also referred to as surface
plasmon polaritons) traveling along the metal surface and
localized surface plasmons (LSPs), which occur at the sharp
edges of the holes. The coupling to these modes can be tai-
lored for specific purposes by controlling the structure geome-
try, including hole shape, diameter, and lateral periodic or
quasi-periodic spacing.25 In addition, a more complex spec-
trum of supported plasmonic modes can be utilized by com-
bining complementary geometries that support LSP modes at
similar wavelengths based on Babinet’s principle.26 When the
NHA geometry approaches that of complementary metallic
nanoparticle (NP) arrays, additional LSP resonance is intro-
duced, which can near-field couple with the NHA.27 Moreover,
NHA structures that comprise stacks of periodically perforated
metallic films28 and NHA + NP structure with a defined lateral
offset of NPs with respect to the nanohole center29 have been
investigated. Herein, we report a new approach to rapidly
actuate the plasmonic characteristics of thin gold films perfo-
rated with nanohole arrays by thermo-responsive hydrogel and
demonstrate its utilization to sensing with flow-through
format SPR and SERS readout.30 It is worth noting that arran-
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ging the metallic nanoholes and nanoparticles in periodic
arrays also decreases the damping of plasmonic modes by
their diffraction coupling through the formation of the so-
called surface lattice resonances.31

Perforated metal layer structures with NHA have been
recently prepared using a range of lithography processes. In
top-down approaches, a variety of geometries become accessi-
ble using focused ion beam milling (FIB) and electron beam
lithography (EBL).32,33 Nanoimprint lithography and template
stripping34 are used to partially alleviate the limited through-
put of EBL and FIB by the replication of the NHA structure
from pre-fabricated templates. Alternatively, NHAs were also
prepared using bottom-up approaches, mostly relying on the
self-organization of colloid particles.35 Using sub-monolayer
surface coverage of colloids, the colloid particles are used as a
mask for the preparation of sparse and disordered nanoholes,
while dense monolayers of colloids are employed to create
well-ordered nanohole geometries.28,29,36 This approach allows
the pattern period, Λ, to be controlled by the size of the colloid
particles and the hole diameter, D, can be independently
adjusted via isotropic etching of the assembled particles
before metal deposition. This technique was further extended
for the preparation of nanoholes on cavities,37 and a lift-off
approach of the NHA membrane was also adopted for its sub-
sequent transfer to more complex structures with multiple
stacked patterned metallic layers.28

Typically, NHAs used for sensing applications are prepared
via stripping-based techniques or lithographic methods
directly on a non-permeable solid support, which is loaded to
a microfluidic device.38,39 However, the liquid sample to be
analyzed is flowed over the perforated NHA surface with
closed-ended pores, where the liquid flow velocity is equal to
zero, and consequently, the transport of molecules to and
inside the pores is dominantly driven by slow diffusion.40,41

Thus, to overcome this limitation, there a flow-through assay
format has been developed, in which the analyte solution is
transported internally across the nanoporous film.8,16,41,42

However, these experiments typically rely on the structure of
the NHA prepared on thin nitride membranes, which requires
multiple lithography steps and complicates their application
in sensing experiments.

The present study demonstrates a new type of NHA + NP
structure, which is supported by a thermo-responsive hydrogel
cushion. It is made from an N-isopropylacrylamide hydrogel
material that can expand and contract in an aqueous environ-
ment, thereby actuating the plasmonic properties of metallic
nanostructures.43–45 In this architecture, the hydrogel cushion
accommodates arrays of gold NPs, which are located below the
NHA and their mutual distance, g, can be on demand actuated
(Fig. 1). Herein, we investigate the spectra of supported PSP
and LSP modes and their spectral detuning by temperature-
induced reversible swelling and collapsing of a hydrogel
cushion. In addition, the hydrogel can serve as a three-dimen-
sional binding matrix for the immobilization of bio-functional
molecules and the applicability of the structure for SPR
(surface plasmon resonance) and SERS (surface-enhanced
Raman scattering) detection is demonstrated with the use of
plasmonic modes that probe the open pores, through which
aqueous samples can be actively flowed.

Results and discussion

We developed a method to prepare a nanostructure geometry
that combines thin gold films perforated with NHA and arrays
of gold NP, which are suspended in a thin layer of a poly(N-iso-
propyl acrylamide) (pNIPAAm)-based hydrogel. It serves as a
responsive cushion, which responds to temperature changes

Fig. 1 (a) Schematics of plasmonic nanostructure composed of periodic nanohole arrays (NHA) coupled with arrays of nanoparticles (NP) by the
use of responsive hydrogel cushion implemented by materials with the chemical structure shown in (b).
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since pNIPAAm exhibits a lower critical solution temperature
(LCST) of 32 °C. Below its LCST, it is hydrophilic, and it con-
tains large amounts of water in its polymer network structure.
When the temperature increases above its LCST, it abruptly
collapses by expelling water. In the nanostructure geometry
(Fig. 1a), the pNIPAAm-based hydrogel cushion was allowed to
swell and collapse via the diffusion of water through the NHA
pores and its volume changes were utilized for active control of
the distance, g, between NHA and NP. In addition, the hydro-
gel was made from a terpolymer that carries pendant groups
attached to its backbone, enabling its post-modification with
bio-functional molecules (Fig. 1b) for application in optical
spectroscopy and biosensors.46 It is worth noting that this
thermo-responsive hydrogel cushion allowed the controlled
opening and closing of the nanohole arrays of pores, and
switching to the open state was accompanied by the rapid
diffusion of water, which drags contained biomolecules
through the pores, where a plasmonic hotspot occurs. The
spectrum of plasmonic modes probing the pores of the struc-
ture and their near field coupling was investigated in detail, as
follows.

Preparation of NHA + NP structure with hydrogel cushion

The NHA + NP structure featuring actively tunable plasmonic
properties was prepared by a combination of UV nanoimprint
lithography (UV-NIL) and template-stripping (Fig. 2a). Arrays of
nanopillars cast to the transparent OrmoStamp material were
used as a template. AFM observation of the structure topogra-
phy showed that the arrays of nanopillars exhibited a diameter
of D = 100 nm, height of 100 nm, and they were arranged in
rectangular arrays with a set period of Λ = 460 nm (Fig. 2b).
The arrays of OrmoStamp nanopillars were then activated by
UV-ozone treatment and modified with perfluoro-silane using
vapor deposition to reduce their surface energy. Subsequently,
the nanopillars with a perfluoro-silane anti-adhesive layer were
coated by a gold layer with a thickness of h = 50 nm. SEM
observation (Fig. 2c) revealed that the gold deposition led to
the formation of a continuous layer, which is protruded by the
nanopillars and their top is capped by gold that is not con-
nected to the bottom continuous gold layer. Afterward, the
outer gold surface was modified by a self-assembled monolayer
of photo-active benzophenone-disulfide, and subsequently
coated with a pNIPAAm-based terpolymer layer. This terpoly-
mer contains the same photo-reactive benzophenone groups
in its backbone (see Fig. 1b) and upon irradiation with UV
light these chains were simultaneously covalently crosslinked
and attached to the gold via the benzophenone-disulfide
linker. Then, the outer surface of the crosslinked pNIPAAm-
based polymer was pressed against a glass substrate with a
soft adhesive layer (Ostemer resin pre-cured with UV light),
which was subsequently thermally cured overnight at a temp-
erature of 50 °C. Finally, the assembly was stripped at the
OrmoStamp–gold interface (treated with anti-adhesive layer) to
yield a structure with a thin gold film perforated by NHA,
which were attached to the pNIPAAm-based crosslinked
polymer networks and underneath comprised of embedded

gold NPs spatially separated from the perforated continuous
gold film. The AFM topography image in Fig. 2d shows that
the pores exhibit the same diameter, D, as the nanopillars and
the SEM image of an edge of the structure in Fig. 2e confirms
that under the NHA, arrays of gold NPs are present (which
were stripped from the top of the OrmoStamp pillars). It is
worth noting that the distortions of the surface that are visible
in Fig. 2e are a result of breaking the sample to obtain the
cross-section image.

Optical observation of plasmonic modes

The spectra of the LSP and PSP modes supported by the pre-
pared nanostructure were investigated via optical transmission
measurements. To distinguish between the diffraction coup-
ling to the dispersive PSP modes (traveling along the gold film)
and non-dispersive LSP resonances (supported by the pores in
the NHA + NP nanostructure), transmission spectra were
measured via collimated beam impinging on the NHA + NP
structure at angles in the range of θ = 0° to 25°. The trans-
mitted beam emitted from a halogen light bulb was then ana-
lyzed with a spectrometer in the wavelength range of λ =
500–850 nm. Firstly, the wavelength-angular dependence of
the transmission was measured for a structure that was dry
and in contact with air (with a refractive index of ns = 1). As
presented in Fig. 3a, the acquired spectrum shows that the
excitation of non-dispersive resonance is manifested as a dip
centered at a wavelength of λA = 600 nm. Moreover, an
additional dispersive mode occurs, and its excitation is associ-
ated with the dip in the transmission spectrum at λdC =
750 nm, which splits when the angle of incidence, θ, deviates
from zero. Secondly, the structure was clamped to a flow-cell
and water (with a refractive index of ns = 1.33) was flowed over
its surface, which was kept at a temperature of T = 40 °C. This
temperature is above the LCST of pNIPAAm, and thus this
material exhibits hydrophobic properties, preventing the
diffusion of water into the polymer networks through the NHA
pores. Since the refractive index of the dielectric above the
structure ns increased, a new dispersive dip resonance cen-
tered at a wavelength of λdB = 650 nm appeared, while the reso-
nance features λA and λdC changed negligibly (Fig. 3b). Thirdly,
the structure in contact with water was cooled to T = 22 °C,
which is below the LCST of pNIPAAm. Then, a strong blueshift
in the λA and λdC resonances occurred in the transmission spec-
trum, and also much weaker spectral shift of λdB accompanied
by a decrease in coupling efficiency at this wavelength
(Fig. 3c). These observations indicate that the resonances at λA
and λdC are associated with the coupling to the surface
plasmon modes that confine the electromagnetic field in the
inner side of the structure in contact with the pNIPAAm-based
hydrogel (with a refractive index of nh = 1.47 at T = 22 °C and
nh = 1.37 at T = 40 °C, see ESI, Fig. S1†). The resonance λdB
probes the upper part of the structure in contact with water (ns
= 1.33), which changes its refractive index with temperature
much less than pNIPAAm. Since the resonances at λdB and λdC
are dispersive, they can be attributed to the PSP modes travel-
ling at the upper or bottom interface of the gold film, respect-
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ively. The non-dispersive nature of the λA resonance indicates
it can be ascribed to the LSP mode.

A more detailed dependence of the transmission spectra on
temperature T was investigated for the normal angle of inci-
dence θ = 0 (Fig. 3d). The spectra were measured using a
different light source (supercontinuum laser) in order to
extend the wavelength range to 900 nm, which allowed us to
observe an additional feature manifested as a transmission
peak at λpC = 810 nm. Moreover, this showed more clearly that
close to λdB, a peak appeared at a wavelength λpB. It is worth
noting that the measured transmission spectra were normal-
ized with that obtained for a flat 50 nm thick gold film, which
exhibited a rapidly decreasing transmission with wavelength in
the red and near infrared region of the spectrum. Therefore,
the measurement of absolute transmission values was not
possible, and thus only relative values are presented. In
addition, the spectral positions of the resonances in Fig. 3a, b
and d slightly differ since they were measured with different

(although fabricated under identical conditions) NHA + NP
nanostructures.

Identification of plasmonic modes aided by simulations

The five observed resonant features in the measured trans-
mission spectra were identified using numerical finite differ-
ence time domain (FDTD) simulations. This model was
employed to calculate the absorption wavelength spectra and
near-field distribution of the electromagnetic field occurring
in the structure upon a plane wave normally impinging at its
surface. The simulations of the absorption spectra allowed us
to distinguish the resonant excitation of the LSP and PSP
modes (which is accompanied with damping) from other fea-
tures occurring in the transmission spectrum, which are
related to the interference between multiple specular and non-
specular diffracted beams and their falling after the horizon in
the superstrate or substrate. As shown in Fig. 4a (blue curve),
we initially analyzed a structure composed of only arrays of

Fig. 2 (a) Schematic of the preparation steps of the investigated NHA + NP nanostructure, (b) AFM image of the template with arrays of nanopillars
cast to OrmoStamp, (c) SEM image after coating of the template with a 50 nm thick gold layer, (d) AFM image of the topography of the stripped
surface with gold NHA, and (e) SEM image of a broken edge of the NHA + NP structure tethered to a solid surface via the responsive pNIPAAm-
based polymer. All scale bars are 1 µm in length.
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cylindrically shaped nanoparticles (NPs with a height of h =
50 nm, average diameter of D = 100–120 nm, and period of Λ =
460 nm) embedded between dielectrics with the refractive
indices of nh = 1.47 and ns = 1.33. The simulated spectrum
reveals that the resonance associated with the coupling to LSP
on the arrays of NPs is manifested as a strong absorption peak
at a wavelength of about 707 nm. The complementary NHA
structure was composed of a 50 nm thick gold film that was
perforated with arrays of cylindrical nanoholes exhibiting the
same diameter D and sandwiched between the same dielec-
trics with refractive indices of nh = 1.47 and ns = 1.33. The
absorption spectrum in Fig. 4a (red curve) shows three reso-
nances located at the wavelengths of λA = 630 nm, λB = 676 nm,
and λC = 774 nm. At these wavelengths, the near-field distri-
bution of the electric field amplitude |E| (normalized with that
of the incidence plane wave |E0|) was simulated, as can be
observed in the right part of Fig. 4a. These plots reveal that the
resonance at wavelength λA exhibits the characteristics of the
dipolar LSP mode, which confines the field inside the nano-
hole. The resonance at the longer wavelength λB shows a more
delocalized field profile on the top interface of the gold film
with the superstrate ns = 1.33, which confirms it is due to first-
order diffraction coupling to the traveling PSP mode at this

surface. The resonance at the NIR wavelength λC is
accompanied with the confinement of the electric field at the
bottom gold layer interface with the dielectric nh = 1.47, which
peaks at the mouth of the pore and its distribution suggests
the main origin corresponds to the first-order diffraction coup-
ling to the PSPs traveling along the bottom gold film surface.
It should be noted that these simulations were carried out for
the mouth of the nanopores filled by a dielectric with a refrac-
tive index ns since the fabrication procedure involving strip-
ping from arrays of nanopillars suggests this geometry (see
Fig. 2a).

The simulations in Fig. 4b (brown curve) reveal that the
short wavelength resonance was blue-shifted to λA = 621 nm,
the middle resonance blue-shifted to λA = 672 nm, and the
long-wavelength resonance red-shifted to λC = 813 nm after the
coupling of the nanohole arrays with the cylindrical nano-
particle arrays (NHA + NP). In these simulations, the gap dis-
tance between the bottom edge of the nanopore and the upper
surface of the cylindrically shaped nanoparticle was set to g =
50 nm, which corresponds to the difference between the
nanopillar height of 100 nm and the thickness of the gold
layer of h = 50 nm (see Fig. 1 and 2). When the refractive index
of the superstrate decreased from ns = 1.33 (representing

Fig. 3 Measured dependence of wavelength transmission spectra on angle of incidence, θ, for the NHA + NP structure in contact with (a) air (ns = 1
and nh = 1.48), (b) for the collapsed state of the pNIPAAm-based cushion that is in contact with water at T = 40 °C (ns = 1.33 and nh = 1.48), and (c)
for the swollen state of pNIPAAm cushion in water at T = 22 °C (ns = 1.33 and nh = 1.37). (d) Comparison of the wavelength transmission spectra for θ
and NHA + NP structure in contact with water at varying temperature, T. The transmission spectra were normalized with that measured for the flat
structure without the perforated Au film.
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water) to ns = 1 (representing air), the middle-wavelength reso-
nance disappeared, as shown in Fig. 4b (green curve). This
observation agrees with the measurements presented in Fig. 3
and confirms that the middle resonance occurs due to the
first-order diffractive coupling to the PSP mode at the outer
gold layer surface, which is the most sensitive to variations in
refractive index on the upper interface (superstrate ns). In
addition, this refractive index decrease led to a slight blue
shift in λA and λC since the field distribution corresponding to
these resonances also partially probe the dielectric ns. The
spatial profile of the near field-enhanced electric field ampli-
tude in the right part of Fig. 4b shows that the presence of
gold disk nanoparticles slightly perturbed the nanohole LSP
resonance at λA as the field is dragged to the bottom part of
the disk nanoparticle. The resonance at λB due to the PSPs tra-
veling on the top interface only weakly couples with the disk
nanoparticles, contrary to the bottom PSP mode λC, which
exhibits a field distribution with a more pronounced confine-
ment in the gap.

Interestingly, the simulations predicted that only three plas-
monic modes are supported in the investigated wavelength

range (Fig. 4b, brown curve) when the geometry of NHA (with
three plasmonic modes, black curve Fig. 4a) and NP arrays
(with one mode, blue curve in Fig. 4a) are combined to yield
the experimentally investigated structure NHA + NP. However,
five features were identified in the experimental transmission
data presented Fig. 3, which is greater than the number of pre-
dicted plasmonic modes. The discrepancy between the simu-
lated absorption spectra and experimentally measured specu-
lar transmission can be explained by the Fano shape of the
two measured transmission resonances. The middle wave-
length peak at λpB and dip at λdB can be attributed to the exci-
tation of a single PSP mode at the interface of the structure
with superstrate ns and its asymmetric shape can be ascribed
to the interference with additional waves generated by the
structure in a broader wavelength range (previously observed
for related plasmonic nanostructure by simulations3).
Similarly, the long wavelength peak at λpC and dip at λdC can be
attributed to the excitation of the PSP mode at the opposite
interface of the structure with superstrate nh.

In the next step, we performed more detailed simulations
to reveal the spectral detuning of the resonances by the refrac-

Fig. 4 Simulation-based investigation of the spectrum of supported plasmonic modes: absorption spectra obtained for normally incident beam at
(a) structure with a thin gold film perforated with arrays of nanoholes (NHA), with arrays of cylindrical nanoparticles (NP), and for the combined geo-
metry (NHA + NP) with superstrate refractive indices ns = 1 and 1.33 and substrate refractive index nh = 1.47. (b) Absorption spectrum simulated for
the NHA + NP geometry for superstrate refractive indices ns = 1 and 1.33. The substrate refractive index was of nh = 1.47, gap distance between NP
and NHA was of g = 50 nm, period of Λ = 460 nm, diameter averaged between D = 100–120 nm, and height of h = 50 nm. The cross-section of
spatial distribution of the electric field amplitude was simulated for the plasmonic modes as indicated in the inset.
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tive index changes of the bottom dielectric nh and distance g
between the gold NPs and NHA. These simulations represent
the expected effect of the swelling and collapsing of the
pNIPAAm-based hydrogel cushion. In general, an increase in
swelling is assumed to be accompanied with a prolongation of
distance g, a decrease in polymer volume content, and conse-
quently a decrease in the refractive index nh. Fig. 5a and b
show that the refractive index nh gradually increased from 1.38
to 1.46 and distance g varied between 50 and 100 nm, respect-
ively. The increase in the substrate refractive index nh led to a
redshift for all three resonances (Fig. 5a), which is consistent
with the experimental data presented in Fig. 3d. For small
changes in the refractive index, the variations in the resonant
wavelengths can be assumed to be linear, and accordingly, the
determined refractive index sensitivity of δλB/δnh = 190 nm
RIU−1 and δλC/δnh = 390 nm RIU−1 were obtained from the
simulated data. These values are in the range reported for
another SPR sensor configuration, which utilizes grating coup-
ling to PSP modes.47 The lower sensitivity of δλA/δnh = 90 nm
RIU−1 for the LSP mode is also in accordance with the previous

observations on LSPR.44 Similarly, the refractive index sensi-
tivity of the three plasmon modes to a change in the refractive
index of the superstrate ns was determined to be δλA/δns =
137 nm RIU−1, δλB/δns = 260 nm RIU−1 and δλC/δns = 83 nm
RIU−1 according to the data presented in Fig. S2.† Apparently,
the highest sensitivity is observed for the mode at λB, which is
ascribed to the PSP at the outer interface, where the field is
dominantly confined.

The simulated spectra for varying gap distances g are pre-
sented in Fig. 5b. They show more complex behavior and the
resonances λA and λB are weakly blue-shifted with a decrease
in distance g, while λC is strongly red-shifted. These changes
exhibit non-linear behavior, and for the shorter distances of g,
they are more pronounced than for the longer distances of g.
Therefore, this observation can be attributed to the near-field
coupling between the gold NPs and NHA, which is particularly
pronounced for the resonance λC with its field tightly confined
in the gap (see right part of Fig. 4b). Interestingly, for the long
distance g, an increase in the absorption close to the wave-
length of 700 nm occurred, which may be due to the re-occur-

Fig. 5 Simulated absorption spectra for the structure NHA + NP for varying: (a) refractive index of substrate nh and (b) distance g between NHA and
NP. From these spectra, the spectral shift of three resonant features were determined for changes in (c) nh and (d) g. The superstrate refractive index
was set to ns = 1.33, the substrate refractive index for (b) and (d) was nh = 1.47, gap distance between NP and NHA for (a) and (c) was set as g =
50 nm, period was Λ = 460 nm, average diameter between D = 100–120 nm, and height h = 50 nm.
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rence of the LSP resonance supported by gold NP arrays not
coupled with NHA, as presented in Fig. 4a.

Actuating of plasmonic modes

The swelling and collapsing of the pNIPAAm-based hydrogel
cushion by varying the temperature around its LCST were
further exploited for actuating the plasmonic modes supported
by the prepared structure NHA + NP. In this experiment, we
varied temperature in the range of T = 20–38 °C and tracked
the resonant positions of all the identified spectral features,
including the transmission dip at λA = 577 nm due to the LSP
in the nanoholes, spectral dip at λdB = 641 nm and peak at λpB =
658 nm, which are ascribed to the Fano resonance of the PSPs
on the top NHA surface, and spectral dip at λdC = 684 nm and
peak at a wavelength of λpC = 825 nm attributed to the Fano
resonance of PSP at the bottom NHA surface coupled with
arrays of NPs (measured at temperature T = 20 °C). The
obtained response was measured with time upon a step-wise
increase and decrease in temperature T according to the ana-
lysis of the spectra presented in Fig. 3d. The obtained time
kinetics in Fig. 6 show that the changes are reversible. The fea-
tures presented in Fig. 6a show a gradual increase in spectral
position with an increase in temperature T. The Fano reso-
nance features λdB and λpB exhibit similar shifts and the
maximum change of about 20 nm occurred when the tempera-
ture increased from T = 22 °C to 38 °C. The highest slope in
the shift occurred close to the LCST of pNIPAAm of 32 °C. At a
higher temperature, it was not possible to track the spectral
shift in the peak due to the fact that it became weakly pro-
nounced. The spectral dip λdC showed the same trend and
exhibited a stronger maximum shift of 40 nm for the tempera-
ture increase from T = 22 °C to 38 °C.

Interestingly, the dependence of λA and λpC shows different be-
havior. When the temperature increased above T = 22 °C, an initial
decrease in the resonance λA occurred followed by an increase with
a local maximum at T = 29 °C, then it decreased again, and above
the LCST of pNIPAAm, it rapidly increased and shifted by about
20 nm. The peak position λpC showed a complementary trend and
it strongly decreased by 15 nm when the temperature increased
from 22 °C to 27 °C, and then it increased with the local
maximum at 30 °C, and when passing the LCST it rapidly red-
shifted by 38 nm. These anomalous dependencies can be
explained by the competing effect of the near-field coupling (which
is dominantly controlled by distance g and exhibit non-linear
dependence, as shown in Fig. 5d) and refractive index change,
which shifts the resonance linearly (see Fig. 5c). The anomalous
changes occurred below the LCST of pNIPAAm, which indicates
that distance g is not directly proportional to the swelling degree of
the hydrogel cushion layer, and other effects such as filling the
pores with the swelling polymer networks can occur.

Local probing of molecular binding events

To explore the potential of the developed hybrid nanostructure
for applications in sensing, we employed the plasmonic reso-
nances for local probing of molecular binding events at
specific parts. In the first experiment, we directly monitored
the binding of biomolecules in the pNIPAAm-based hydrogel
cushion from the associated refractive index changes. These
changes detuned the SPR wavelengths, where the excitation of
the modes probing different the sub-parts of the structure
occurred. After the stripping of the structure, the outer gold
surface and the mouth of the pores were passivated by the
thiol SAM with oligoethylene glycol (OEG) groups. Then, the
pNIPAAm-based hydrogel cushion was post-modified in situ by
covalent coupling of mouse immunoglobulin G, mIgG. The

Fig. 6 Dependence of spectral position of plasmonic features plotted as function of time for different temperatures in the range of T = 22 °C to T =
38 °C: (a) gradual variation in the spectral positions of dips λdB and λdC and peak at λpB and (b) anomalous variations in the spectral positions of dip λA
and peak λpC.
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spectral positions of the resonances at λA and λdC were moni-
tored by tracking their spectral detuning upon the surface reac-
tions, as can be seen in Fig. 7a. These two resonances were

selected since they probe different parts of the structure and
are well pronounced in the transmission spectrum. To activate
the carboxylic groups within the hydrogel cushion, they were
reacted with EDC/TFPS and then a solution with mIgG was
flowed over the surface in the time range of 45 to 120 min.
After rinsing with a buffer at time 120 min, resonance λdC
shifted by 6 nm due to the covalent coupling of mIgG, while
resonance λA showed a much weaker shift of about 0.5 nm.
This observation proves that the mIgG molecules could diffuse
through the pores and bind to the bottom swollen hydrogel
(probed at λdC), while they do not attach to the pores (probed at
λA). Then, a series of PBS solutions with sucrose dissolved at a
concentration of 2%, 4% and 8% was flowed over the surface
to change the bulk refractive index by 2.8, 5.6 and 11.2 × 10−3

RIU, respectively. These low molecular weight molecules did
not interact with the structure but freely diffused into the
pNIPAAm-based hydrogel, and thus changed the refractive
index on both sides of superstrate ns and substrate hydrogel
cushion nh. From the measured shifts in λA and λdC, the sensi-
tivity of these resonances was determined to be dλA/dn =
218 nm RIU−1 and dλdC/dn 454 nm RIU−1, respectively. These
values are close to the predicted sum of the sensitivities dλ/dns
and dλ/dnh and support the fact that the refractive index
changes at both interfaces of the permeable thin gold film.

In the second experiment, we tested the structure as a sub-
strate for SERS detection. Accordingly, we probed the upper
and bottom interfaces by a laser beam focused from the super-
strate or substrate side by a lens with a numerical aperture of
0.5. The laser beam had a wavelength of λ = 785 nm, which is
close to the resonance observed at λpC associated with the con-
finement of the incident field in the gap between the NHA and
NP (see Fig. 4b). In this experiment, we directly used a struc-
ture that was stripped and compared the acquired Raman
(Stokes shifted) spectra with that acquired for the same struc-
ture in which the upper gold surface and the pore mouth were
modified with a Raman-active 4-MBA monolayer (see sche-
matic in Fig. 1b). The results presented in Fig. 7b show a
series of Raman peaks in the spectral range of 800–1800 cm−1

for the pristine stripped structure that was probed from the
bottom substrate through the pNIPAAm-based cushion. These
peaks can be ascribed to the benzophenone molecules at the
inner gold interface since their spectral positions are close to
that reported in previous works.48 After modifying the pore
mouth and the upper gold interface with 4-MBA, two
additional peaks appeared at 1071 cm−1 (aromatic ring breath-
ing, symmetric C–H in-plane bending, and C–S stretching) and
1581 cm−1 (aromatic ring C–C stretching, asymmetric C–H in-
plane bending). These spectral positions are close to that
observed previously for this molecule.48,49

Finally, a comparison of the Raman peak intensity was
carried out for probing from the top (through the superstrate)
and from the bottom (through the pNIPAAm cushion sub-
strate). As can be seen in Fig. 7c, the Raman peaks were
observed only for the probing from the bottom, where the
mode at λpC could be efficiently excited with the laser beam at
the wavelength of 785 nm. In addition, the spectral tuning of

Fig. 7 (a) Probing of covalent coupling of immunoglobulin G molecules
(IgG) to pNIPAAm hydrogel polymer networks with the plasmonic
modes centred at λA and λdC. (b) SERS spectra measured before and after
post-modification of the stripped area of gold with 4-MBA, as measured
with a laser wavelength of 785 nm. The structure NHA + NP was swollen
in water. (c) Comparison of the acquired Raman spectra from the top
(dry NHA + NP structure) and bottom (swollen and dry NHA + NP
structure).

Paper Nanoscale

9764 | Nanoscale, 2020, 12, 9756–9768 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 5

/1
9/

20
20

 8
:5

6:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

111

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr00761g


this mode by collapsing and swelling the structure led to vari-
ations in the Raman peak intensity. An increase in the Raman
peak intensity by about 45% occurred by collapsing the struc-
ture (by drying) with respect to the geometry when the hydro-
gel cushion was swollen in water. This can be attributed to the
potentially stronger field intensity enhancement in the gap
between the nanopores in the NHA and the bottom metallic
nanoparticles as well as the shift in the resonance at λpC to its
optimized spectral position with respect to the excitation wave-
length and Raman scattered peaks, which was observed to
provide most efficient SERS.50–55

Conclusions

We developed a new approach for the preparation of a hybrid
plasmonic nanostructure that can be actuated and consists of
arrays of nanoholes in a thin gold film, which is connected to
arrays of gold nanoparticles by a responsive hydrogel cushion
attached to a solid substrate. We explored the spectrum of the
plasmonic modes supported by the structure and identified
their origin due to the resonant excitation of three localized
surface plasmons (confined in the nanopores and at the
surface of the nanoparticles) and diffractive coupling to propa-
gating surface plasmons (traveling along the top and bottom
interfaces of the thin gold film). By swelling and collapsing the
hydrogel cushion, the characteristics of these modes could be
changed on-demand and the field confinement as well as res-
onant wavelength (up to 50 nm shifts) could be actively actu-
ated. Among the modes, the near-field coupling between the
nanoparticles and nanoholes was observed, and the simu-
lations predicted that it leads to strong confinement of the
electromagnetic field in the respective gap in the near-infrared
part of the spectrum. This is particularly attractive for biosen-
sing applications, as demonstrated by SPR observation of the
attachment of 160 kDa IgG molecules inside the structure and
SERS measurement of low molecular weight Raman active
4-MBA molecules immobilized in the pore mouth. In addition,
this structure offers a unique opportunity to open and close
the pores by swelling and collapsing the hydrogel cushion.
Accordingly, the pores can be switched between the dead-end
geometry and open state when water molecules are actively
driven through the pores, dragging dissolved biomolecules
across the plasmonic hotspot by diffusion.

Experimental
Materials

OrmoStamp® resin was purchased from Micro Resist Technology
GmbH (Germany). Ostemer 322 Crystal Clear was purchased from
Mercene Labs AB (Sweden). Polydimethylsiloxane Sylgard 184
(PDMS) was obtained from Dow Corning (USA). Trichloro
(1H,1H,2H,2H-perfluorooctyl)silane (perfluoro-silane), dimethyl
sulfoxide (DMSO) and 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDC) were obtained from Sigma Aldrich (Germany).

(11-Mercaptoundecyl)triethylene glycol (PEG-thiol, SPT-0011) was
purchased from SensoPath Technologies Inc. (USA). The
pNIPAAm-based terpolymer composed of N-isopropylacrylamide,
methacrylic acid, and 4-methacryloyloxybenzophenone (in a ratio
of 94 : 5 : 1), benzophenone-disulfide and 4-sulfotetrafluorophenol
(TFPS) were synthesized in our laboratory, as previously
reported.56,57 IgG from mouse serum (mIgG, I 5381) and Tween 20
(P9416) were purchased from Sigma Aldrich (Austria), and phos-
phate-buffered saline (PBS) and sodium acetate were obtained
from VWR Chemicals (Austria). Goat anti-mouse IgG (a-mIgG,
A11375) was acquired from Life Technologies, (Eugene OR, US).

UV-nanoimprint lithography

A template structure bearing arrays of nanopillars was fabri-
cated from a silicon master that carried 1 cm2 rectangular
arrays of nanoholes with a diameter of D = 90 nm, depth
260 nm, and period Λ = 460 nm, fabricated by Temicon GmbH
(Germany). 200 μL of OrmoPrime was spun on a clean
BK7 glass substrate at 4000 rpm for 60 s and hard-baked at
150 °C for 5 min. The BK7 substrate coated with OrmoPrime
was contacted with the silicon master using a drop of
OrmoStamp and kept still for 10 min to spread over the struc-
ture and fill the pores. The OrmoStamp was cured using UV
light at λ = 365 nm with the irradiation dose of 1 J cm−2 (UV
lamp Bio-Link 365, Vilber Lourmat). Then, the silicon master
was carefully detached, leaving the BK7 substrate with an
imprinted pattern of nanopillars in the OrmoStamp resin. The
fabricated arrays of nanopillars were treated with UV-ozone for
5 min to remove the excess OrmoStamp and activate the
surface for silanization. An anti-adhesive layer was deposited
on the OrmoStamp structure under an argon atmosphere
using 13 μL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane in
a desiccator (volume 5.8 L) heated to T = 250 °C for 20 min. A
50 nm thin layer of gold was deposited on the arrays of nano-
pillars, serving as a template, by vacuum thermal evaporation
(HHV AUTO 306 from HHV Ltd) at a deposition rate of 2 Å s−1

in a vacuum greater than 10−6 mbar. Each sample consisted of
a nanostructured region and a flat region for reference in the
optical measurements.

Deposition of the responsive polymer

The OrmoStamp arrays of nanopillars coated with 50 nm of
gold were incubated overnight in a 1 mM solution of benzo-
phenone-disulfide in DMSO to form a self-assembled mono-
layer serving as a linker. Then, this structure was coated with a
uniform layer of pNIPAAm-based terpolymer by spin-coating
3 wt% ethanolic solution of the polymer at a spin rate of 2000
rpm for 1 min. The layer of the pNIPAAm-based terpolymer
was dried overnight under vacuum at 50 °C yielding, a thick-
ness of 230 nm. The resulting polymer film was crosslinked
via the benzophenone moieties by UV light at λ = 365 nm with
an irradiation dose of 10 J cm−2.

Template stripping

A drop of Ostemer epoxy was spread on clean BK7 glass by con-
tacting it with a flat piece of PDMS and irradiating it with UV-
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light at λ = 365 nm (2 J cm−2). The PDMS block was peeled-off
leaving a glass substrate with a flat layer of pre-cured Ostemer
epoxy on its top. Then, the Ostemer surface was pressed
against the template coated with the crosslinked pNIPAAm-
based film and incubated overnight at 50 °C to allow its attach-
ment to the pNIPAAm-based surface via its epoxy groups. Due
to the pre-curing step, the Ostemer did not penetrate the
pNIPAAm polymer network layer. Finally, the BK7 substrate
with a layer of Ostemer was used to strip off the pNIPAAm-
based film with the layer of gold from the template modified
with the thin anti-adhesive layer.

Morphological characterization

Atomic force microscopy (AFM) measurements of the pat-
terned structures in air were performed in tapping mode using
PPP-NCHR-50 tips (Nanosensors, Switzerland) and a PicoPlus
instrument (Molecular Imaging, Agilent Technologies, USA).
In addition, a scanning electron microscope (Zeiss Supra 40
VP (Carl Zeiss Microscopy GmbH, Germany) was used for
imaging of the longitudinal and cross-section interfaces of the
nanostructures at an electron high tension of EHT = 5 kV. The
height, diameter and lateral spacing of the nanoscale features
were determined using the Gwyddion free software (version
2.47 from gwyddion.net).

Optical configuration for angular-wavelength transmission
measurement

Transmission optical spectra were acquired using a polychro-
matic light beam emitted from a halogen lamp (LSH102
LOT-Oriel, Germany), which was coupled to a multimode
optical fiber and collimated with a lens. It was made incident
at the structure and the transmitted beam was collected by a
lens to another multimode optical fiber and delivered to a
spectrometer (HR4000, Ocean Optics, USA). The obtained
transmission spectra were normalized with that obtained on a
reference flat 50 nm thick gold film. A flow-cell with a Peltier
element58 connected to a controller from Wavelength
Electronics Inc. (USA) was clamped against the investigated
structure to control the temperature of the liquid flowed over
its surface. Deionized water was flowed by employing a peri-
staltic pump from Ismatec (Switzerland). The investigated
structure with a flow cell was mounted on a rotation stage
driven by a stepper motor from Huber GmbH (Germany) to
control the angle of incident light, θ. Transmission spectra
were recorded using the in-house developed Labview software
and processed using a dedicated Python script.

Tracking of resonant wavelengths

Polychromatic light emitted from a supercontinuum laser
source (WhiteLaser Micro, Fianium, UK) was collimated and
the beam was expanded and spectrally filtered by a long-pass
filter. The beam was made incident at a normal angle on the
structure mounted in the temperature-stabilized flow cell. The
transmitted beam was collected by a GRIN lens to a multimode
fiber and delivered to the input of a spectrometer (S2000,
Ocean Optics, USA). The acquired transmission spectra were

normalized to that measured for a reference flat gold film
(thickness of 50 nm) and analyzed using the SPR UP software
developed at the Institute of Photonics and Electronics, Czech
Academy of Sciences.

Finite-difference time-domain simulations

FDTD simulations were performed using the Lumerical FDTD
Solutions software. The geometry of the nanoparticle arrays
was described using Cartesian coordinates with the x- and
y-axis in the plane and the z-axis perpendicular to the plane of
the arrays. Infinite arrays were considered in the simulations
by choosing periodic boundary conditions (symmetric or anti-
symmetric) along the x- and y-axis and using perfectly
matched layers (PML) above and below the structure. For the
field profile simulations, the simulation mesh was set to 2 nm
over the volume of the unit cell. A transmission monitor was
placed 0.4 μm below the nanoparticle arrays and a 2D monitor
in the xz-plane was employed for simulating the near field dis-
tribution of the electric field intensity. The structure was illu-
minated by a normally incident plane wave with its polariz-
ation set along the x-direction. The optical constants for Au
were taken from the CRC Optical Data Tables (450–950 nm).
To consider the deviations in the experimental geometry from
the (idealized) simulated geometry, the diameter D was varied
in the range of 100–120 nm and the respective optical response
was averaged.

Immunoassay experiment

The substrate carrying the NHA + NP structure was clamped
against a transparent flow-cell and loaded in an optical system
for tracking of the SPR dips or peaks in the transmission spec-
trum. A polychromatic optical beam was made incident at a
normal angle of incidence of θ = 0° at the structure, and by
analysis of the transmitted light spectrum, the variations in
the resonant wavelengths were monitored with time. These
variations were determined by fitting the acquired spectrum
with a polynomial function, as reported previously,47 and
which allowed the spectral shifts of the dip or peak features to
be measured with the accuracy of 0.1–0.01 nm, depending on
the coupling strength and noise in the transmission spectrum.
Firstly, the baseline in the resonant wavelength kinetics was
established upon a flow of PBS for 20 min. Then, a mixture of
EDC/TFPS dissolved in water at concentrations 75 and 21 mg
mL−1, respectively, was flowed over the structure for 10 min to
activate the carboxylic moieties of the pNIPAAm hydrogel. The
surface was quickly rinsed with pH 5 acetate buffer and
reacted with a solution of 50 µg mL−1 mouse IgG in the same
buffer for 60 min to covalently attach the mIgG molecules to
the polymer chains. Finally, the structure was rinsed with PBS,
followed by the flow of PBS spiked with 2%, 4% and 8%
sucrose (Δn = 2.8 × 10−3, 5.6 × 10−3 and 11.2 × 10−3 RIU,
respectively).

SERS experiments

The NHA + NP structure was incubated overnight in 1 mM
ethanolic solution of 4-mercaptobenzoic acid to form a self-
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assembled monolayer of SERS-active molecules. Prior to the
experiment, the structure was rinsed with ethanol and dried.
The SERS experiments were performed using an Xplora Raman
microspectrometer (Horiba Scientific, France) with a ×50 long
working distance objective (numerical aperture of 0.5). The
laser beam at λ = 785 nm was focused at the investigated NHA
+ NP structure. The spectrum was accumulated for 20 s.
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ABSTRACT: The electromagnetic enhancement in surface-
enhanced Raman scattering (SERS) caused by localized surface
plasmon resonance is a near-field effect, often limiting the
practicality of SERS in many applications. However, no
attempts have been made to investigate field extension through
symmetrical refractive index modulation in a SERS-based
system. Here, we report the development and characterization
of refractive index-matched SERS substrates supporting electric
field extension to realize what is termed “long-range SERS” (LR-SERS). Finite-difference time-domain simulations were
employed to tune the plasmonic responses and investigate electric field distributions of gold nanohole arrays (NHAs) as a
function of the dielectric environment and geometric parameters. SERS substrates supporting long-range behavior were
compared against “conventional” substrates without long-range behavior. SERS intensities from rhodamine 6G (R6G) aqueous
solutions of 2.0 × 103 and 1.5 × 102 counts s−1 mW−1 were produced by the LR-SERS and conventional substrates, respectively,
on the gold surface. Moreover, a signal response of 9.0 × 101 counts s−1 mW−1 was produced by LR-SERS substrates with a 10
nm separation between the R6G solution and NHA, while no signal was observed from the conventional substrate. As a proof of
principle study, the results demonstrate the potential to use LR-SERS substrates in applications where the target analyte is
located further from the SERS-active surface.

■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a sensitive
spectroscopic technique that has been used in a variety of
fields of study, including biomedicine,1 environmental science,2

and homeland security,3 and with proper experimental
considerations has realized single-molecule detection.4,5 The
bifurcated SERS mechanism consists of electromagnetic (EM)
and chemical (CM) contributions that enhance the Raman
scattering efficiency.6 Chemical enhancement is attributed to
charge transfer between adsorbed molecules and the metal
surface, whereas EM enhancement is due to amplified electric
fields generated by localized surface plasmon resonance (LSPR)
on nanostructured, noble metal surfaces. While the CM
mechanism contributes to the enhancement by a factor of
∼101−102,7 the EM enhancement is generally accepted as
dominant with enhancement factors up to 107−109.8 However,
the amplified electric fields responsible for EM enhancement
decay rapidly from nanostructured surfaces. Multiple studies
have been conducted to investigate the distance at which the
SERS intensity decays from nanostructured surfaces, including
ultrathin cladding layers9 and alkanethiols10 on electrochemi-
cally roughened Ag films, atomic layer deposition of Al2O3 on
Ag nanodots fabricated via nanosphere lithography,11 SiO2-
coated Ag nanosphere dimers,12 and DNA conjugated with

Raman probes on Au nanoparticles.13 Results vary from
substrate to substrate and because of differences in the
experimental setup, but there is agreement that within ∼5
nm from the sensing surface the SERS signal is effectively
diminished. Thus, SERS is considered a near-field effect, and
although a molecule does not need to be adsorbed to the
surface to undergo excitation, it must be within the immediate
vicinity of the light-coupling nanostructure. The shortcomings
created by the near-field effect necessitate the development of
SERS substrates with “long-range” capability through electric
field extension, enabling molecular detection at distances
beyond the current SERS-active substrates.
One route to achieve field extension in SERS-active

substrates is to create metal/dielectric interfaces that support
long-range surface plasmon resonance (LR-SPR). LR-SPR is a
unique SPR mode. Generally, SPR is the cumulative oscillation
of conduction band electrons induced through coupling to the
electric field component of incident light at the interface of
metal and dielectric materials.14 Evanescent waves produced on
SPR-supporting 50 nm gold films on glass substrates (n ∼ 1.52)
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extend into the metal film and aqueous dielectric environment
(n = 1.33), with penetration depths of 25 and 400 nm,
respectively, for near-infrared excitation.15 LR-SPR is excited
when the metal film is made ultrathin (i.e., ∼ 20 nm) and
placed in a symmetrical dielectric environment (i.e., the
refractive indices on either side of the film are equal).16 The
two stipulations allow the evanescent waves at opposite
interfaces to couple, thus producing LR-SPR. The main
features offered by LR-SPR include strong electric fields at
the metal surface, narrow reflectance bands, and extended
electric field penetration depths. Typical penetration depths in
LR-SPR are 1.2 μm, compared to 400 nm for conventional
SPR.15,16 LR-SPR was first theoretically predicted by solving
the SPR dispersion relation as a function of metal film
thickness17 and later experimentally verified by determining the
propagation and attenuation constants of thin metal films.18

Since then, LR-SPR has been implemented in a variety of SPR
biosensing studies including antibody−antigen binding
events,19 SPR-coupled fluorescence emission,20 and sensitive
biosensing for bacterial21 and eukaryotic cells.22

LR-SPR generated with ultrathin Ag films has demonstrated
the long-range SERS (LR-SERS) effect. Liu et al. utilized the
Kretschmann configuration to generate LR-SPR by separating
an ultrathin Ag film (16 nm) with a 1750 nm thick MgF2 layer
(n = 1.38) from the underlying glass substrate.23 Because the
refractive index of MgF2 is close to that of water (n = 1.33), the
Ag film satisfied the symmetrical dielectric condition and thus
supported LR-SPR generation. The extended electric fields
produced by the LR-SPR enabled detection of 4-mercaptopyr-
idine monolayers SERS signals at a distance of ∼500 nm from
the Ag film. Later work by the researchers used the same device
architecture with the addition of Ag nanoparticles (NPs) into
the aqueous solution to increase the sensitivity through Ag
film−NP coupling.24 Here, however, it is important to note that
the Ag NPs themselves are not responsible for the long-range
effect, but rather it is the LR-SPR-supporting, planar Ag films.
In this work, we designed SERS-active plasmonic nanostruc-

tures on a dielectrically symmetrical, layered substrate to
capitalize on the beneficial electric field characteristics made
available by LR-SPR. We systematically investigated the
resonant modes and electric field distributions of two-
dimensional (2-D), square-lattice nanohole arrays (NHAs) of
ultrathin gold films on three classes of layered substrates
(Figure 1a) immersed in water using the finite-difference time-
domain (FDTD) method. Conventional and pseudo long-range
(PLR) substrates were used to study the SERS response of the
asymmetrical and symmetrical dielectric conditions, respec-
tively. A “resonant mirror” was inserted between the glass/
Cytop interface in PLR substrates to induce strong constructive
interference on the surface of gold NHAs due to the formation
of Fabry−Peŕot optical cavity between the resonant mirror and
NHA. The trilayered, Fabry−Peŕot containing structure is
referred as the “long-range” SERS (LR-SERS) class of
substrates. Optical and geometrical parameters were varied,
and electric field extension was observed in the LR-SERS
substrates. Following the theoretical investigation, the three
classes of substrates were fabricated, and the SERS response
was measured as a function distance from the Au/H2O
interface. Long-range behavior was experimentally demonstra-
ted with successful detection of Raman reporters separated 10
nm from the gold NHA surface. The extended probing depth
afforded by LR-SERS substrates make them an interesting

platform to further explore fundamental and applied SERS
studies.

■ MATERIALS AND METHODS
Chemicals and Reagents. Rhodamine 6G (R6G), (3-

mercaptopropyl)trimethoxysilane (3-MPTMS), 4-mercapto-
benzoic acid (4-MBA), and trichloro(1H,1H,2H,2H-perfluoro-
octyl)silane were purchased from Sigma-Aldrich (St. Louis,
MO). Vinylmethlysiloxane (VDT-731), 1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane (SIT7900.0), platinum
catalyst (SIP6831.2), and methylhydrosiloxane (HMS-301)
were purchased from Gelest (Morrisville, PA). The Sylgard 184
PDMS and curing agent elastomer kit was purchased from Dow
Corning (Midland, MI). Poly(methyl methacrylate) (PMMA,
950PMMA A6) was purchased from MircoChem (West-
borough, MA). Cytop CTL-809 M and additional solvent
(CT-SOLV180) were purchased from Asahi Glass (Tokyo,
Japan). All materials were used as received.

Finite-Difference Time-Domain Simulations. Commer-
cially available software (Lumerical, FDTD Solutions) was used
to investigate the plasmonic properties of three types of SERS
structures. The three classes of structures investigated
contained a 20 nm thick gold nanohole array (NHA) on (1)
a glass substrate, (2) a Cytop-coated glass substrate, and (3) a
Cytop-coated glass substrate with a 100 nm thick gold film
inserted between the Cytop layer and glass substrate, which are
termed the conventional, pseudo long-range (PLR), and long-
range (LR) substrates, respectively. The three-dimensional (3-
D) unit cell used in the simulations was defined in the xy plane
by the pitch of the substrate (P = 604 nm) and in the vertical
dimension by extending 500 nm above the Au/H2O interface
and 500 nm below the Au/glass (or Cytop/glass) interface. A
plane wave in the spectral window of 700−950 nm was
impinged from a distance of 400 nm above and normal to the
surface, with the electric component polarized along the x-axis.

Figure 1. (a) Three-dimensional schematics for the three types of
SERS substrates investigated: long-range (LR), pseudo long-range
(PLR), and conventional. Illustrations of the unit cells used in the
FDTD simulations for (b) the conventional SERS substrate, (c) the
PLR SERS substrate, and (d) LR-SERS substrate. The 2-D lattice pitch
(P) and the gold film thicknesses of NHAs were fixed to 604 and 20
nm, respectively, for all three classes of substrates. For the LR-SERS
structures, the underlying gold mirror was fixed at 100 nm.
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A frequency monitor was placed 450 nm above the Au/H2O
interface to collect reflectance spectra. Power monitors were
placed at the Au/H2O interface, distances of 5, 10, 25, and 50
nm above the Au/H2O interface, and through the center of the
nanohole in the xz-plane to collect electric field intensities and
distributions. Periodic boundary conditions were used in the x
and y directions, while the perfectly matched layer (PML)
boundary condition was used in both z directions. Stringent
meshing was added around the nanohole by refining the mesh
size to 2 nm in all spatial dimensions. The fine mesh around the
nanohole encompassed the entire xy plane and was extended 60
nm from the two nanohole array interfaces. Convergence was
ensured by continually reducing the mesh refinement in the
vicinity of the nanostructures until the relative location or peak
intensities remained stable. Additionally, the number of PML
layers was maximized to prohibit reflections from reentering the
simulation cell. The relative dielectric functions for the Cytop
films, glass substrates, and aqueous backgrounds were taken as
constants with relative refractive indices of 1.34, 1.52, and 1.33,
respectively, while the dielectric function of gold was taken
from the literature and fit with a multicoefficient model.25

Substrate Fabrications and Characterizations. Gold
NHAs were fabricated using solvent-assisted molding (Figure
S1).26 A silicon master mold with 100 μm × 100 μm nanopillar
arrays was fabricated using electron beam lithography and
reactive ion etching. The nanopillar arrays are defined by a
pitch of 604 nm, height of 150 nm, and diameter of 300 nm. h-
PDMS/PDMS composite stamps containing nanoholes were
cast from the silicon master. All substrates were fabricated using
the same composite stamp to form the nanostructures.
For the conventional structures, glass substrates (1 cm2)

were sequentially cleaned by ultrasonication in soapy deionized
(DI) H2O, DI H2O, acetone, and IPA for 20 min each at 40 °C
and were placed in an ultraviolet−O3 cleaner for 20 min. An
adhesion promoter (3-MPTMS) was formed by placing the
cleaned substrates in a vacuum desiccator with a 50 μL drop of
3-MPTMS for 2 h. A 3% by weight solution of PMMA in
anisole was immediately spun cast at 4000 rpm for 40 s, and the
sample was baked on a hot plate at 180 °C for 90 s to form a
uniform film of ∼100 nm. A 14 μL drop of acetone was placed
on the stamp. The PMMA-coated substrate was then brought
into contact with the composite stamp on a hot plate at 60 °C
for 5 min to form PMMA nanopillars. To remove residual
PMMA between nanopillars, the substrate was then placed in
an oxygen plasma cleaner (Diener, 50 W) with air as the
flowgas for 90 s. It is important to note that both solvent-
assisted molding and plasma etching shrink the diameter of the
PMMA nanopillars from 300 to 150 nm. Finally, 20 nm gold
films were thermally evaporated (Edwards Auto306) onto the
substrates at a rate of 0.02 nm/s with a base pressure of 2 ×
10−6 mbar. The fabrication of the conventional substrates was
completed by removal of PMMA nanopillars capped with gold
nanodisks through a lift-off process consisting of tape striping
and rinsing with copious amounts of acetone.
PLR substrates were fabricated by spin coating Cytop films

directly onto the cleaned glass substrates and annealing on a
hot plate at 100, 150, and 200 °C for 60, 30, and 30 min,
respectively. Cytop films were exposed to oxygen plasma for 30
s prior to spinning 3% PMMA to increase the surface energy of
Cytop to make smooth, strongly adhered PMMA films. The
gold NHAs were fabricated following the same steps as
described for the conventional substrates.

LR substrates were fabricated by first forming a 3-MPTMS
adhesion promoter on clean glass substrates following the same
procedures as with the conventional substrates. An optically
opaque gold film (100 nm) was then thermally evaporated. The
adhesion robustness of the Au films on the glass substrates was
qualitatively assessed by “Scotch tape” and ultrasonication tests.
Control substrates that lacked the 3-MPTMS promoter were
found to completely delaminate after both tests, whereas the
substrates that contained the 3-MPTMS promoter were found
to create stable films that remained adhered to the glass
substrates. Cytop was immediately spun cast onto the gold film
and annealed with the same recipe as the PLR substrates. Then,
the gold NHAs were fabricated following the same steps as
described for the conventional substrates. Fabricated NHAs on
conventional, PLR, and LR substrates were characterized using
scanning electron microscopy (Sirion XL30, FEI). SEM images
of the conventional and LR substrates show that the NHAs
were resolved with good quality (Figure S2).

SERS Measurements on Conventional and PLR
Substrates. Monolayers of 4-MBA were formed on conven-
tional and PLR substrates. First, substrates were cleaned via
UV−O3 exposure for 20 min. 4-MBA was dissolved in a 10%
ethanol:DI H2O (by volume) solution to a concentration of 1
mM. The conventional and PLR substrates were immersed in
the 4-MBA solution for 6 h, rinsed thoroughly with ethanol and
DI H2O, and dried in air. SERS measurements were
immediately conducted. The substrates were immersed in DI
H2O in a home-built Teflon container and covered with a
microscope slide to prevent water evaporation while collecting
the SERS spectra. The distance from the NHA surface to the
coverslip was ∼500 μm. All SERS measurements were carried
out using a Renishaw inVia Raman spectroscope connected to a
Leica upright DMLM microscope. A 785 nm near-infrared laser
was focused with a 50× objective (N.A. 0.8, W.D. 0.5 mm) to
form a laser spot size of ∼2 μm × 20 μm, which allowed for
multiple measurements to be taken from different locations on
the nanohole array. The laser power was measured with a hand-
held laser power meter (Edmund Optics) in the focal plane of
the substrates to be 2.4 mW. The acquisition time was set to 10
s with a single accumulation. The raw data were acquired by the
Wire 2.0 software (Renishaw). All spectra were analyzed and
baseline corrected using MATLAB.

Distance Dependence of LR and Conventional
Substrates. LR and conventional substrates were cleaned by
UV−O3 exposure for 20 min. Aqueous solutions of R6G (1
mM) were then dropped on the substrates in 200 μL aliquots
and remained for 30 min to allow R6G adsorption. The R6G
solution was then removed from the substrates. The substrates
were dried and placed in the Teflon holder. The Teflon holder
was then filled with DI H2O (200 μL) and covered with a
microscope slide. SERS spectra of R6G were acquired
immediately with a single 10 s accumulation time, using the
same setup described in the previous section. Cytop capping
layers of ∼10 nm were spun cast on freshly fabricated LR and
conventional substrates by diluting the stock Cytop solution
with CT-180 SOLV in a 20:1 ratio (v:v) at 3000 rpm for 40 s.
All film thicknesses were measured by ellipsometry (α-SE, J.A.
Woollam) and profilometry (Alpha-Step 500, KLA Tencor).
R6G (1 mM) was again allowed to adsorb to the surface for 30
min before removal and subsequent immersion in DI H2O.
SERS spectra were immediately acquired and processed as
previously described.
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■ RESULTS AND DISCUSSION

Single nanohole and arrays of nanoholes can act as point
sources for the excitation of SPR.27 The theoretical pitch
necessary to generate SPR with light at normal incidence to a 2-
D grating coupler can be predicted by28
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where P is the pitch of neighboring nanostructures; mx and my

are integers corresponding to grating orders of the diffracted
light; λ is the resonant wavelength of a surface plasmon; εd and
εm are the relative permittivities of the surrounding dielectric
media and metal, respectively; Δnef accounts for the difference
in the propagation of the surface plasmon on a planar film
relative to the grating. Additionally, Δnef accounts for the
differences of single-interface (asymmetric) and long-range
(symmetric) surface plasmons. It is commonly accepted that
the optimal wavelength of LSPR (λLSPR) for SERS substrates

exhibiting a Lorentzian-shaped LSPR peak can be described
by29

λ λ λ= +1
2

( )LSPR Ex RS (2)

where λEx and λRS correspond to the wavelengths of the
excitation source and the inelastically scattered Raman photons,
respectively. The validity of this equation holds for LSPR that
overlap with the wavelength of the Raman scattered photons
and the wavelength of excitation. Generally, this holds true so
long as the three wavelengths of interest fall within a ∼120 nm
window of one another.29 In this work, a 785 nm near-infrared
laser was used as an excitation source, and Raman shifted
photons were collected in the range of 300−1800 cm−1.
Therefore, as dictated by eq 2, λLSPR should be tuned within the
spectral window of 794−849 nm for optimal SERS response.
For this work, λLSPR = 800 nm was selected in order to
determine the NHA pitch. Using eq 1, a pitch of 604 nm was
predicted for a 20 nm gold film perforated with a 2-D NHA
immersed in an aqueous medium (nd = 1.33). Values for the

Figure 2. (a) Reflectance spectra and (b) maximum electric field intensity (|Emax/E0|
2) at the Au/H2O interface as a function of wavelength for

conventional and PLR substrates with increasing Cytop thickness; cross-sectional view of the electric field distributions of (c) the conventional
substrate and (d) PLR substrate with T = 250 nm in the x−z plane. The intensity was normalized to the incident light (E0 = 1 V m−1). The localized
(L) and propagating (P) modes have been labeled. The scale bar represents |Emax/E0|

2 on a log scale. (e) Quality factor (QF) and intensity of the
1077 cm−1 band as a function of Cytop thickness. Quality factors were calculated from the electric field intensities obtained from FDTD simulations.
Error bars represent three standard deviations from SERS and profilometry measurements collected from different locations on the individual 100
μm × 100 μm arrays. (f) SERS spectra of 4-MBA monolayers collected on conventional and PLR SERS substrates. Spectra have been offset by 200
counts·s−1·mW−1 for clarity. All spectra were collected in a single 10 s accumulation, with a 2.4 mW laser, measured through a 50× (N.A. 0.8)
objective.
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relative permittivity of gold25 and Δnef28 were taken from the
literature.
FDTD simulations were carried out to investigate the

resonant modes and electric field distributions of the three
classes of plasmonic nanostructures (Figure 1a). Initially,
FDTD simulations were performed to compare the plasmonic
resonances and the electric field distributions as the dielectric
environment surrounding the NHA was converted from the
asymmetric (i.e., the conventional substrate) to the symmetrical
(i.e., PLR substrate) condition. Panels b and c of Figure 1 show
the unit cells used in FDTD simulations for the conventional
and PLR substrates, respectively. For reference, the LR
simulation cell is presented in Figure 1d. Relative dielectric
functions for the gold film were obtained from the literature25

and fit with a multicoefficient model as a function of
wavelength, while the relative dielectric functions for the
Cytop films, glass substrates, and aqueous background were
taken as constants with corresponding refractive indices of 1.34,
1.52, and 1.33, respectively. For the entirety of the simulations,
both classes of substrates had 2-D square lattice periods,
diameters, and gold film thicknesses of 604, 150, and 20 nm,
respectively. To monitor the dielectric transition, the gold NHA
was incrementally separated from the glass substrate by
incorporation of Cytop cladding layers.
Two resonant modes are observed at 712 and 892 nm for the

conventional substrate as shown in the reflectance spectrum in
Figure 2a, which correspond to the propagating mode (P-
mode) and localized mode (L-mode), respectively. Mode
assignment was determined by the properties of the z-
component of the electric field distribution (Ez) shown in
Figure S3 of the Supporting Information. The Ez polarity
oscillation propagated along the two interfaces throughout the
entire unit cell for the P-mode (Figure S3a), while the
oscillation was completely confined to the nanohole edges for
the L-mode (Figure S3b). The cross-sectional total electric field
(Ex

2 + Ey
2 + Ez

2) distribution of the L-mode also showed
confined electric fields at the nanohole edges (Figure 2c). The
two modes exhibited similar maximum electric field intensities
of |Emax/E0|

2 = ∼2.1 × 102 at the Au/H2O interface (Figure 2b).
When a refractive index-matched Cytop layer was inserted
between the gold NHA film and glass substrate, the dielectric
environment surrounding the gold NHA transitioned from
asymmetric to symmetric, that is, from the configuration of
conventional to PLR substrates.
It is expected that the resonances are dependent on the

Cytop thickness. Therefore, we varied the Cytop thickness of
the interstitial layer from 50 to 100, 250, and 500 nm. The
reflectance spectra in Figure 2a shows the L-mode blueshifted
from 822 to 808 nm for Cytop thicknesses of 50 and 500 nm,
respectively, while the P-mode blueshifted outside of the 700
nm spectral window minimum. Additionally, the L-mode
generated by the PLR substrates exhibited a narrower
reflectance dip compared to the L-mode of the conventional
substrate. The L-mode comprises two peaks, a strong peak and
slightly red-shifted shoulder mode. The shoulder mode is much
more pronounced for thinner Cytop films, and the two modes
coalesced as the Cytop thickness was increased. The Ez
distributions of the PLR substrates with these four Cytop
thicknesses displayed the same confinement at the nanohole
edges (Figure S4), confirming the characteristics of the L-
mode.
The maximum electric field intensity at the Au/H2O

interface of L-modes increased from |Emax/E0|
2 = 4.0 × 102,

7.6 × 102, 1.1 × 103 to 1.3 × 103 for Cytop thicknesses of 50,
100, 250, and 500 nm, respectively. The small increase of the
maximum electric field intensity with the increase of the Cytop
layer from 250 to 500 nm indicates that the Cytop layer was
thick enough to attenuate the glass interference. Figure 2d
shows the corresponding cross-sectional total electric field
distribution of the L-mode for the PLR substrate with a Cytop
thickness of 250 nm, indicating a much stronger electric field
enhancement through effective plasmon coupling afforded by
the symmetrical dielectric environment. For all Cytop
thicknesses investigated the electric field distributions were
confined to the nanohole edge (data not shown for the
thicknesses of 50, 100, and 500 nm).
The intensity of the SERS signal (ISERS) is directly related to

the electromagnetic enhancement factor (EFEM) through
contributions of the amplified electric fields at the laser
excitation frequency and the frequency of the Raman shifted
photons6
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where E(ωEx) and E(ωRS) are the electric field intensities at the
Au/H2O interface at the laser excitation frequency, ωEx, and the
Raman scattering frequency, ωRS, respectively; E0(ωEx) and
E0(ωRS) are the incident light electric fields at ωEx and ωRS,
respectively.
To quantify the additional contributions of all inelastically

scattered photons interacting with the plasmonic nanostructure,
a quality factor (QF) was adapted from Blaber et. al.30 The QF
used in this work is defined as
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where ωRS
min and ωRS

max correspond to the range of Raman shifted
frequencies under investigation (300−1,800 cm−1) and β is a
normalization constant defined as β ≡ ωRS

max − ωRS
min. The QF was

calculated using the FDTD-simulated electric field intensities
for the conventional and four PLR substrates and plotted as a
function of Cytop thickness in Figure 2e. The QF experienced a
sharp increase with respect to Cytop thickness, rising from 4.7
× 104 for the conventional substrate to 2.5 × 105 and 1.0 × 106

for the PLR substrates with 50 and 100 nm Cytop interstitial
layers, respectively, and then a slow increase to 3.0 × 106 for
Cytop thicknesses ≥250 nm, consistent with the observation of
the surface maximum electric fields in Figure 2b. The
plateauing behavior held true for Cytop thicknesses up to 1
μm (data not shown). This, once again, suggests that for Cytop
films >250 nm the NHA can no longer “feel” the underlying
glass substrate and can be considered embedded in a truly
symmetric dielectric environment.
The correlation between SERS performance and the electric

field intensity of plasmonic nanostructures has been demon-
strated in our previous studies.31−34 Here, we conducted a
series of SERS experiments on conventional and PLR
substrates with the gold NHAs fabricated via solvent-assisted
molding.26,35 The NHAs had P = 604 nm, D = 148 ± 8 nm, and
gold film thickness of 19 ± 2 nm. Conventional substrates were
fabricated with gold NHAs directly on glass, while the PLR
structures contained interstitial Cytop layers between the gold
NHAs and glass substrate with thicknesses of 152 ± 6 and 580
± 4 nm. Scanning electron microscopy (SEM) images of a
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representative conventional substrate in Figure S2a,b show that
the uniform, large-area NHAs were resolved into the gold films.
Monolayers of 4-mercaptobenzoic acid were immobilized on
the NHAs. The substrates were then loaded in a homemade
Teflon holder, filled with deionized water, and covered with a
glass coverslip. Immersion of the substrates in water was
necessary to fulfill dielectric symmetry. As discussed in the
preceding section, the NHAs no longer “feel” the underlying
glass substrate when separated by Cytop cladding layers ≥250
nm. Because the depth of the water separating the substrates
and glass coverslips is ∼500 μm, it can be assumed that the
NHAs do not sense the presence of the coverslips and thus
should not deteriorate the desired dielectric symmetry.
Figure 2f shows the SERS spectra of 4-MBA monolayers

collected from the conventional and PLR substrates. Several
prominent vibrational modes are observed, with the most
notable being the bands at 525, 1077, and 1590 cm−1 which
correspond to the C−S stretching mode, the in-plane benzene
ring breathing mode, and totally symmetric benzene ring
breathing mode, respectively.36,37 The SERS intensity increased
from the conventional to the PLR substrate with Cytop
thickness of 152 ± 6 nm, and further for the PLR substrate with

a Cytop thickness of 580 ± 4 nm. Because the chemical
enhancements of adsorbed 4-MBA can be assumed to be the
same on all substrates, the increase in the SERS intensity is
attributed only to the coupling of LSPRs at opposite interfaces
of the NHAs from the PLR substrates and consequent
electromagnetic enhancement. The experimentally measured
peak intensity of the 1077 cm−1 band increased from 243
counts s−1 mW−1 for the conventional substrate, to 619 and
1147 counts s−1 mW−1 for the PLR substrates with Cytop
thicknesses of 152 ± 6 and 580 ± 4 nm, respectively. These
values are also plotted in Figure 2e. The experimentally
measured SERS intensities follow the same trend as a function
of Cytop thickness as predicted by the FDTD-calculated QF.
Previous studies conducted on LR-SPR substrates demon-

strated that leakage of light through the substrate could reduce
both the efficiency of plasmon generation at the Au/H2O
interface, and the penetration depth of the evanescent field
above the Au/H2O interface.38 To combat the light leakage, an
optically opaque “resonant mirror” was placed between the
glass substrate and Cytop film to effectively prohibit light from
passing through the substrate. Therefore, we also inserted a
“resonant mirror” between the glass/Cytop interface in PLR

Figure 3. (a) Reflectance spectra and (b) maximum electric field surface intensities as a function of wavelength for LR substrates with a fixed Cytop
thickness (T = 250 nm) and increasing nanohole diameters (D = 150, 300, and 450 nm). Electric field distributions for (c−e) the localized (L)
modes, (f−h) the first-order coupled (CI) modes, and (i−k) the second-order coupled (CII) modes, respectively, in the x−z plane. The scale bar
represents |Emax/E0|

2 on a log scale.
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substrates. The mirror induced strong constructive interference
on the surface of gold NHAs through formation of a Fabry−
Peŕot optical cavity between the resonant mirror and NHA.
The unit cell of this class of LR-SERS substrates for the FDTD
simulations is shown in Figure 1d.
The plasmon resonances and the electric field distributions of

LR-SERS substrates were first investigated as a function of
nanohole diameter, with the Cytop thickness held constant.
The thickness for the initial simulations was fixed at 250 nm
because it was observed with PLR substrates that this thickness
was sufficiently large for the gold NHA to completely decouple
from the glass substrate. Figure 3a shows the reflectance spectra
for three representative diameters (D = 150, 300, and 450 nm)
of LR-SERS substrates. Three resonance modes are observed.
The mode around 800 nm is attributed to the localized mode,
which is similar to that present in the PLR substrate (T = 250
nm) at λL = 808 nm. Figure S5a−c shows that the Ez polarity
oscillation of the L-mode exhibited strong confinement at the
nanohole edges, as observed for the conventional (Figure S3b)
and PLR substrates (Figure S4). This L-mode was unaffected
by the underlying gold film and was independent of diameter.
Additionally, two new modes are generated and attributed to
the first- and second-order coupling between the gold NHAs
and underlying gold film, which are termed CI and CII,
respectively. The first-order coupling can be seen in the Ez
distributions (Figure S 5d−f). Polarity oscillation occurs not
only laterally but also vertically between the NHA and resonant
mirror. For D = 300 nm, an in-phase oscillation is observed
(Figure S5e), whereas for D = 150 and 450 nm an out-of-phase

oscillation is observed (Figure S5d,f). Similar to the L-mode,
the resonance wavelength of the first-order coupled mode
remained largely invariant with respect to diameter. The
second-order coupling displayed a coupling pattern similar to
that of the first-order mode (Figures S5g−i). However, the
resonance wavelength red-shifted as the diameter was increased
(Figure 3a).
Figure 3b shows |Emax/E0|

2 at the Au/H2O interface as a
function of wavelength for the three substrates. With respect to
the localized mode, |Emax/E0|

2 at the Au/H2O interface
increased as the diameter was increased from 150 to 300 nm
and then decreased as the diameter was further increased to
450 nm. A maximum intensity of |Emax/E0|

2 = 1.51 × 103 for D
= 300 nm was observed, while values of |Emax/E0|

2 = 1.11 × 103

and 7.43 × 102 were observed for diameters of 150 and 450 nm,
respectively. Both coupled modes exhibited a decrease in |Emax/
E0|

2 as the diameter was increased. For a fixed diameter,
however, the coupled modes exhibited similar intensities.
Inspection of the cross-sectional total electric field profiles

for the three modes can provide insight into the plasmonic
nature of LR-SERS substrates and how they can be tuned for
optimal SERS-based detection. Figure 3c−e shows that the
excitation of the L-mode produced two distinct hot-spots at the
edges of the nanoholes, and negligible electric field density was
located in the optical cavity between the NHA and resonant
mirror. Intuitively, as the diameter was made larger, the two
hot-spots became decoupled in the L-mode because of
increased separation distance. Figure 3f−h show that the CI-
mode exhibited greater electric field density located in the

Figure 4. (a) Quality factor (QF) at the Au/H2O interface (d = 0 nm) and a distance of 50 nm (d = 50 nm) above the Au/H2O interface plotted as a
function of Cytop thickness. (b) Reflectance spectra and (c) maximum electric field surface intensity as a function of wavelength for LR substrates
with a fixed nanohole diameter (D = 150 nm) and increasing Cytop thicknesses (T = 50, 200, and 350 nm). The propagating (P), localized (L), and
first-order coupled (CI) modes are indicated. Electric field distributions for (d) the P-mode (T = 50 nm) and (e, f) the L-mode (T = 200 and 350
nm), and (g−i) the CI-mode (T = 50, 200, 350 nm), respectively, in the x−z plane. The scale bar represents |Emax/E0|

2 on a log scale.
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optical cavity due to increased coupling between the NHA and
underlying gold film. A smaller diameter (D = 150 nm) resulted
in strong electric field localization above the Au/H2O interface
(Figure 3f). With increased diameter (D = 300 and 450 nm),
the electric field localization shifted below the Au/Cytop
interface (Figure 3g,h). The CII-mode exhibited the inverse
behavior compared to the CI-mode, with electric field density
localizing to the interstitial cavity as the diameter decreased
(Figures 3i-k). The highest |Emax/E0|

2 value at the Au/H2O
interface was obtained for the case of D = 150 nm. Therefore,
to further investigate the plasmonic response of LR-SERS
substrates, the diameter was fixed at D = 150 nm, and the
thickness of the Fabry−Peŕot optical cavity on the plasmonic
response was explored.
It is well-known that the separation distance between two

metal films in a Fabry−Peŕot optical cavity can have profound
effects on the resonant modes and the electric field
distributions of plasmonic nanostructures.31,33,39,40 Cytop
thicknesses were varied from 50 to 500 nm by 50 nm
increments, and the QF was calculated from FDTD-simulated
electric field intensities at the Au/H2O interface (d = 0 nm)
and at d = 50 nm above the Au/H2O interface. The plasmonic
sensitivity to the cavity depth becomes apparent when
comparing the QF as a function of Cytop thickness (Figure
4a). The QF sharply increased as the Cytop film was increased
from 50 to 200 nm, where the QF exhibits its maximum value. A
local minimum was reached at T = 350 nm with a gradual
increase in the QF as the Cytop film was further increased to
500 nm. The same oscillatory trend of the QF was observed at d
= 50 nm, with a corresponding drop of approximately 2 orders
of magnitude in the QF. A detailed analysis was carried out on
three representative thicknesses (T = 50, 200, and 350 nm)
which encompassed the global maximum and minima in the QF
at d = 0 and 50 nm.
Figure 4b shows the reflectance spectra of LR-SERS

substrates with Cytop thicknesses of T = 50, 200, and 350
nm. Two resonant modes are generated at 741 and 835 nm for
T = 50 nm. The Ez distribution of the mode at 741 nm shown
in Figure S6a clearly displays the characteristics of the P-mode
that was observed for the conventional and PLR substrates at
shorter wavelengths. Although no L-mode was observed
because of the shallow optical cavity, the first-order coupled
mode (CI) appeared at λCI = 835 nm, which can be confirmed
by the characteristics shown in the Ez distribution in Figure
S6d. As the Cytop thickness was increased to 200 nm, the L
and CI modes red-shifted to λL = 811 nm and λCI = 846 nm,
respectively, while the P-mode blueshifted to λP = 720 nm. The
Ez distributions of the modes at 811 and 846 nm shown in
Figures S6b and e exhibited the characteristics of the L and CI
modes, respectively. The Ez distribution of the P-mode is not
shown. As the Cytop thickness was further increased to 350
nm, both the L and CI modes exhibited blueshifted resonances
to λL = 808 nm and λCI = 839 nm, respectively (Figures S6c and
f). The P-mode further blueshifted out of the spectral range
governed by eq 2.
The complementary |Emax/E0|

2 values at the Au/H2O
interface for the three thicknesses are shown in Figure 4c.
With T = 50 nm, both the P and CI modes produced very weak
intensities. Because the P-mode is out of the lower integral limit
of eq 4, this mode does not contribute to the QF or the SERS
signal. The substrates with thicker Cytop layers showed
comparable values of |Emax/E0|

2 = 1.97 × 103 and 1.67 × 103

generated by the localized mode for T = 200 and 350 nm,

respectively. The CI-mode showed a drastic increase in |Emax/
E0|

2 for T = 200 nm with a value of |Emax/E0|
2 = 4.37 × 103

compared to |Emax/E0|
2 = 2.13 × 103 for T = 350 nm. Because

both localized and CI modes are within the integral limits of eq
4, the strong electric field makes QF a maximum at T = 200 nm
(Figure 4a).
Again, the cross-sectional electric field distributions are

inspected to help elucidate the nature of the field enhance-
ments. In contrast to the conventional and PLR substrates that
exhibited the propagating mode bound to the Au/H2O
interface (Figures S3a and 4a−d), the propagating mode
displayed by the LR-SERS substrate with T = 50 nm showed
stronger polarity oscillation bound to the cavity between the
NHA and resonant mirror (Figure S6a). Although polarity
oscillation was observed at the Au/H2O interface for the LR-
SERS substrate (T = 50 nm), the intensity was weaker than that
of the interstitial cavity. Proximity of the NHA to the resonant
mirror allowed for increased coupling efficiency and enhance-
ment of the electric field in the cavity (Figure 4d). When the
Cytop thickness increased from T = 200 to 350 nm, the
coupling between the NHA and resonant mirror was weakened,
and the electric field distribution of the localized mode became
more confined to the nanohole edges as shown in panels e and
f of Figure 4, respectively. When the electric field distributions
of the CI-mode for the three thicknesses in Figure 4g−i are
compared, for T = 200 nm, the electric field was not only
strongly enhanced at the Au/H2O interface as exhibited by
|Emax/E0|

2 in Figure 4c, but most importantly, the strong electric
field was extended to greater distances above the Au/H2O
interface. Therefore, it is expected that the LR-SERS substrate
with D = 150 nm and T = 200 nm will yield the long-range
behavior.
LR-SERS substrates were fabricated with the optimized

geometrical configurations obtained by the FDTD simulations
to verify the extended field profile. We first verified the
influence of the symmetry of dielectric media on the surface
electric field intensity, that is, the SERS signals of molecules on
the NHA surfaces. We formed monolayers of 4-MBA on freshly
prepared LR-SERS substrates. To create dielectric symmetry on
both sides of the NHA of the LR-SERS substrate, a 500 nm
Cytop film was spun cast on top of the NHA with a 4-MBA
monolayer. The SERS spectrum was collected and is shown in
Figure 5a. To break dielectric symmetry, the SERS spectrum of
4-MBA on the freshly made LR-SERS substrate was collected
directly in air (n = 1). The refractive index difference between
air and Cytop creates an asymmetric dielectric environment,
which leads to a reduction in the SERS signal, as shown in
Figure 5a. Comparison of the 1077 cm−1 benzene ring
breathing bands show an intensity of I1077 = 6.69 × 103 and
1.12 × 104 counts s−1 mW−1 for the SERS spectra collected on
bare and Cytop-coated LR-SERS substrates, respectively. The
electric field intensity of |Emax/E0|

2 for the asymmetrical case
(Figure S7) also shows a lower value compared to the
symmetrical case (Figure 4c).
The distance dependence of SERS signals on LR-SERS

substrates was then investigated and compared to the
conventional substrates. Ultrathin Cytop cladding layers were
used to control the distance of the Raman reporter molecule,
rhodamine 6G (R6G), from the gold NHA surfaces while
maintaining the dielectric symmetry. A 10 nm Cytop cladding
layer was spun cast on the gold NHA surfaces of LR-SERS and
conventional substrates. Even though the spin-casting method
cannot control the thickness precisely, nor offer many different
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thicknesses with a high resolution as the atomic layer
deposition (ALD) technique provides,41 it offers a quick, easy
way to maintain the dielectric symmetry with Cytop. SERS
spectra were collected with R6G on LR-SERS and conventional
substrates with bare gold NHA surfaces and 10 nm Cytop-
coated surfaces. To do so, the substrates were exposed to a 1
mM R6G aqueous solution for 30 min, air-dried, and then
backfilled with DI H2O in the Teflon holder. Figure 5b shows
the SERS spectra of R6G at the gold NHA surfaces of the LR-
SERS and conventional substrates. The LR-SERS substrate
generated much stronger signals of the characteristic bands at
614, 77, 1197, 1314, 1365, and 1511 cm−1, corresponding to
the in-plane bending, C−H out-of-plane bending, and xanthene

and phenyl ring breathing, respectively.42,43 Using the 1365
cm−1 band as an indicator, the peak intensities are 2.0 × 103

and 1.5 × 102 counts cm−1 mW−1 for the LR-SERS and
conventional substrates, respectively. The SERS spectra of R6G
collected from the 10 nm Cytop-coated surfaces of the LR-
SERS and conventional substrates are shown in Figure 5c.
The LR-SERS substrate still displayed prominent R6G

characteristic bands while none were observed in the
conventional substrate, confirming the presence of the
extended electric fields predicted by the FDTD simulations.
The peak height of the 1365 cm−1 band for the 10 nm Cytop-
coated LR-SERS substrates was found to be 9.0 × 101 counts·
cm−1·mW−1 compared to 2.0 × 103 counts·cm−1·mW−1 for the
bare gold, LR-SERS substrate. Addition of the 10 nm Cytop
cladding layer resulted in a signal intensity conservation of 4%
compared to the bare gold LR-SERS substrate. The decrease of
the SERS signal could be due to three factors: the decay of the
electric field (the electromagnetic enhancement mechanism),
the absence of possible charge transfer between R6G and gold
(the chemical enhancement mechanism), and the difference of
R6G adsorption on Cytop and gold surfaces. The electro-
magnetic enhancement effect can be estimated from the QF.
Figure 5d shows the QF as a function of distance from the Au/
H2O interface for the LR-SERS substrates. The QF drops from
1.6 × 107 at the Au/H2O interface (d = 0 nm) to 4.9 × 105 at
the distance of 10 nm above the Au/H2O interface (d = 10
nm), which is about 3%.
The QF was also compared as a function of distance from the

Au/H2O interface for both the LR-SERS and conventional
substrates (Figure 5d). At the surface of the NHAs (d = 0 nm),
the LR-SERS substrate showed a QF of 1.6 × 107, compared to
4.7 × 104 for that of the conventional substrate. The amplified
QF is attributed to the order of magnitude increase in the
localized mode of the LR-SERS substrate over the conventional
substrate, and the presence of the first-order coupled mode in
the LR-SERS substrate that is not generated by the conven-
tional substrate. As the distance from the NHAs was increased
to d = 10 nm, the QF of the conventional substrate decayed to
10% of the surface intensity. The LR-SERS substrate decayed to
4.9 × 105, corresponding to 3% of the surface intensity. The
faster decay rate of the QF observed in the LR-SERS substrate
suggests strong confinement of the hot-spot. This observation
is in contrast to typical LR-SPR, which produces a longer
penetration depth. However, the QF in the immediate vicinity
of the LR-SERS substrate remains larger than that of the
conventional substrate, which enables successful detection of
R6G.

■ CONCLUSIONS
We have observed long-range behavior in plasmonically
engineered SERS substrates. This was accomplished by
capitalizing on the benefits afforded by long-range surface
plasmon resonance through incorporation of nanohole arrays
into a symmetrical dielectric environment. FDTD modeling
was performed to investigate the effects of the substrate and
geometric parameters of the nanohole arrays on the electric
field extension. Symmetrical dielectric environments were
shown to increase the SERS intensity of the Raman label, 4-
mercaptobenzoic acid. An increase of 70% was observed for the
symmetrical LR-SERS substrate relative to the asymmetrical
substrate. Importantly, distance dependence measurements
showed that the LR-SERS substrates were capable of R6G
detection with a separation distance of 10 nm between the

Figure 5. (a) SERS spectra of 4-MBA collected in air on bare gold and
Cytop-coated LR-SERS substrates. SERS spectra of 1 mM rhodamine
6G collected on LR-SERS substrates (red traces) and conventional
substrates (blue traces) at (b) the surface of the Au/H2O interface and
(c) Cytop/H2O interface with a Cytop capping layer thickness of 10 ±
1 nm. The spectra have been background-corrected and offset for
clarity. Spectra were collected in a single 10 s accumulation, and the
laser power was measured to be 2.4 mW through a 50× (N.A. 0.8)
objective. (d) FDTD-calculated quality factor (QF) for conventional
and LR-SERS substrates as a function of distance from the Au/H2O
interface.
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SERS-active surface and Raman reporter. The LR-SERS
substrates described here represent an interesting class of
SERS substrates that can be fundamentally expanded to include
other plasmonic nanostructures or applied to SERS applications
requiring an extended probing depth.
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