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Abstract 

Plasmonic biosensors represent a rapidly advancing technology which enables rapid and sensitive 

analysis of target analytes. This thesis focuses on novel metallic and polymer structures for plasmonic 

biosensors based on surface plasmon resonance (SPR) and surface plasmon-enhanced fluorescence 

(SPF). It comprises four projects addressing key challenges concerning the enhancement of sensitivity 

and throughput. In the project 1, an advanced optical platform that relies on reference-compensated 

angular spectroscopy of hydrogel-guided waves is developed. The optical setup provides superior 

refractive index resolution of 1.2×10
-7

 RIU and offers an attractive platform for direct detection of 

small analytes which cannot be analyzed by regular SPR biosensors. The project 2 carries out 

theoretical study of SPR imaging with advanced lateral resolution based on Bragg scattered surface 

plasmons (BSSPs) on sub-wavelength metallic gratings. The results reveal that the proposed concept 

provides improved lateral resolution and fidelity of the images. This feature opens ways for high-

throughput SPR biosensors with denser arrays of sensing spots. The project 3 investigates surface 

plasmon coupled-emission from fluorophores in the vicinity of plasmonic Bragg-gratings. The 

experimental results provide leads on advancing the collection efficiency of fluorescence light by 

controlling the directions of fluorescence emission. This functionality can directly improve the 

sensitivity of fluorescence-based assays. In the last project 4, a novel sensing scheme with actively 

tuneable plasmonic structures is developed by employing thermo-responsive hydrogel binding matrix. 

The hydrogel film simultaneously serves as a large capacity binding matrix and provides means for 

actuating of surface plasmons through reversible swelling and collapsing of the hydrogel. This 

characteristic is suitable for multiplexing of sensing channels in fluorescence-based biosensor scheme.  
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1.  Introduction 
Analytical devices which are capable of rapid, selective and sensitive detections of biomarkers, 

pathogens and toxic substances with simple operation are strongly desired in clinics, food industries, 

environmental monitoring facilities and important facilities which can be a target of bio-terrorisms. A 

variety of bio-analytical methods, such as enzyme linked immunosorbent assay (ELISA), radio 

immunoassay, cell culture, polymerase chain reaction (PCR), a high performance chromatography, 

mass spectroscopy, and nuclear magnetic resonance are currently used for the analysis of molecular 

analytes [1]. However, these methods generally require laborious and time-consuming processes, rely 

on specialized laboratory equipment and have to be operated by highly trained persons. Therefore, 

they are not suitable for applications where the analysis time is critical, or the target molecules needs 

to be detected on-site. 

A biosensor is an analytical device which is able to detect biological and chemical analytes 

quantitatively by utilizing a biological recognition element (BRE) which is in direct contact with a 

physicochemical transducer [2]. As it is a self-contained integrated device, a biosensor provides 

simplified detection system without the need of additional separation steps and sample processing. 

Since the first concept of biosensor was proposed in 1962 [3] which is based on bio-catalysis of 

glucose by enzymes attached to an electrode, a variety of biosensors have been developed for broad 

range of applications in the important fields including medical diagnostics, drug discovery, food 

safety, environmental monitoring and homeland security [4-8]. Up to now, several biosensors 

including blood glucose monitors and surface plasmon resonance biosensors (Biacore) [9] have been 

successfully introduced into a market. The market size of biosensors is estimated to be double in next 

6 years [10]. 

In a biosensor, biological recognition elements (BRE) which specifically interact with the target 

analyte are attached to physicochemical transducer which converts the biological interaction into 

measurable signals, see Fig. 1.1. The BREs can be natural or engineered biological components as 

well as chemically synthesized compounds, for example, enzyme, antibody, DNA, RNA, peptide, 

tissue, cell and molecular imprinted polymers (MIPs) [11, 12]. In order to retain their activity, the 

BREs need to be incorporated on top of a transducer by a bio-interface. The mass, optical, chemical, 

electrical, electrochemical or thermal changes of BRE induced by the bio-molecular interactions are 

converted into the sensor signals by the detectors [13].  
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Fig.1.1 Schematic of biosensors represented from ref [12].  

Optical biosensors have attracted great deal of attention due to its potential for rapid, sensitive and 

high throughput detection of target analytes. Up to now, various sensing schemes have been proposed 

including label-free detection based on surface plasmon resonance (SPR) spectroscopy, optical 

waveguide spectroscopy, interferometry [13] as well as fluorescence detection [14]. Among them, 

SPR-based sensors hold a prominent position and have become one of the standard laboratory 

equipments for biomolecular interaction analysis (BIA) since the commercial SPR sensor was 

released from Pharmacia Biosensor AB (the company became Biacore AB followed by merging with 

GE Healthcare) in 1990 [9]. Nevertheless, the performance characteristics of SPR biosensors 

including sensitivity and sensor throughput need to be advanced in order to bring them into practical 

applications. A variety of approaches has been introduced by means of advancing SPR biosensor 

instrumentation [15], manipulating surface plasmons mode [16] as well as utilizing signal 

amplification schemes [17]. In particular, the recent advancement of nanotechnologies and material 

sciences have provided new concepts of plasmonic devices utilizing nano-structured plasmonic 

surfaces [18, 19] and hybrid systems consisting of metal and external stimuli responsive materials [20-

22]. These newly generated systems open a straightforward way to manipulate light confined by 

surface plasmons which is essential for fundamental studies of plasmonics as well as their biosensors 

applications [23, 24]. This thesis mainly focuses on the techniques which can manipulate light 

interacting with surface plasmons within a scope of biosensor applications. 
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2. Fundamental principles 

2.1. Surface plasmons on metallic surfaces 

2.1.1. Basic properties of surface plasmons on a planar metallic surface 
Surface plasmons (SPs) are collective oscillations of free electrons at metal/dielectric interfaces. 

Further, a plane interface between two semi-infinite non-magnetic metal and dielectric is considered 

as shown in Fig.2.1a. The optical properties are described by frequency-dependent complex dielectric 

constant εm(ω) for the metal and real dielectric constant εd(ω) for the dielectric layer. The Cartesian 

coordinate system is used with x-y plane in parallel to the metal/dielectric interface and z-axis 

perpendicular to the surface. The electromagnetic wave propagating in x-direction at a metal/dielectric 

interface is assumed. As SPs are associated with oscillation of surface charge density, their field 

exhibits transverse magnetic (TM) polarization with electric field components in x and z directions. 

The dispersion relation of SPs is obtained from Maxwell equations with standard boundary conditions 

[25]. The dispersion relation of SPs can be expressed as:  

dm

dm

dm

dm
sp k

c
k

εε
εε

εε
εεω

+
=

+
= 0 , (1) 

where ω, c and k0 denote angular frequency, speed and propagation constant of light in vacuum, 

respectively. Noble metals such as gold, silver and copper can support SPs in the visible spectrum of 

light. Fig. 2.1b shows a typical dispersion relation of SPs at gold surface in contact with air and that of 

propagating light in air. The wavenumber of light propagating in dielectric kph holds: 

ddph c
k ε

λ
πεω 2

== , (2) 

where λ denotes the wavelength of light. The dielectric constant of gold was obtained from Drude 

model with a plasma frequency of bulk Au of ωp = 1.37 × 1016 rad/s [26] and the imaginary part of 

the dielectric constant was omitted.  
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(a)  

(b)  

Fig.2.1 (a) Schematic of surface plasmons propagating at a metal/dielectric interface. (b) The dispersion relation 

of light in air (black line) and surface plasmons at a gold/air interface (red line). The angular frequency and the 

wavenumber are normalized by the plasma frequency of gold (ωp = 1.37 × 1016 rad/s) and the wavenumber of 

light at plasma frequency (kp = 4.59 ×107 1/m), respectively.  

 

As the dielectric constant of real metals is complex due to Ohmic losses, the propagation of SPs is 

damped. The complex propagation constant of surface plasmons can be expressed as [25]: 
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where xk ′ and xk ′′ denote real and imaginary part of the propagation constant of surface plasmons, 

mε ′ and mε ′′  are real and imaginary part of the dielectric constant of metal. The imaginary part of the 

propagation constant leads to a distance at which SPs can propagate along a metal surface. The 

distance is quantified by a propagation length Lp where the electric field intensity of SPs drops to 1/e: 

sp
p k

L
′′

=
2

1
.
 (4) 
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From equation (4), the propagation lengths of SPs at gold/air and gold/water interface are calculated 

as 10.3 µm and 6.4 µm, respectively, for wavelength of λ = 630 nm. 

The field of SPs exponentially decreases perpendicular to a surface. The distance where the 

evanescent field intensity falls to 1/e  is referred to as penetration depth Ld which can be expressed as: 

2

1

i

dm

zi
d

c
k

L
ε

εε
ω

+′






==

,
 (5) 

where kzi (i=m, d for metal or metal, respectively) denotes the z-component of wavenumber of SPs 

and εi denotes the dielectric constant for metal or dielectric. From equation (5), the penetration depth 

into gold and air were calculated as 30 nm and 284 nm, respectively, at wavelength of λ=633 nm. 

 

2.1.2. Excitation of surface plasmons by light 
Surface plasmons can be excited by electrons or photons. In order to excite SPs by photons, the 

momentum of a light beam needs to be matched to that of SPs, in other word, the dispersion relation 

of the incident light beam and SPs need to cross. However, the wavenumber of SPs is always larger 

than that of the light propagating in dielectric above the metal as shown in Fig.2.1b. It indicates that 

the photons directly hitting the metal are not able to couple to SPs. Thus a coupler needs to be used.  

Prism coupler 

In the prism coupling scheme, a prism made from optical glass of higher refractive index εp than that 

of the dielectric medium εd (εp > εd) is used to enhance the wavenumber of the light beam. Fig.2.2a 

shows the prism coupler based on the attenuated total reflection (ATR) method with Kretschmann 

configuration[27]. The incident beam is reflected at prism base coated with a thin metallic film at an 

angle θ which is above the critical angle. The evanescent field of totally internally reflected light 

penetrates through the metallic film with the enhanced propagation constant ( 0kp ⋅ε ). Fig. 2.2b 

shows the dispersion relations of SPs at gold/air interface and that of light in air and a prism. The 

resonant coupling occurs when a parallel component of the propagation constant of the evanescent 

field matches that of SPs at the outer metal/dielectric interface. The parallel x-component of wave 

vector of incident light is tuned by the angle of incident or wavelength in order to match that of SPs: 

θε sin0kk pSP =′ , (6) 

 

where θ is the angle of incidence. 
  



6 
 

(a)  

(b)  

Fig.2.2 (a) Sketch of a prism coupler based on the attenuated total reflection (ATR) method in Kretschmann 

configuration. (b) The dispersion relation of light propagating in air (black line) and in prism (blue line). The 

dispersion relation of SPs at gold/air interface (red line). 

 

Grating coupler 

Alternatively, diffraction gratings can be used to increase the wavenumber of incident beam in order 

to excite surface plasmons. In this coupling scheme, a light beam is made incident to a metallic 

grating with a period of Λ at an angle of incidence θ, see Fig.2.3a. The incident beam is diffracted 

with various diffraction orders, which provides additional grating momentum G=2π/Λ. With the 

certain diffraction order m, the momentum of the diffracted light beam can be matched with that of 

SPs: 

mGkk dSP +=′ θε sin0  
 

(7) 
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where m is an interger. The dispersion relation of SPs on diffraction grating is shown in Fig.2.3b 

assuming a metallic grating made with gold in contact with air. The wavenumbers accesible by 

propagating light in air are indicated as an area filled by diagonal lines. 

 

(a)      

 (b)  
Fig.2.3 (a) Sketch of a grating coupler for the excitation of surface plasmons. (b) The dispersion relations of SPs 

diffracted by a diffraction grating (red lines) and light in air (black line). 

 

2.1.3. Resonance curves and field enhancement effect 
In both prism and grating-based coupling method, surface plasmon resonance (SPR) is manifested as 

a dip in the reflectivity spectrum. The coupling efficiency of incident light to SPs is determined as the 

minimum reflectivity at the resonance. In ATR method with Kretschmann configuration, the coupling 

efficiency can be controlled by the thickness of metallic layer. Typically, 45-50 nm thick metallic film 

allows full coupling which is associated to the nearly zero reflectivity at the resonance [27]. Fig. 2.4a 

shows an example of simulated SPR curves for a 50 nm thick gold layer on the top of LASFN9 glass 

prism in contact with water at wavelength of 633 and 800 nm. A computational software Winspall 

relying on Fresnel equations was used for calculating the reflectivity from optical multilayer systems. 

Fig. 2.4b shows the electric field intensity profiles upon the resonant excitation of surface plasmons. 
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Fig. 2.4 a-b show how the SPR spectrum and the field intensity are varied by means of refractive 

index of gold at different wavelength. The penetration depths of SP field into water are calculated as 

182 nm and 348 nm at wavelength of 633 and 800 nm, respectively. 

(a)  

(b)  

Fig. 2.4 (a) Typical SPR spectra simulated at wavelength of λ= 633 nm (red line) and 800 nm (blue line). The 

refractive indexes of gold used for the calculation are 0.2+i3.5 and 0.14+i5.1 for λ= 633 nm and 800 nm, 

respectively. (b) Simulated electric field intensity at resonance angles normalized that of the incident beam. 
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2.1.4. Other types of surface plasmon modes 

Long range surface plasmons 

Further, a different layer structure is considered in which a thin metallic film is embedded into two 

dielectrics with similar dielectric constants (εd1∼εd2), see Fig.2.5. If the thickness of metal layer dm is 

comparable to the penetration depth of SPs into metal Lp, the SPs at each interfaces couple which 

results in generating two new modes referred to as long range surface plasmons (LRSPs) and short 

range surface plasmons (SRSPs). The parallel x-component of electric field of LRSPs and SRSPs are 

schematically depicted in Fig. 2.5. The dispersion relation of LRSPs and SRSPs follows [28]: 

02tanh =




+ i

dkkk mzm
zdmzmd εε

, 
(LRSPs) (8) 

02coth =




+ i

dkkk mzm
zdmzmd εε

. 
(SRSPs)

 
(9) 

For the sake of illustration, an angular reflectivity spectra of LRSPs is simulated for the layer structure 

consisting of LaSFN9 glass, 900 nm thick buffer layer, 20 nm thick gold layer in contact with water 

based on ATR method with Kretschmann configuration at wavelength of λ=633 nm, see Fig.2.6a. It 

reveals that the excitation of LRPS is accompanied with a narrower resonance due to the longer 

propagation length of 88 µm with respect to regular surface plasmons at this wavelength. As shown in 

Fig.2.6b, the simulated electric field intensity exhibits a symmetric profile across the metallic layer at 

the resonance angle. It indicates that this mode is weakly confined along the metal surface with a 

larger penetration depth Lp=487 nm. 

 

 

Fig. 2.5 Schematic of the layer structure supporting long range surface plasmons (LRSPs) and short range 

surface plasmons (SRSPs). 
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(a)  

(b)   

Fig. 2.6 (a) A simulated angular reflectivity spectrum of LRSPs at wavelength of λ=633 nm and (b) normalized 

electric field intensity profile at the resonance angle of LRSPs. 

 

Optical waveguide mode 

When a dielectric layer is attached to a metallic surface supporting SPs with a thickness comparable 

to the wavelength, additional guided waves that are partially coupled to SPs can be observed [29] as 

schematically described in Fig.2.7a. This mode is referred to as optical waveguide mode and the 

dielectric layer serves as a waveguide supporting layer. Fig. 2.7b shows an example of simulated 

reflectivity curve for the layer structure consisting of 50 nm gold and 1500 nm dielectric layer 

(refractive index, nd2= 1.4) in contact with water at the wavelength of 633 nm. It shows that for ATR-

based coupling the excitation of optical waveguide modes is manifested as sharp reflectivity dips at 

angles of incidence of 48.4 deg (TM2 mode) and 51.8 deg (TM1 mode). The simulated electric field 

intensity profiles at resonance angles of optical waveguide mode and SPs are shown in Fig. 2.7c. The 

guided wave modes associated with reflectivity drops in Fig.2.7b are identified with the number of 

anti-nodes in the respective electric field intensity profile.  
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(a)  

(b)  

 (c)   

Fig. 2.7 (a) Schematic of a layer structure supporting surface plasmons and optical waveguide mode. (b) A 

simulated angular-reflectivity spectrum for optical waveguide mode and surface plasmons. (c) Simulated 

electric field intensity profiles for surface plasmons (in black line) and optical waveguide mode (TM1 mode in 

red line, TM2 mode in blue line). 
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Bragg-scattered surface plasmons 

Dense sub-wavelength metallic gratings offer another means to alter the characteristics of surface 

plasmon by diffraction [19, 30, 31]. In what follows, the SPs propagating on a dense sub-wavelength 

metallic grating with a period Λ and modulation depth d are considered, see Fig.2.8a. The dispersion 

relations of SPs on this metallic grating are schematically described in Fig.2.8b. The new plasmon 

modes appear in the dispersion relation when the Bragg condition is fulfilled between the 

wavenumber of SPs and the grating vector (G= 2π/Λ)  which can be expressed as [30, 32] ,  

GkSP =′2 . 
(10) 

 

In Fig.2.8b, this condition is fulfilled where the dispersion of counter-propagating surface plasmons 

diffracted by a grating crosses to that of propagating SPs. The constructive or destructive interference 

between propagating and counter-propagating SPs results in the altered dispersion relations of SPs. 

When the condition (10) holds, a band gap opens up in SP dispersion relation and two new modes 

appear at the edge of the band gap. These modes exhibit standing wave nature and are referred to as 

ω+ mode (at higher frequency) and ω- mode (at lower frequency). For the sake of illustration, the 

simulated electric field intensity profiles of BSSPs ω+ mode and ω− mode are shown in Fig. 2.9 a-b, 

respectively. The electric field intensity is localized at grating valleys (ω+ mode) or peaks (ω− mode) 

of the periodically corrugated metallic surface. The key parameters for the excitation of BSSPs modes 

are the spectral position and width of a badgap which can be controlled by the period Λ and the 

modulation depth d of the corrugation, respectively [32]. For instance, the position of the bandgap 

shifts to long-wavelength when the grating period is increased and the width of the bandgap increases 

with the modulation depth is increased. To excite BSSPs in a visible wavelength range with gold film, 

the adequate period is 200 to 300 nm that is about half of the period used for grating coupling scheme. 

(a) (b)  

Fig. 2.8 (a) Sketch of surface plasmons propagating on a corrugated metallic surface. (b) The schematic 

dispersion relation of Bragg scattered surface plasmons. 
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(a) (b)  

Fig. 2.9 The simulated electric field intensity of BSSPs ω+(a) and ω−(b) modes, respectively. 

 

2.2. Fluorescence in the vicinity of metallic surface 
The presence of surface plasmons alters fluorescence characteristics when a fluorescent emitter is 

brought close to a metallic surface. In this section, the key mechanisms through which surface 

plasmons mediate the fluorescence excitation and emission are presented. Based on these phenomena, 

the concept of enhanced fluorescence (SPF) and surface plasmon coupled emission (SPCE) is 

presented.  

A fluorophore is a fluorescent chemical compound which can absorb light energy at specific 

wavelength λex and re-emit light at higher wavelength λem (λem > λex). The mechanism of photo 

absorption and emission can be described by the Jablonski diagram as shown in Fig. 2.10a. An orbital 

electron of a fluorophore is excited from the ground state to higher state by absorbing a photon. The 

excited electron transfers to the ground state by emitting a photon at lower energy to a free space or 

by non-radiative relaxation to heat. The fluorescence emission rate Pem can be expressed as, 

nrr

r
exem PP

PPP
+

∝  (11) 

where Pex denotes the excitation rate, Pr and Pnr denote radiative and non radiative decay rate, 

respectively [14]. The equation (11) reveals that the fluorescent emission rate Pem is proportional to 

the excitation rate. If it is far from the saturation, Pex is proportional to intensity of the excitation light 

at absorption wavelength λem.  

If a fluorophore is placed in close proximity to a metallic surface supporting SPs, new excitation and 

relaxation channels open up, see Fig.2.10a. Firstly, the enhanced electromagnetic field of SPs 

increases excitation rate Pex which results in the higher fluorescent emission. Secondly, Föster energy 



14 
 

transfer occurs which leads to the fluorescence quenching. Thirdly, an additional decay channel 

associated with the coupling to SPs can be observed. The changes in the fluorescence decay channels 

due to the interaction between fluorophore and the metal surface strongly depend on the distance. Fig. 

2.8b shows normalized decay rates of fluorescence emission to photons (γr
ph) and SPs (γr

SP) as well as 

the quenching (γnr) as a function of the distance between a fluorophore and a gold surface. From 0 to 

10 nm, quenching by the Föster energy transfer is dominant. From 10 to 50 nm, fluorescence light is 

preferably coupled to SPs at a metallic surface. From 50 nm to farther, most of the fluorescence light 

is emitted into free space [17]. The fluorescence light coupled to SPs field at a metallic surface can be 

extracted by using reverse Kretschmann configuration [33] or diffraction gratings [34]. The re-emitted 

fluorescence light in to free space is called surface plasmon coupled emission (SPCE). This 

fluorescence light exhibits highly directional angular distribution as the emission of fluorescence light 

follows the coupling condition between SPs and light as discussed in the previous section (2.1.2). The 

enhanced fluorescence emission induced by the electromagnetic field of resonant excitation of SPs at 

the excitation wavelength λex is referred to as surface plasmon-enhanced fluorescence (SPF).  

 

(a)  

 (b)
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Fig. 2.10 (a) Jablonski diagram represented from ref [14]. (b) Normalized decay rate as a function of distance 

from the metallic surface. 
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2.3. Biosensor implementations 
SPR is applied for the analysis of the analytes based on detection of binding-induced refractive index 

changes. This method provides the advantage of direct method without the need of labelling of target 

analyte. In addition, the implementation of SPF and SPCE to fluorescence spectroscopy offers 

attractive means for the amplification of signal in various fluorescence assays. In this chapter the key 

basic principles of SPR and SPF based biosensors are introduced. 

2.3.1. Surface architectures 
In order to capture target analyte on the sensor surface, the metallic surface needs to be functionalized 

with BREs by surface modifications. The general requirements for the surface modification include 

stability in aqueous environment and ability to control the density of BREs and retain their activity. 

The building blocks such as self-assembled monolyers [17], layer-by-layer assembled films [35], self-

assembled protein structure such as S-layer protein [36], lipid bilayers [37] and hydrophilic polymers 

[38] have been used for the surface modification.  

Self-assembled monolayers (SAMs) of alkanethiols are the most commonly used surface modification 

method of metallic surfaces such as gold [39, 40]. Alkane thiols consist of S-H head group connected 

with an alkyl chain and a functional terminate group. The functionality of the surface can be varied by 

changing the terminal groups of alkane thiols including amine group (NH2), carboxyl group (COOH), 

polyethylene glycol (PEG), biotin or photo-reactive moieties such as benzophenone group.  

In addition, surface attached hydrogel films were studied in order to increase the binding capacity on 

the sensor surface and utilize the additional optical functionality as an optical waveguide supporting 

layer [38, 41-43]. Hydrogels are highly water-swollen polymer networks of hydrophilic polymer 

chains. Due to their substantial water absorbance, hydrogels exhibit various attractive characteristics 

for biological applications, such as stability in aqueous environment, biocompatibility and non-fouling 

properties [38]. The chemical characteristics can be varied depending on the used monomers. 

Particularly, the hydrogels which are photo-crosslinkable, carry functional groups for their chemical 

modification (e.g. attaching BREs) and exhibit stimuli-responsive characteristics are attractive [44]. 

Poly (N-isopropylacrylamide) (pNIPAAm) hydrogels represent a widely explored class of polymers 

which exhibit thermo-responsiveness [45] . Fig.2.11 shows an example of pNIPAAm-based hydrogel 

that can be crosslinked by UV light exposure via benzophenone moieties and chemically modified by 

activation of carboxyl groups introduced to the polymer backbone. The carboxyl group can be 

coupled with proteins, nucleotide or arbitrary molecules which own amine groups. The surface 

attached pNIPAAm hydrogel thin films have been successfully utilized in various SPR-based 

biosensors [38, 43, 46]. 
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Fig. 2.11 Schematic of pNIPAAm based hydrogel and the activation scheme of carboxyl groups represented 

from ref [38]. 

 

2.3.2. Detection assay 
In SPR based biosensors, several types of detection assays are used depending on the characteristics 

of the target analyte. The commonly used detection assays include direct, sandwich, competitive and 

inhibition assay [47]. In direct assay, the bio-recognition element (BRE) for the target analyte is 

immobilized on sensor surface and the binding of the target analyte is directly detected as sensor 

signal, see Fig.2.12A. This assay is typically used for refractometric detection of large and medium 

molecules. The sensitivity and selectivity of the sensor can be improved by using the sandwich assay. 

In sandwich assay, the additional BREs for the target analytes are brought in contact with the sensor 

surface after the binding of target analyte, see Fig.2.12B. In competitive assay, the sensor surface is 

covered with the BRE and a mixture of target analyte and the conjugate of target analyte are brought 

into the sensor surface, see Fig.2.12C. The target analyte and the conjugate compete to bind the 

limited binding site of BRE. The sensor signal is inversely proportional to the concentration of target 

analyte. In inhibition assay, the conjugate of target analyte is immobilized on the sensor surface and 

the mixture of the BRE for target analyte and target analyte is flew over the sensor surface and the 

binding of BRE is detected as the sensor signals, see Fig.2.12D. The competitive assay and inhibition 

assay are often used for the detection of small target analyte (molecular weight is less than 5 kDa) 

which are not able to be detected by direct assay and sandwich assay.  
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Fig.2.12 The detection format represented from ref [47]. 

 

2.3.3. Surface plasmon resonance for refractometric detection 
Spectroscopy based on surface plasmon resonance was firstly applied for detection of biological 

samples by Liedberg et al.[48]. In an SPR biosensor, bio-recognition elements (BRE) which 

specifically bind to the target analytes are immobilized on the sensor surface as depicted in Fig.2.13a.  

Typically, a liquid sample containing target analytes is flowed over a sensor surface. The specific 

capture of the analyte from a sample induces a change in the refractive index on the sensor surface 

which alters the propagation constant of SPs results in a shifts SPR feature in the reflectivity spectrum 

as shown in Fig.2.13b. Depending on the interrogation of SPR changes, SPR sensor can be classified 

to those relying on angular, intensity, wavelength  [49] or phase [50] modulation of SPR.  
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Fig. 2.13  (a) Schematic drawing of affinity binding event at sensor surface. (b) Typical SPR curve before and 

after the capture of target analyte. 

 

The analysis of SPR changes (e.g. by fitting an angular reflectivity spectrum) enables the quantitative 

measurement of the adsorbed molecules on the sensor surface. Typically, it is quantified by surface 

mass density Γ  defined as: 
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where nd and nb is the refractive index of biomolecule and buffer, respectively. (dn/dc) denotes the 

refractive index increment of the analyte molecules and h is the thickness of the dielectric layer 

composed of biomolecules. For protein analytes, the factor dn/dc is typically 0.18 cm3/g [51]. The 

detectable surface mass density change is limited by the measurable refractive index change of the 

used sensor instrument. 

The accuracy of SPR biosensor is often described by figure of merit (FOM). A FOM is obtained as a 

ratio of the SPR dip shift (S) due to a unit refractive index (RIU) change devided by a full width at 

half maximum (FWHM) of the reflectivity dip. In general, the large FOM enables reaching higher 

accuracy. For the sake of illustration, examples of FOMs are calculated for SPs modes and optical 
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waveguide mode which are introduces in previous section 2.1 with angular interrogation. For 

conventional SPs mode (Fig. 2.4a), FOMs are 25 (S=117 deg/RIU) and 96 (S=98 deg/RIU) at the 

wavelength of 633 nm and 800 nm, respectively. For long range surface plasmons (Fig. 2.5b), the 

simulated FOM reaches to 224 (S=42 deg/RIU) at the wavelength of 633 nm. For optical waveguide 

mode (Fig. 2.6b), FOM  for TM1 and TM2 mode are 69 (S=3.8 deg/RIU) and 193 (S=25 deg/RIU). 

In SPR biosensors based on angular modulation, a shift of the resonance angle δθ is measured. Fig. 

2.14 shows a typical optical setup for angular-resolved reflectivity measurement based on ATR 

method in Kretschmann configuration. In this setup, the TM-polarized incident beam is launched into 

prism base where a sensor chip is attached, and reflected intensity is measured by a photodetector. 

The angle of incidence of incident beam is controlled by a rotation stage. A set of an optical chopper 

and a lock-in amplifier is used to reduce the background signals.  

 

 

Fig. 2.14 An Optical setup for angular resolved reflectivity measurement.  

 

Intensity modulation detection is often used for the kinetics measurement of molecular binding events. 

In this method, the reflected intensity is measured in time at a fixed angle of incident (shown as ∆R in 

Fig.2.13b. Typically, the angle of incident is set at a slightly lower angle with respect to the resonant 

angle where the slope of reflectivity curve can be approximated to be linear function of the angle of 

incident.  

The intensity measurement is straightforward to increase the sensor throughput by implemention of 

optics for imaging [52, 53]. This optical platform is referred to as SPR imaging as well as SPR 

microscopy [54]. Fig. 2.15 shows a typical SPR imager using a prism coupler. A collimated 

monochromatic light is TM polarized with a polarizer and made incident to a prism base. A sensor 
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chip modified with an array of BREs is attached to the prism base. The reflected beam is then 

projected to two-dimensional detector array such as a charge-coupled device (CCD camera) with 

imaging optics. The angle of incident is set at an angle which is slightly lower from the resonance 

angle. The molecular binding events occurring at individual sensing spot are simultaneously detected 

as the changes in the reflected intensity from the corresponding area in the obtained SPR image. The 

parallel detections from multiple spots provide means for high throughput SPR biosensors. 

 

 

Fig. 2.15 Schematic image of a high throughput SPR biosensor based on SPR imaging. 

 

In an SPR biosensor based on wavelength modulation, the shift of resonance wavelength δλ induced 

by molecular binding events is detected at a fixed angle of incidence. In this method, a collimated 

polychromatic light beam is used and a wavelength reflectivity spectrum is typically measured by a 

spectrometer [49]. The phase modulation measurement offers sensitive detection of SPR changes and 

is typically implemented by using the interference of a light beam coupled with SPR and a reference 

beam that is altered by an SPR phase shift [50].  

  

2.3.4. Surface plasmon-enhanced fluorescence detection 
Fluorescence spectroscopy based on surface plasmon-enhanced fluorescence (SPF) and surface 

plasmon coupled emission (SPCE) has been implemented into biosensor applications over the last 

years [14, 17, 55]. In fluorescence-based biosensors, typically sandwich or competitive assays are 

used with detection antibodies labelled with fluorophores. Fig.2.16. shows an example of the 

sandwich assay in which the presence of the analyte in the liquid sample is observed by binding of 

detection antibody labelled with fluorophore as increase of fluorescence intensity. 
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Fig. 2.16 Schematic of sensor surface. 

In surface plasmon-enhanced fluorescence spectroscopy (SPFS), the enhanced intensity of 

electromagnetic field associated with the resonant excitation of surface plasmons is used for the 

excitation of the fluorophores [17]. Fig.2.17 shows a typical optical setup of SPFS that combines the 

fluorescence detection scheme with regular spectrometer based on angular interrogation of SPR. In 

this setup, the wavelength of the laser beam is chosen to overlap with the absorption band of the 

fluorophore labels. The excitation of surface plasmons provides the enhanced field intensity in close 

proximity to the metal surface where the specific bindings of analyte and detection antibody take 

place. The fluorescence signal emitted above the sensor surface through a flow-cell is detected by a 

photomultiplier. As seen in Fig.2.18, the fluorescence signal is amplified by the high intensity of 

surface plasmon field which is manifested as a strong fluorescence peak that coincides with the SPR 

in the angular reflectivity spectrum. Let us note that, due to the strong confinement of surface 

plasmon field, the excitation of fluorophores occurs selectively only at the sensor surface and thus the 

background signal is efficiently decreased. However, the collection efficiency of fluorescence 

intensity is significantly limited by the used optics and sensor configurations due to the non-

directional fluorescence emission from fluorophores. Typically, only several per cent of the 

fluorescence light emitted from fluorophores can be detected with this sensor implementation.  

 

(a)  

Fig. 2.17 An optical setup for surface plasmon enhanced fluorescence spectroscopy. 
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(b)  

 Fig. 2.18 A typical angular reflectivity and fluorescence spectra before and after binding of fluorophore labelled 

target analyte. 

 

Surface plasmon-coupled emission (SPCE) takes advantage of the confined field of surface plasmons 

for efficient collecting of fluorescence light (see Fig.2.8). Surface plasmon-coupled emission provides 

means which enables great enhancement of the collection efficiency of fluorescence light. Reverse 

Kretschmann configuration with prism coupler can be used to extract the fluorescence light emitted 

via surface plasmons. The out-coupled fluorescence light beam is highly directional and forms a 

characteristic cone propagating away from the thin metallic film in a dielectric substrate. In addition, 

directional emission is attractive for discriminating between fluorescence and background signals.  

The SPCE cone can be projected to a two-dimensional detector array by using bulk optical elements 

[33] or  can be partially collected by using an optical fiber [55].  

. 

2.4. Key performance characteristics of SPR-based biosensors 
The key performance characteristics of a biosensor include the limit of detection (LOD), dynamic 

range, and detection time. In this section, recent efforts relevant to improving the sensitivity of SPR 

and SPFS biosensor platforms are briefly overviewed.  

Refractive index resolution 

The refractive index resolution is one of the most important properties of an SPR sensor which 

determines the measurable surface mass density change induced by the molecular binding events. It is 

defined as the smallest detectable bulk refractive index change in dielectric medium above the sensor 

surface. It is often expressed by the standard deviation of noise of the sensor output divided by bulk 

refractive index sensitivity [47]. The typical resolution of an SPR sensor obtained by the intensity 
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modulation of SPR at wavelength of 633 nm is in the range of 10-5 RIU [46]. For the same 

instrumentation, the refractive index resolution can be improved by 14 times at the same wavelength 

by using LRSPs (see Fig.2.4-5) through enhancing the figure of merit (FOM) [56]. Similarly, the 

employment of hydrogel optical waveguide mode on the top of the metallic film (see Fig.2.7) were 

shown to improve the resolution by one order of magnitude [46]. The detection schemes based on the 

detection of the SPR angle or wavelength by the analysis of whole reflectivity spectrum (angular or 

wavelength modulation of SPR) provide better refractive index resolution. For instance, a commercial 

SPR biosensor based on angular modulation - Biacore 4000 (GE Healthcare) – is capable of 

measurements with  refractive index resolution of 1×10-7 RIU [9]. The combination of wavelength 

modulated detection scheme with a high FOM of LRSPs mode was reported to provide the refractive 

index resolution as low as 2.5 ×10-8 RIU [16]. Refractive index resolution obtained for the phase 

modulation of 2×10-7 RIU was reported [15]. 

Limit of detection 

The limit of detection is defined as minimum concentration of target analyte in the sample which 

induces detectable changes in sensor signal. Typically, the detectable sensor signal change is 

determined by the one which is 3 times higher than the signal noise. In SPR biosensors based on 

refractometric detection, the LOD highly depends on the refractive index resolution of the instrument 

[57]. For plasmon-enhanced fluorescence spectroscopy, the LOD depends on the number of 

fluorophores per area which provides detectable signal. In addition, LODs are varied depending on 

mass transfer of analyte to the sensor surface (typically by diffusion), density of the bio-recognition 

elements (BREs) on the sensor surface and affinity constants between BREs and target analytes. 

In refractometric detection, the change in the sensor signal due to the binding of target analyte on the 

sensor surface is proportional to the surface mass density of the adsorbed molecules. The detectable 

change in surface mass density can be estimated by the refractive index resolution of the SPR sensor. 

For example, an SPR sensor with refractive index resolution of 10-5 RIU at a wavelength of 633 nm is 

able to detect surface mass density variations of 8 pg/mm2.This feature varies the limit of detection 

depending on the molecular weight of target analyte. Typically, SPR biosensors based on direct assay 

are suitable for the analysis of medium and large molecules. For example, the LOD of 50 pM was 

reported for commonly used immunoglobulin G (IgG) molecules with the molecular weight of 150 

kDa by using the instrument with intensity modulation of SPR [46]. The LOD for this analyte was 

improved to 10 pM by using the hydrogel optical waveguide spectroscopy due to its higher FOM and 

enhanced binding capacity [46]. Additional amplification strategies have been employed which are 

based on sandwich assay and utilize metallic nanoparticle labels to enhance the refractive index 

changes associated with the molecular binding events [58]. This approach allowed the limit of 

detection of IgG at further low concentrations of 6.7 pM [58]. For the detection of small molecules 
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(molecular weight < 5 kDa), other types of assays such as inhibition or competitive assay are 

employed [59].  

The biosensors relying on surface plasmon-enhanced fluorescence were shown to push the LOD by 2 

to 3 orders of magnitude with respect to regular SPR with refractometric readout [17, 42, 43]. The key 

parameter of the sensor performance is the amplification strength of fluorescence signal which is 

determined by the field intensity enhancement factor associated with surface plasmon resonance (see 

chapter 2.1.3-4). Therefore, the probing of the sensor surface with LRSP or HOW modes which 

provides large field intensity enhancement (compare Fig. 2.5 and Fig.2.6 with Fig.2.4) than regular 

SPs results in better LOD [43, 56]. The LOD for detecting of IgG as low as 20 fM was reported for 

the LRSP-enhanced fluorescence spectroscopy [43]. Directional fluorescence emission of surface 

plasmon-coupled emission was utilized for efficient collection of fluorescence light in biosensor 

applications [55, 60]. The advanced LOD of 6.7 fM for human IgG was obtained by detecting 

fluorescence emission via SPCE with parabolic structure sensor array [61]. 

Parallel detection of multiple analytes 

The capability of monitoring multiple reactions on the sensor surface in parallel is important for 

increasing of the sensor throughput and for the analysis of multiple compounds contained in a sample.  

For SPR-biosensors based on refractometric detection, SPR imaging (SPRi) is most commonly used 

approach to increase the sensor throughput (see chapter 2.3.2) [52, 62]. The number of reactions that 

can be observed by SPR imaging depends on the density of individual sensing spots that are 

functionalized with different BRE. The common techniques for the functionalization of sensor chips 

for SPR imaging include micro-spotting [52], micro-contact printing [63], patterning by 

photolithography [64], and micro-fluidics [65]. The dimension of one sensor spot is typically larger 

than 100×100 µm2  [63]. The further decreasing of the spot dimensions and thus increasing micro-

arrays density is attractive for applications requiring highly parallelized analysis of molecular 

compounds [66]. The detectable size of sensing spot by SPR imaging is ultimately limited by the 

spatial resolution of the image. The spatial (lateral) resolution is defined as a minimum size of an 

object which can be resolved by the SPR imager. It is mainly affected by the propagation length of 

surface plasmons which reaches several tens of micrometers as discussed in the previous section 

(section 2.1). Several approaches to shorten the propagating length were pursued by using lossy 

metals [67] or using an excitation wavelength where the metal exhibits strong absorption [68]. 

However, these approaches results in the deteriorating of refractive index sensitivity that is associated 

to the lower figure of merit.  

The fluorescence signal amplification techniques relying on SPF and SPCE have been utilized for 

parallel detection of fluorescence biosensors as well. Up to now, several approaches have been 



25 
 

reported which is based on SPF and SPCE. A surface plasmon-enhanced fluorescence microscopy 

was developed for parallel detection of DNA hybridization in an array format [69]. In this study, an 

array of DNA probes was prepared on the sensor surface. The enhanced electromagnetic field 

associated with the resonance excitation of surface plasmons was used to detect the target DNA 

labelled with quantum dots. The increase of fluorescence signal is detected by the ultra sensitive CCD 

camera with imaging optics and a band pass filter. The other examples are based on the SPCE. Tawa 

et.al integrated a plasmonic grating sensor chip into a fluorescence microscopy [65]. The detection of 

fluorescence emission via SPCE with parabolic structure sensor array allows sensitive and parallel 

detection of fluorescence signals [60].  
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3. Research goals 
The aim of this thesis is to advance the key performance characteristics of surface plasmon resonance-

based biosensors utilizing refractometric (surface plasmon resonance) as well as fluorescence (surface 

plasmon-enhanced fluorescence) detection principles. In particular, novel optical phenomena are 

investigated which hold potential for improving the sensitivity and throughput. For the SPR 

biosensors relying on refractometric detection, new strategies for sensitive and multi-channel 

detection are explored. Firstly, new optical platform based on the multi-channel angular spectroscopy 

of hydrogel-guided waves is developed aiming at extreme refractive index resolution and reference-

compensated measurements (section 4.1). Secondly, the non-propagating surface plasmons supported 

by dense sub-wavelength metallic grating is investigated to improve the spatial resolution of surface 

plasmon imaging which is widely used for the measurements on microarrays (section 4.2). For the 

biosensor schemes based on the fluorescence detection, novel approaches are proposed which can 

potentially provide means for simpler and more efficient collection of fluorescence signals in 

fluorescence assays. In the third project, the utilization of plasmonic Bragg gratings is proposed in 

order to control the emission direction of fluorescence light mediated by surface plasmon (section 4.3). 

The alternative approach is investigated which is based on actuating SPs by thermal-responsive 

hydrogel films attached to the sensor surface. This approach holds a potential for new actively 

controlled plasmonic structures that can be used for multiplexing of sensing channels in SPFS 

biosensors (section 4.4).  
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4. Project overview 

4.1. Development of experimental setups 
Several new optical setups were developed for spatially-resolved and reference-compensated SPR 

experiments as well as for advanced characterization of plasmonic structures. Firstly, an optical 

instrument for angular interrogation reflectivity measurement of a linear array of sensing spots was 

developed. This setup allows multi-channel detection and reference-compensated measurement. 

Secondly, an optical instrument for simultaneous wavelength and angular reflectivity measurements 

was developed for the studies of dispersion relation of surface plasmons on nano-structured metallic 

films. For the spatially-resolved measurements, SPR imaging and SPF microscopy were developed. In 

order to control temperature on the sensor surface, two systems utilizing micro-heaters and Peltier 

elements were integrated to the sensor chip. LabVIEW-based programs were developed in order to 

control the developed setups and perform data acquisition and processing. 

Angular spectroscopy of guided waves 

An optical setup was developed for reference compensated angular modulation measurement as 

shown in Fig.4.1a. In this setup, a light from LED light source (LE-1R-C, WT&T Inc) was coupled 

into an optical fiber (M25L02, Thorlabs, Germany) and colimated with a lens (14 KLA 001, fl= 60 

mm, CVI Melles Griot, Germany). The collimated beam passed a bandpass filter (FL632.8-10, 

Thorlabs, USA), a polarizer (LPVIS100-MP, Thorlabs, USA) and an optical slit (VA100/M, Thorlabs, 

USA). The light is focused on the sensor chip which is optically matched with the prism base by a 

cylindrical lens (022-0673, OptoSigma, Japan) in order to provide ranges (ψ= 1.3 deg) in the angle of 

incidence (θ). The reflected beam was projected to the CCD camera (piA1000-48gm, Basler AG) by 

using a set of imaging lens (14 KLA 001, fl= 40 mm, CVI Melles Griot, Germany) and a cylindrical 

lens (022-1139, OptoSigma, Japan). The prism and CCD camera were mounted on a two-circle 

rotation stage (Huber GmbH, Germany) in order to control the angle of incidence θ  in the prism. The 

incident angle is adgusted to resonance angle of hydrogel optical waveguide mode or SPs. When these 

modes are excited, a dip in the angular distribution of reflected light intensity can be observed 

corresponding to the resonance angle. A flow cell with four-flow channels is attached to the sensor 

surface. The data processing is described in Fig.4.1b. In step 1), the reflectivity spectra are acquired 

over 100 times and averaged in order to reduce the noise of the sensor signal. In step 2), the averaged 

spectrum is fitted with a second degree polynomial function with a threshold value. In the last step 3), 

the fitted resonance angles are plotted in time.  
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(a)  
 

(b)  
Fig. 4.1 (a) Optical setup of multichannel angular reflectivity spectrometer with 4-channel flow cell system. (b) 

Schematic drawing of data processing. 

 

The developed setup is implemented into hydrogel optical waveguide spectroscopy. The RI resolution 

of this instrument was obtained by tracking the resonance angle of HOW mode upon the injection of 

PBS buffer with spikes of ethleneglycol, see Fig.4.2a. Fig. 4.2b shows a calibration curve between 

refractive index change in PBS buffer and change in sensor signals. The reference compensated-

angular resolved measurement provides the bulk refractive index resolution of 1.4 ×10-7 RIU which is 

one order of magnitude better than that obtained with intensity modulated measurement [41]. 
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(a)  

(b)  

Fig. 4.2 (a) Time evolution analysis of resonance angle of HOW mode upon the injections of PBS buffer spiked 

with ethylene glycol at concentration from 0.1 to 0.4 %. (b) Calibration curve between bulk refractive index 

change in PBS buffer and the response in sensor signal. 

 

Wavelength-angular reflectivity spectrometer 

An optical setup was developed in order to observe the dispersion relation of surface plasmons as a 

function of wavelength λ and angle of incidence θ. As shown in Fig.4.3a, white light from a halogen 

lamp (LSH102, LOT-Oriel, Germany) was coupled into a multimode optical fiber (M25L02, Thorlabs, 

Germany) and colimated with a lens (14 KLA 001, fl= 60 mm, CVI Melles Griot, Germany). The 

light was polarized by a polarizer (LPVIS100-MP, Thorlabs, USA) and launched to a 90° glass prism. 

The sensor chip is attached to the prism base with refractive index matching liquid. The reflected light 
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beam was coupled into an optical fiber (M29L01, Thorlabs, Germany) and detected by a spectrometer 

(HR4000, Ocean Optics, USA). The prism and detectors were mounted on a two-circle rotation stage 

(Huber GmbH, Germany) in order to control the angle of incidence θ of the polychromatic beam in 

the prism. The wavelength reflectivity spectra were sequentially acquired at increasing angles of 

incidence. The reference spectra were taken with TE polarized light for normalization. For the sake of 

illustration, an example of wavelength-angular reflectivity map is presented in Fig.4.3b which shows a 

dispersion relation of surface plasmons propagating at gold /air interface. The developed optical setup 

was used for the characterization of dispersion relation of plasmonic Bragg-gratings in Project 3. 

 

(a)  

(b)  

Fig.4.3 (a) An optical setup for wavelength-angular resolved reflectivity measurement. (b) A reflectivity map as 

a function of wavelength and angle of incidence for a gold surface in contact with air.  

 



31 
 

SPR imager 

An SPR imager was implemented for spatially-resolved reflectivity measurement. As shown in Fig. 

4.4, an expanded monochromatic light beam was reflected from the sensor surface at an angle of 

incidence fixed close to that of SPR dip and the reflectivity changes along the surface were imaged to 

a CCD detector (see chapter 2.3.3). In order to suppress the interference effects, a low coherent light 

LED-based source (LE-1R-C, WT&T Inc.) or a white light (LSH102, LOT-Oriel, Germany) with a 

narrow band pass filter (FL632.8-10, Thorlabs, Germany) were used. For the imaging of the sensor 

surface, a lens objective (UNIFOC 58, Schneider Kreuznach, Germany) and a CCD camera (piA1000-

48gm, Basler AG) were used. The spatial resolution of developed SPR imaging setup was estimated to 

2.5 µm.  This setup was used for the time evolution measurement of thermo-responsive hydrogel films 

in the project 4. 

 
Fig.4.4 An optical setup for SPR imaging. 

 

Surface plasmon-enhanced fluorescence microscope 

Additional optical setup was developed in order to obtain spatially resolved surface plasmon-

enhanced fluorescence images. Fig. 4.5 shows the schematic image of the setup. The laser beam is 

TM polarized by a polarized and expanded and collimated by a spatial filter consisting of a 

microscope objective (NT38-343, Edmund optics, USA), a pinhole (10 µm diameter, 10PP-10, Standa, 

Italy) mounted in x-z positioned (5ZYP, Standa, Italy) and a plano-convex lens (LPX-30.0-51.9-C, 

Melles Griot, Germany). The expanded beam is launched into a prism and made incident to a sensor 

chip which is optically matched with a prism base. A flow cell is attached to the sensor surface in 

order to flow the sample liquid. The prism base is mounted on a on a two-circle rotation stage (Huber 

GmbH, Germany) in order to control the angle of incidence θ of the polychromatic beam in the prism. 

An electron multiplying charge-coupled device (EM-CCD iXon+885, Andor Technology, Ireland) is 

mounted on the rotation stage which rotates the prism with a set of bandpass filter (670FS10-25, 
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LOT-Oriel, Germany) and a camera lens (UNIFOC 58, Schneider Kreuznach, Germany). The 

fluorescence images are taken upon the resonant excitation of surface plasmon by controlling the 

angle of incidence. The developed setup is employed in project 4. 

 

Fig.4.5 An optical setup for SPF microscopy. 

 

Temperature controlling systems 

Two different temperature controlling systems are integrated in order to characterize equilibrium and 

dynamics of swelling state of the hydrogel in project 4. Firstly, a temperature controlling system for 

the entire sensor chip is developed. The system consists of a flow cell, Peltier devices (QC-31-1.4-

8.5M, Conrad, Austria), a temperature sensor (TCS10K5, Wavelength Electronics, USA), heat-sinks 

and fans, see Fig.4.6. A new flow cell is designed in order to make the sensor chip thermally isolated 

and stable. The Peltier devices and the temperature sensor are connected to the temperature controller 

(LFI3751, Wavelength Electronics, USA) which controls the current flow to Peltier device based on 

the feedback signals from the temperature sensor. The developed system enables the temperature 

range in 20 to 40 °C. 
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Fig. 4.6 The picture of temperature control system for whole sensor chip. 

 

The rapid temperature modulator is developed based on the implementation of Indium Tin Oxide 

(ITO) micro-heaters in to an SPR sensor chip. This sensor chip (shown in Fig.4.7b) is made by 

following procedure schematically drown in Fig. 4.7a, firstly microheaters with gold electrodes (50 

nm thick gold layer with 3 nm of Ta adhesion layer) and ITO pads (thickness 25 nm) were deposited 

on BK7 glass using magnetron sputtering (UNIVEX 450C, Leybold Systems, Germany) and laser-cut 

stencil masks (PIU-PRINTEX, Austria). Afterwards, 700 nm thick Cytop fluoropolymer was 

spincoated and baked at temperature T = 160 ℃ for 1 hour on the hotplate. 20 nm thick Au pads were 

prepared on top of ITO microheaters in a same manner of deposition of ITO pads. In order to locally 

heat the sensor surface, gold electrodes were connected to a current modulator (NI9265, National 

Instruments). The local temperature changes at SPR sensor pads induced by a current apply to ITO 

microheaters are optically calibrated by using temperature depending refractive index change of water 

(see the attached publications for details). The time-evolution kinetics measurements reveals that the 

local temperature of a sensor pad can be heated over 10 °C within 100 ms. 

. 
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(a)  (b)  

 
Fig. 4.7 (a) A picture of a sensor chip supporting long range surface plasmons with ITO microheaters. (b) The 

fabrication process of a sensor chip. 

 

4.2. Bragg scattered surface plasmon microscopy: Theoretical 

study 
A biosensor based on SPR imaging (SPRi) which is also referred to as SPR microscopy 

(schematically shown in Fig.4.8 a) technique has attracted great attentions due to its ability for rapid 

and parallel detection of multiple target analytes. In this study, a new approach to SPRi is presented 

which provides high refractive index sensitivity and spatial resolution that is not limited by the 

propagation length of SPs. It is based on non-propagating Bragg scattered surface plasmon mode 

which can be excited on the surface of sub-wavelength metallic gratings. Theoretical studies are 

carried out by using numerical simulations in order to investigate refractive index sensitivity and 

spatial resolution of SPR images proved by propagating SPs and BSSPs, respectively. The presented 

simulations predict that this approach exhibits about 2-times lower refractive index sensitivity than 

that obtained with regular SPs when it is applied for the observation of large dielectric features with 

lateral size above 10 µm. However, the improved spatial resolution, contrast and fidelity of the images 

are obtained by using BSSPs for the observation of smaller features with lateral size < 10 µm. Fig. 

4.8b shows an example of simulated reflectivity profiles probing a dielectric step by propagating SPs 

and BSSPs, respectively. In addition, the simulated reflectivity profiles probed by BSSPs exhibits 

lower crosstalk between neighboring sensing spots. This fact opens a way for observation of denser 
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microarrays and thus enhancing throughput of the analysis which is important for the label-free 

readout of biomolecular interactions in microarray format. Furthermore, the smaller sensitivity of the 

excitation of BSSPs to changes in the angle of incidence holds potential for simplified instrumentation 

of SPR microscopy. Future efforts will be devoted to the implementation of the BSSP-based SPR 

microscopy that can be straightforwardly utilized by using nano-imprint lithography (NIL) for the 

fabrication of a sensor chip which can be directly used with regular instruments for SPR microscopy. 
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Fig. 4.8 (a) Schematic of SPR microscopy. (b) Reflected magnetic field intensity profiles for probing dielectric 

step with a width of 6 µm and height of 2 nm, probed by propagating SPs (in red line) and BSSPs (in blue line). 

This work was published to peer-reviewed journal paper as: 

M. Toma, W. Knoll and J. Dostalek, “Bragg-scattered surface plasmon microscopy: Theoretical 

study,” Plasmonics 7, 293-299 (2012). 
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4.3. Directional control of surface plasmon coupled emission by 

Bragg-gratings 
The altered dispersion relations of Surface plasmons on Bragg-gratings were employed to control the 

emission direction of surface plasmon coupled emission (SPCE). In this work, the directional 

fluorescence emission from fluorophores in the vicinity of a dense sub-wavelength metallic grating 

was observed by using the reverse Kretschmann configuration as shown in Fig.4.9a. This metallic 

grating supports Bragg-scattered surface plasmons and grating coupling surface plasmons at outer and 

inner interfaces, respectively. The experimental observation revealed that these plasmon modes can 

provide efficient fluorescence decay channels of fluorophores on the top of the metallic grating. The 

dispersion relation of these surface plasmon modes can be simply controlled by the refractive index at 

upper and lower interfaces of a metallic grating. The manipulation of the dispersion relation of SPs 

enables selective reducing or increasing the intensity of the fluorescence light emitted to certain 

directions, see Fig.4.10a-b. These features can provide means for controlling the interaction of 

emitters with surface plasmons which may lead to advance plasmon-enhanced fluorescence sensors 

through simpler and more efficient collection of fluorescence light emitted via Bragg-scattered 

surface plasmons. In addition, they hold potential for multiple detections by manipulating the 

emission direction of fluorescence light from different sensing spots to different directions. 

 

  
 

Fig. 4.9 Schematic of the Bragg grating supporting surface plasmons 
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(a)           (b)  
Fig. 4.10 (a) The spatial distribution of fluorescence emission coupled to BSSPs ω- mode. (b) the emission in to 

the parallel direction to grating vector is suppressed by a bandgap originated from anti-cross coupling between 

SPouter and G-SPinner. 

This work was published to peer-reviewed journal paper as: 

M. Toma*, K. Toma*, P. Adam, J. Homola, W. Knoll and J. Dostalek, “Surface plasmon-coupled 

emission on plasmonic Bragg-gratings,” Optics Express 20, 14042-14053 (2012). *Authors equally 

contributed to this work. 

 

4.4. Active plasmonic biosensor schemes with thermo-responsive 

hydrogel binding matrix 
A new approach for rapid actuating of surface plasmon resonance (SPR) is investigated by utilizing 

thermo-responsive NIPAAm-based hydrogel attached to an SPR-active sensor chip embedding ITO 

micro-heaters. It is based on the dramatic refractive index change of the hydrogel (as large as 0.1 

RIU) at the lower critical solution temperature (LCST=33 ℃) accompanied with the decrease of the 

thickness, see Fig.4.11. The time evolution measurement is carried out for observing the swelling and 

collapsing of the hydrogel film upon the flow of the electric current to ITO microheater. The results 

reveal that the hydrogel film responds to a temperature stimulus faster than 100 ms, the swelling and 

collapsing is reversible over several hundred cycles. The presented approach is particularly suited for 

biosensor applications as the hydrogel network can simultaneously serve as a large binding capacity 

matrix for the specific capture of molecular analytes as well as optical waveguide supporting layer. 

This functionality is demonstrated in a biosensor experiment based on the hydrogel optical 

waveguide-enhanced fluorescence for detecting of fluorophore-labeled anti-mouse IgG. The actuating 

of hydrogel waveguide modes by collapsing and swelling of the matrix allowed switching on and off 

the fluorescence signal from a sensing pad. For instance, this functionality can be employed in future 

work for time multiplexing of sensing channels that utilizes sequential readout from spatially 

separated sensing spots. 
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Fig. 4.11 Sensor chip supporting long range surface plasmons integrated with indium tin oxide (ITO) 

microheaters and thermo-responsive hydrogel film on its top. When the temperature is below the LCST, the 

hydrogel is highly swollen and supports HOW mode and LRSPs (the left sensor pad). When the temperature is 

above the LCST by applying current to ITO microheater, the hydrogel is collapsed and supports only LRSPs 

(the right sensor pad). 

This work is in preparation for submission to peer-reviewed journal paper as: 

M. Toma, U. Jonas, A. Mataescu, W. Knoll and J. Dostalek, “Active plasmonic biosensor based on 

thermo-responsive hydrogel,” in preparation. 
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5. Conclusions 
In this thesis, a range of novel approaches was investigated in order to advance the key performance 

characteristics of biosensors utilizing surface plasmon resonance and surface plasmon-enhanced 

fluorescence. These approaches include development of new optical platforms, investigation of new 

optical phenomena such as plasmonic Bragg gratings or actuating plasmonic surfaces which hold 

potential to improve the sensitivity and throughput of the SPR-based biosensors.  

The newly developed optical setups provide rich information on SPs including dispersion relations of 

SPs and spatial resolved reflectivity profiles. Especially, multi-channel angular spectroscopy of 

hydrogel optical waveguide mode allows the improved bulk refractive index resolution which is 

comparable to the state-of-the-art of the SPR biosensors. The large binding capacity of the hydrogel 

binding matrix holds a potential for direct detection of small target analyte (with molecular weight < 5 

kDa). The study of Bragg-scattered surface plasmons on dense sub-wavelength metallic gratings 

brings two important aspects. Firstly, the non-propagating Bragg scattered surface plasmon mode 

allows better fidelity and spatial resolution of SPR image compared to that of probed by propagating 

surface plasmons. This feature opens a way for high throughput SPR biosensors with dense array of 

sensing spots. Secondly, the altered dispersion relations of Bragg scattered surface plasmons are 

shown to be able to control the emission direction of surface plasmon mediated fluorescence emission. 

This fact provides means for simple and efficient collection of fluorescence signal emitted via SPCE. 

The implementation of thermo-responsive hydrogel binding matrix and rapid temperature control 

system into SPR sensor chip enables fast actuation of surface plasmons. The developed system 

provides a way to control resonance condition of SPR as well as HOW. This feature opens a way for 

multiple fluorescence detection with a simple experimental setup by tuning the fluorescence intensity 

of multiple sensor spots by controlling the resonance conditions. 
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Abstract We present a new approach to surface plasmon
microscopy with high refractive index sensitivity and spatial
resolution that is not limited by the propagation length of
surface plasmons. It is based on a nanostructured metallic
sensor surface supporting Bragg-scattered surface plasmons.
We show that these non-propagating surface plasmon modes
are excellently suited for spatially resolved observations of
refractive index variations on the sensor surface owing to
their highly confined field profile perpendicular to as well as
parallel to the metal interface. The presented theoretical
study reveals that this approach enables reaching similar
refractive index sensitivity as regular surface plasmon reso-
nance (SPR) microscopy and offers the advantage of im-
proved spatial resolution when observing dielectric features
with lateral size <10 μm for the wavelength around 800 nm
and gold as the SPR-active metal. This paper demonstrates
the potential of Bragg-scattered surface plasmon microsco-
py for high-throughput SPR biosensing with high-density
microarrays.

Keywords Surface plasmon resonance . SPR microscopy .

SPR imaging . Diffraction grating . Biosensor

Introduction

Surface plasmon resonance (SPR) microscopy [1] that is
also referred to as surface plasmon resonance imaging

becomes an established optical method for the sensitive
observation of (bio)interfaces [2–5] and particularly has
been used for high-throughput detection and interaction
analysis of biomolecules [6–8]. In these applications, sur-
face plasmons (SPs) are resonantly excited along a metallic
sensor surface to probe a two-dimensional microarray of
spots with immobilized ligands. In most common imple-
mentations, SPR microscopy utilizes the Kretschmann con-
figuration with a prism coupler [9, 10], an optically matched
microscope objective lens [11] or diffraction gratings [12]
for the excitation of SPs by an optical wave incident to a
metallic sensor surface. Surface plasmons exhibit an elec-
tromagnetic field that is strongly confined at the metallic
interface, and they are extremely sensitive to minute
changes in the refractive index associated with the binding
of target biomolecules to ligands tethered at the sensor
surface. These variations alter the coupling strength to sur-
face plasmons and lead to changes in the intensity of the
reflected optical wave that is subsequently imaged at a
detector. Typical SPR microscopy instruments can resolve
refractive index (RI) changes as small as 10−5 refractive
index units from arrays of spots with the characteristic size
from tens to several hundreds of micrometers [13]. In order
to further increase the accuracy (e.g., for the observation of
binding of small molecules inducing low refractive index
changes) and throughput (e.g., by using denser microar-
rays), these characteristics need to be improved.

Up to now, various approaches exploiting phase-contrast
measurements [14], wide-field excitation of SP [4, 15], and
surface plasmon modes propagating along strongly absorb-
ing metals or at low wavelengths [3, 16, 17] were investi-
gated to advance SPR microscopy. In general, these efforts
demonstrated that enhancing the spatial resolution is accom-
panied with deteriorating RI resolution and vice versa. The
reason is that the smallest measureable refractive index change
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(RI resolution) is inversely proportional to the propagation
length of surface plasmons Lp, while the smallest measure-
able lateral size of a dielectric feature in the direction to the
SP propagation (spatial resolution) is proportional to Lp
[17]. This inherent limitation of SPR microscopy can be
overcome by employing non-propagating localized surface
plasmons (LSPs) supported by metallic nanoparticles [18].
Unfortunately, sensors based on the spectroscopy of LSPs
offer significantly lower RI resolution with respect to their
counterparts relying in propagating SPs due to their small
figure of merit [19].

In this paper, we investigate another approach that holds
potential for simultaneously advancing both RI and spatial
resolution of SPR microscopy. It is based on Bragg-
scattered surface plasmons (BSSPs) supported by periodi-
cally modulated metallic surface on which counterpropagat-
ing SPs are diffraction-coupled [20]. The total length that
these modes travel along the surface is comparable to regu-
lar SPs on flat metallic surface which does not compromise
the high RI resolution [21]. However, their lateral confine-
ment on the surface due to the repeated Bragg scattering
holds potential for improving the spatial resolution [22]. In
this study, we carry out numerical simulations to investigate
the key characteristics of this new approach to SPR
microscopy.

Optical Configuration

In what follows, we assume SPR microscopy based on the
attenuated total reflection (ATR) method in the Kretsch-
mann configuration depicted in Fig. 1a. A transverse mag-
netically (TM) polarized plane wave was made incident
through a high refractive index glass prism at its base with
a thin gold film. The angle of incidence θ was set close to
that for which resonant coupling to surface plasmons occurs
at the outer interface between the gold film and a low
refractive index dielectric on its top:

2p
l
np sin θð Þ ¼ Re bSPf g ¼ 2p

l
Re

n2Aun
2
w

n2Au þ n2w

� �1=2
( )

; ð1Þ

where 1 is the wavelength, np is the refractive index of the
prism, nAu is the refractive index of the gold film, and nw is
the refractive index of the low refractive index dielectric.
βSP is a (complex) propagation constant of SP at an interface
between a semi-infinite metal and a low refractive index
dielectric. Re {} denotes the real part of a complex number.
In further simulations, Cartesian coordinates were used with
the x-axis lying parallel to the surface and in the plane of
incidence, the y-axis perpendicular to the plane of incidence,
and the z-axis perpendicular surface. The prism refractive

index np was that of LaSFN9 glass [23]. A SPR-active gold
film with the thickness of 50 nm and a refractive index nAu
taken from literature [24] was used. A dielectric film with a
refractive index nf01.5 that is close to that of biomolecules
[25] was attached on the gold surface, and its varied thick-
ness h(x) represented an object being imaged (e.g., an array
of spots). The surface was brought in contact with semi-
infinite aqueous medium with a refractive index of
water nw [26]. The gold film was assumed to be flat (for
the excitation of regular SP, Fig. 1b) or with a sinusoidal
relief modulation in the x direction with a periodicity of Λ0

280 nm and depth dm020 nm (for the excitation of BSSP,
Fig. 1c).

The period of the modulation Λ was set to induce Bragg
scattering of SP wave between wavelengths 10750 and

Fig. 1 a Schematics of the implementation of SPR microscopy based
on ATR method with Kretschmann configuration utilizing b flat me-
tallic film supporting regular surface plasmons and c periodically
modulated metallic film supporting Bragg-scattered surface plasmons
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800 nm. This period was obtained analytically from diffrac-
tion coupling condition (2):

2p
Λ

¼ 2Re bSPf g ¼ 4p
l
Re

n2Aun
2
w

n2Au þ n2w

� �1=2
( )

: ð2Þ

As an object, a dielectric film with a periodically modu-
lated height along the surface h(x) was assumed in the
following form:

hðxÞ ¼ h0 þΔh
X1
n¼�1

ϑ xþ nLð Þϑ w� x� nLð Þ; ð3Þ

where ϑ is a Heaviside step function, Δh is the height of a
dielectric step, w is the lateral width of the dielectric step, L
is the period, and n is an integer. Without the loss of
generality, a thickness of the homogenous dielectric film
of h005 nm was chosen for the sake of improved conver-
gence of the numerical model introduced in the next section.
The dielectric layer thickness is varied only in one dimen-
sion that is parallel to the propagation of SP modes, and the
characteristics of the imaging optics were omitted for
simplicity.

Theoretical Model

The reflected field intensity variations along the inner me-
tallic surface were calculated in the form of Rayleigh series
for the probing of the sensor surface by regular SPs and
BSSPs. As the probing optical wave was TM polarized, we
calculated the changes in reflected magnetic field intensity
with only non-zero component parallel to the surface Hz:

HzðxÞ ¼
Xn2
n¼n1

Rn exp þianxð Þ; ð4Þ

an ¼ 2p
l
np sin θþ 2p

L
n; ð5Þ

where Rn denotes the Rayleigh coefficient of the nth diffrac-
tion order. In the series (4), the sum over the diffraction
orders from n1 to n2 was made to take into account diffrac-
tion orders propagating away from the metallic film through
the glass medium at angles θdiff between 0 and 90° (see
Fig. 1b, c). The series of Rayleigh coefficients Rn were
numerically solved by using finite element method that
was implemented in a diffraction grating solver DiPoG
(Weierstrass Institute, Germany). A grating in a computation
cell with the length up to L045 μm and height of 0.1 μm
was approximated by a mesh of triangles (convergence was
achieved for mesh with number of triangles larger than
40,000 for a flat gold film and 80,000 for a modulated gold

film). Let us note that for structures supporting BSSPs, the
periods L and Λ were adjusted to L 0 pΛ holds for certain
integer p. In the used numerical model, the set of Maxwell
equations was solved by using the PARDISO solver of
sparse linear systems (University of Basel, Switzerland).

In order to verify the validity of the used numerical
model, we compared the numerical results with those
obtained from an analytical theory described by Berger et
al. [17]. We calculated the reflected magnetic field intensity
distribution |Hz(x)|

2 at an inner gold interface when regular
surface plasmons propagating along a flat gold surface
probe a dielectric step (with a width of w020 μm, distance
of d020 μm, and height of Δh05 nm). As the analytical
model is based on the assumption that SPs sequentially
passing through individual walls of a dielectric step do not
interact, we used the wavelength of 10633 nm at which the
propagation length of SPs is much shorter than the width of
the used dielectric step w. Let us note that such numerical
simulations would require increasing the dielectric step
width w and thus significantly higher computing power for
the wavelength 10800 nm. The propagation length of SPs
on a flat surface can be analytically calculated as:

Lp ¼ 1

2Im bSP þΔbSPf g ; ð6Þ

and equals for the used structure to Lp02.4 and 13 μm at
wavelengths 10633 and 800 nm, respectively. Let us note
that Eq. 6 takes into account the radiation losses due to the
finite thickness of gold film by the additional term of ΔβSP
in the denominator (details can be found in [27]).

Results in Fig. 2 reveal an excellent agreement between
analytical and numerical simulations. The intensity of the
reflected plane wave hitting the surface with a dielectric step
at an angle of incidence θinc051.3° is modulated along the
surface due to the varied coupling strength to SPs in areas
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Fig. 2 Profile of the magnetic intensity |Hz(x)|
2 at the inner gold

interface obtained by numerical and analytical models for a dielectric
step at the outer gold film interface
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with different thickness of the dielectric overlayer h. The
changes of the field intensity distribution across dielectric
step edges are not abrupt. The data show that the reflected
field intensity |Hz(x)|

2 gradually increases and decreases
when SP passes through the edge into the dielectric (x0
8 μm) or out of the dielectric overlayer (x028 μm), respec-
tively. The exponentially saturating increase is slightly mod-
ulated due to the interference of SPs propagating into the
dielectric through the edge at x08 μm and SPs that are
excited through the metal at x>8 μm. This interference
originates from the shift of the propagating constant βSP
due to variations of the dielectric layer thickness [28]. The
field intensity exponentially decreases after SPs pass into
water through the edge at x028 μm with a decay constant 1/
Lp00.49 μm−1 which agrees with the propagation length
calculated from Eq. 6.

Results and Discussion

Bragg-Scattered and Regular Surface Plasmons

In further simulations, we used a wavelength 1~800 nm
which was reported to provide the highest RI refractive
index resolution in SPR biosensors with a flat gold film
[29]. Firstly, dispersion relations of regular and Bragg-
scattered surface plasmon modes were studied in vicinity
to this wavelength by simulating the dependence of the
reflectivity |R0|

2 on the wavelength 1 and the angle of
incidence θ. Figure 3 shows the obtained reflectivity for
(a) flat gold film supporting regular SPs and (b) for period-
ically modulated gold thin film supporting BSSPs. The gold
surface was not covered with the dielectric layer h00Δh00,
and it was interfaced with a semi-infinite water medium. In
the case of the flat gold film, regular SPs’ dispersion is
observed as a reflectivity drop located at angle θ that
decreases from θ050° to 48.5° when increasing the

wavelength from 10700 to 850 nm. These data are in
accordance with the phase-matching condition (1).

For the modulated gold film, one can see a gap in the
dispersion relation occurring at the wavelength band 10
756–802 nm, where SPs cease propagating due to the Bragg
reflections on the grating. At edges of the band gap, two
new Bragg-scattered surface plasmon modes appear that are
referred to as ω+ (at 10756 nm) and ω− (at 10802 nm)
modes. The dispersion relation of BSSPs in Fig. 3 reveals
that the spectral positions of these resonances are weakly
dependent on the angle of incidence θ which is characteristic
for non-propagating (localized) surface plasmon modes.
These modes exhibit standing wave properties, and their
electromagnetic field is concentrated either at the peaks
(ω−) or valleys (ω+) of the metal layer relief modulation
[20]. This phenomenon is illustrated in Fig. 4 which com-
pares the profile of the electromagnetic field intensity
through the layer structure for (a) regular SP, (b) BSSP
ω+, and (c) BSSP ω−.

SPR Microscopy with Bragg-Scattered and Regular Surface
Plasmons

In order to investigate key characteristics of SPR microsco-
py with regular and Bragg-scattered SPs, we carried out
series of simulations of the optical response upon probing
minute changes in the dielectric thin film thickness h(x). We
calculated the reflected magnetic field intensity distribution
|Hz(x)|

2 at the inner gold interface and related the observed
features to the height Δh, width w, and distance d between
dielectric rectangular steps defined by Eq. 3. Regular SPs
were excited by a plane wave with a wavelength of 10

800 nm that was made incident on the gold surface under
an angle θ048.7°. BSSPs ω− are excited by a plane wave
with almost identical wavelength of 10802 nm at an angle
of incidence θ051°. The ω− was chosen as its excitation
provides a field more confined to the metallic surface than

Fig. 3 Dispersion relation
of surface plasmons propagating
along a flat and b periodically
modulated gold film in contact
with water at the outer interface.
The relief modulation of metallic
film with the period of Λ0
280 nm and depth of dm020 nm
were assumed
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the ω+ mode, see Fig. 3b, c. SP and BSSP ω− modes were
strongly excited at the gold surface with lower thickness h
(x)0h0 and weakly excited at areas with high thickness of a
dielectric layer hðxÞ ¼ h0 þΔh . The reason is that the
resonant wavelength of regular SP and BSSP modes is red
shifted when increasing the refractive index, and the cou-
pling to these modes becomes detuned. Additionally, BSSP
ω− moves into the band gap in the area covered with
dielectric step hðxÞ ¼ h0 þΔhð Þ in which SPs become
strongly reflected on the grating.

The reflected magnetic field intensity |Hz(x)|
2 was firstly

calculated for an array of dielectric rectangular steps with
heights Δh01, 2, and 3 nm, respectively, and with fixed

width w020 μm, distance d025 μm, and computing period
L045 μm L ¼ wþ dð Þ. As seen in Fig. 5a, for regular SPs,
the magnetic field intensity distribution |Hz(x)|

2 exhibits a
sawtooth profile with its minimum at the edge where SPs
pass into the dielectric (x09 μm) and its maximum at the
edge where SPs pass from the dielectric (x029 μm). As the
height of the dielectric step Δh increases, both maximum
and the minimum field intensities increase. These smearing
effects are due to the small distance d and width w that are
comparable to the propagation length Lp. Contrary to that,
Fig. 5b shows that for the probing by BSSPs, the magnetic
field intensity |Hz(x)|

2 reaches its maximum in the vicinity to
the center of the dielectric step and exponentially decays to
both sides away from the step. The maximum magnetic field
intensity change Δ|Hz|

2 linearly increases with the step
height Δh, and the slope Δ|Hz|

2/Δh is approximately two-
fold higher for regular SPs than for BSSPs ω−. This indi-
cates that for large objects with lateral size exceeding
approximately 10 μm, SPR microscopy with regular SPs

Fig. 4 Profile of field intensity at the outer gold surface for a regular
SPs (point A in Fig. 3) and b ω+ mode (point B in Fig. 3) and c ω−

mode (point C in Fig. 3) BSSPs
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Fig. 5 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|

2 on the height of the dielectric step for
the structure supporting a regular SPs and b BSSPs ω−
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provides better refractive index sensitivity than that with
BSSPs.

Afterwards, the dependence of the reflected magnetic
intensity field distribution |Hz(x)|

2 on the width of a dielec-
tric step (w06.7, 11.2, and 20.2 μm) was calculated for a
constant height Δh02 nm and computing period L045 μm.
Figure 6 reveals that as the step width decreases, the width
of associated feature in |Hz(x)|

2 also decreases. For the
probing with regular SPs, the maximum field intensity
change Δ|Hz|

2 rapidly decreases when decreasing the di-
electric step width w, and the distribution of |Hz(x)|

2 is
asymmetrical with a slowly decreasing tail after the SP field
passes through the edge from the dielectric to the water
medium, see Fig. 6a. Contrary to these observations,
Fig. 6b shows that Δ|Hz|

2 is less dependent on the width
step w when probed by BSSPs. In addition, the probing with
BSSPs enables resolving small dielectric layer steps (with
w<6 μm) with higher contrast (due to the higher maximum
field intensity change Δ|Hz|

2) than regular SPs. For such
small dielectric features, the SPR microscopy with BSSPs

takes clear advantage of the stronger lateral localization of
the probing field. This can be quantified by the distance Ld
between the maximum magnetic intensity field |Hz(x)|

2 and
the position where |Hz(x)|

2 reaches half of its maximum. For
BSSPs, Ld is approximately twice smaller (Ld05.4 μm) than
for regular SPs (Ld010.3 μm).

Finally, the optical response was evaluated when two
identical dielectric steps separated by different distances
(d09, 18, and 40.5 μm) were probed by regular SP and
BSSPω−. The results presented in Fig. 7 were calculated for
the width of steps of w04.5 μm, height Δh02 nm, and
computation period L045 μm. For regular SPs probing two
dielectric steps brought in close proximity, the maximum
intensities of the two associated peaks in |Hz(x)|

2 are signif-
icantly changed as the distance between neighboring steps
gets closer. Contrary to these observations, the peaks in the
magnetic field distribution |Hz(x)|

2 change negligibly for
steps that are located at any distance from 9 to 40.5 μm
when probed by BSSPs. This indicates that a strong cross
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Fig. 6 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|

2 on the width w of the dielectric step
for the structure supporting a regular SPs and b BSSPs ω−
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Fig. 7 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|
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boring steps in the dielectric film d upon probing by a regular SPs and
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talk between neighboring sensing spots can be efficiently
removed by using BSSP modes.

Conclusions

In this study, we introduced a finite element-based
model for the investigation of spatial and refractive
index resolution of SPR microscopy with flat and nano-
structured metallic surfaces. In particular, we investigat-
ed the employment of densely periodically modulated
gold surface supporting non-propagating Bragg-
scattered surface plasmons for probing minute varia-
tions in the thickness of thin dielectric film. The pre-
sented simulations predict that this approach exhibits
about two times lower refractive index resolution as
regular SP microscopy when applied for the observa-
tion of large dielectric features with lateral size above
10 μm. However, for the observation of smaller fea-
tures with lateral size <10 μm, we achieved an im-
proved spatial resolution, contrast, and fidelity of the
images by using BSSPs. For instance, when applied to
the label-free readout of biomolecular interactions in
microarray format, lower cross talk between neighbor-
ing spots will enable developing denser microarrays
and thus enhancing throughput of the analysis. In ad-
dition, the smaller sensitivity of the excitation of
BSSPs to changes in the angle of incidence holds
potential for simplified instrumentation of SPR micros-
copy. Future efforts will be devoted to the implemen-
tation of the BSSP-based SPR microscopy that can be
straightforwardly utilized by using nanoimprint lithog-
raphy for the fabrication of a sensor chip which can be
directly used with regular instruments for SPR
microscopy.
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Abstract: Surface plasmon-coupled emission (SPCE) from emitters in a 

close proximity to a plasmonic Bragg grating is investigated. In this study, 

the directional fluorescence emission mediated by Bragg-scattered surface 

plasmons and surface plasmons diffraction cross-coupled through a thin 

metallic film is observed by using the reverse Kretschmann configuration. 

We show that controlling of dispersion relation of these surface plasmon 

modes by tuning the refractive index at upper and lower interfaces of a 

dense sub-wavelength metallic grating enables selective reducing or 

increasing the intensity of the light emitted to certain directions. These 

observations may provide important leads for design of advanced plasmonic 

structures in applications areas of plasmon-enhanced fluorescence 

spectroscopy and nanoscale optical sources. 

©2012 Optical Society of America 

OCIS codes: (240.6680) Surface plasmons; (300.2530) Fluorescence, laser-induced; 

(050.1950) Diffraction gratings; (050.6624) Subwavelength structures. 
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1. Introduction 

Surface plasmon-coupled emission (SPCE) is of great interest in various areas including 

nanoscale optical antennas [1, 2], organic light-emitting diodes [3, 4], dye lasers [5] and 

fluorescence spectroscopy [6, 7]. Surface plasmons (SPs) are electromagnetic waves which 

originate from collective oscillations of charge density at metallic surfaces. SPs exhibit tightly 

confined field profile which is associated with greatly enhanced photonic mode density 

(PMD) and intensity of electromagnetic field at a metallic surface. Therefore, light radiated 

by emitters in the vicinity of a metal can be trapped by SPs and the coupling of absorption 

and emission dipoles of emitters with SPs dramatically alters their characteristics including 

the excitation rate, lifetime, and quantum yield [8, 9]. 

In order to convert energy emitted to SPs back to light waves propagating away from the 

metal, approaches utilizing diffraction gratings [10] and the reverse Kretschmann 

configuration of attenuated total reflection (ATR) method [11] were most commonly used. 

The employment of relief diffraction gratings for the extraction of fluorescence light from a 

metallic surface was firstly reported by Knoll et al. [12]. In this and later experiments, the 

corrugated metallic surfaces with the period comparable with the wavelength were typically 

used in studies including plasmon-mediated emission decay kinetics [13], angular distribution 

of emitted light [14], and emitted wavelength spectrum [15]. These investigations were 

carried out for gratings supporting regular SPs as well as coupled surface plasmon modes 

including Bragg-scattered surface plasmons [15, 16] and long range and short range surface 

plasmons on thin metallic films in refractive index symmetrical geometry [5, 17]. Relief 

gratings with non-sinusoidal profile allow additional control of the interaction strength 

between emitters and SPs through surface plasmon Bragg-scattering and associated bandgap 

occurring in their dispersion relation [5, 15]. The surface plasmon bandgap was shown to 

decrease the intensity of fluorescence light emitted via surface plasmons [15] which was, for 

instance, proposed for selective cancelling of spontaneous emission in plasmonic lasers [5]. In 

addition, Bragg-scattered surface plasmons were investigated for spatially controlled 

photobleaching of dyes [16]. In the other common optical platform of SPCE utilizing reverse 

Krestchmann configuration of ATR, a thin metal layer on a flat high refractive index substrate 

is used. The light emission occurs via surface plasmons that are leaky into the substrate forms 

a characteristic SPCE cone propagating away from the metal film [18, 19]. The polar angle of 

the cone is defined by the surface plasmon resonance (SPR) condition and it depends on the 

wavelength [19]. The width of the SPCE cone depends on the losses of surface plasmons and 

it can be strongly decreased by using long-range surface plasmons [20]. 
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In this paper, we extend studies in surface plasmon-coupled emission on structures that 

combine the reverse Kretschmann configuration of ATR and dense sub-wavelength metallic 

gratings. These gratings carry a thin metallic film and are designed to alter dispersion relation 

of surface plasmon modes by Bragg-scattering on individual metal interfaces as well as by 

diffraction cross-coupling of SPs through the metal film. We show that these modes can be 

engineered to efficiently collect the fluorescence light from emitters on the top of the metal 

film and direct the emission to specific azimuth and polar directions into high refractive index 

substrate below the metallic film. The used dense sub-wavelength diffraction gratings do not 

couple the fluorescence light to the medium above the metal film. 

2. Materials and methods 

2.1 Materials 

Photoresist Microposit S1818-G2 was purchased from Micro Resist Technology GmbH 

(Germany). Metal ion containing developer AZ 303 was obtained from MicroChemicals 

GmbH (Germany). Polydimethylsiloxane (PDMS) prepolymer and its curing agent were from 

Dow Corning (SYLGARD
®

 184). Amonil MMS10 was purchased from AMO GmbH 

(Germany). Poly(methyl methacrylate) (PMMA) was from Sigma-Aldrich Handels (Austria) 

and 1,1'-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4 chlorobenzene-sulfonate salt 

(DiD) were from Invitrogen (LifeTech Austria). DiD dye exhibits the absorption and 

emission wavelengths of λab = 644 nm and λem = 665 nm, respectively, and it was dispersed at 

the concentration of 700 nM in a toluene with dissolved PMMA (1.4 wt.%). 

2.2 UV-NIL preparation of relief gratings 

Holography was used for the preparation of master gratings. A polished Schott SF2 glass 

substrate with spin-coated photoresist layer was exposed to the interference field of two 

coherent collimated beams emitted from a HeCd laser at the wavelength λ = 325 nm 

(IK3031R-C, Kimmon Koha, Japan). Afterwards, the gratings were etched with a developer 

AZ-303 diluted with distilled water (volume ratio 1:9), rinsed with water and dried. Master 

gratings with sinusoidal relief modulation period Λ = 225-230 nm and depths of d = 10 and 30 

nm were prepared and characterized by atomic force microscopy (data not shown). UV-

nanoimprint lithography was used to replicate the master gratings as we described previously 

[21]. Briefly, a relief master grating was casted to a PDMS stamp which was cured overnight 

at 60 °C. Afterwards, the PDMS stamp was detached from the master and placed onto about 

100 nm thick layer of UV-curable polymer Amonil that was spin-coated on a glass substrate. 

Amonil film in contact with the PDMS stamp was crosslinked by UV light dose of 36 J/cm
2
 

at a wavelength of λ = 365 nm (Bio-Link 365, Vilber Lourmat, Germany) followed by the 

release of the PDMS stamp from cured replica grating. 

2.3 Layer structures supporting surface plasmons 

LaSFN9 glass (refractive index of n1 = 1.84 at λem) and BK7 glass (refractive index of n1 = 

1.51 at λem) substrates with Amonil grating (refractive index of n2 = 1.51 at λem) were 

successively coated by layers supporting surface plasmons and containing DiD dye, see Fig. 

1. Firstly, Ta2O5 (refractive index of n3 = 1.79 at λem) and gold (refractive index n4 = 0.167 + 

3.91i at λem) films were deposited on the Amonil surface by using magnetron sputtering 

(UNIVEX 450C, Leybold Systems, Germany). The thickness of the gold film was set to 47 

nm which is close to that providing the maximum strength of the coupling between surface 

plasmons and propagating waves in the glass substrate based on the Kretschmann 

configuration [22]. Afterwards, a 40 nm thick PMMA film (refractive index n5 = 1.49 at λem) 

doped with DiD dyes was spin-coated on the gold surface and dried overnight at the room 

temperature. The PMMA surface was brought in contact with water (refractive index n6 = 

1.33 at λem) or air (refractive index n6 = 1 at λem) in order to tune the propagation constant of 
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surface plasmons at the outer metal surface (SPouter). The propagation constant of surface 

plasmons on the inner metallic surface (SPinner) was varied by tuning the thickness of Ta2O5 

layer t3. Let us note that the Ta2O5 layer was deposited only on the LaSFN9 glass substrates 

with Amonil grating. 

 

Fig. 1. Diffraction grating supporting surface plasmons that serve as emission channels for 

DiD dyes dispersed in a PMMA layer. Refractive indices of layers at the wavelength λem = 670 

nm are shown for each layer. 

3. Optical setup 

Dispersion relation of surface plasmon modes on metallic grating surfaces was observed from 

angular reflectivity spectra R measured as a function of angle of incidence θI and wavelength 

λ. As seen in Fig. 2(a), a setup based on attenuated total reflection (ATR) method with 

Kretschmann configuration was used. A polychromatic beam from a halogen lamp (LSH102, 

LOT-Oriel, Germany) was coupled into an optical fiber (M25L02, Thorlabs, Germany), 

colimated with a lens (14 KLA 001, fl = 60 mm, CVI Melles Griot, Germany) and launched 

to a 90° glass prism that was made of identical glass as the grating sample substrate. At the 

prism base, the sample with a metallic grating was optically matched with a defined azimuth 

angle φ between the plane of incidence and grating vector G. The reflected light beam was 

coupled to an optical fiber and analyzed with a spectrometer (HR4000, Ocean Optics, USA). 

The prism and detectors were mounted on a two-circle rotation stage (Huber GmbH, 

Germany) in order to control the angle of incidence θI of the polychromatic beam in the 

prism. The data aquisition and control of the setup were supported by a home-built 

LabVIEW-based software. The reflectivity R was measured for transverse magnetic polarized 

incident beam (TM) and normalized with that measured for transverse electric polarization 

(TE). 
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Fig. 2. Optical setup used for the measurement of (a) reflectivity spectra R as a function of 

angle of incidence θI, polar angle φ, and wavelength λ and (b) spatial distribution of surface 

plasmon-coupled emission in the glass substrate. 

The measurement of spatial distribution of fluorescence intensity F emitted via surface 

plasmons into a glass substrate was carried out by using the setup depicted in Fig. 2(b). A 

sample with a metallic grating carrying a PMMA layer doped with a DiD dye was optically 

matched to a diffuser with rough bottom interface. Linearly polarized HeNe laser beam with 

the wavelength of λ = 632.8 nm that is close to the absorption wavelength of DiD dye λab = 

644 nm was circularly polarized by a quater waveplate (WPMQ05M-633, Thorlabs, 

Germany) and focused with a lens on the area of the surface of the structure with a diameter 

of about 100 µm. The fluorescence light coupled to surface plasmon modes at the emission 

wavelength λem of DiD dyes was re-radiated through the metal film based on the reverse 

Kretschamnn configuration, propagated through the substrate, and was scattered at the rough 

bottom surface of a diffuser made of LaSFN9 or BK7 glass. The spatial distribution of 

scattered fluorescence light was imaged onto an electron multiplying charge-coupled device 

(EM-CCD iXon + 885, Andor Technology, Ireland) by a camera lens (UNIFOC 58, 

Schneider Kreuznach, Germany). A set of filters including notch filter (XNF-632.8-25.0M, 

CVI Melles Griot, Germany) and band-pass filter (670FS10-25, LOT-Oriel, Germany) was 

used to reduce the background signal originating from the scattered and transmitted light at 

the excitation wavelength. The dependence of fluorescence signal on the polar angle θem in 

the glass substrate and azimuth angle φ was obtained from aquired fluorescence images. The 

central part of the image where the incident laser beam partially transmitted through the metal 

film was cut out by image processing as used filters did not suppress it totally. 

4. Results and discussion 

4.1 Surface plasmon-coupled emission on flat surface 

The Bragg grating depicted in Fig. 1 supports surface plasmons at inner and outer interfaces 

of the metallic film. These modes act as pathways for fluorescence emission from dyes 

dispersed in the PMMA layer on the top of the gold film. Based on the Chance, Prock, and 

Silbey (CPS) model [9], we calculated the average energy dissipation density dP/dk// from an 

ensemble of dyes represented as randomly oriented dipoles. The energy dissipation density 
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for homogenously distributed dipoles in PMMA layer with the thickness of 40 nm was 

obtained by the averaging over distance from the metal surface between 0 and 40 nm as 

described in our previous work [20]. These simulations were carried out for flat layers 

(modulation depth d = 0 nm) shown in Fig. 1 with refractive indices taken from literature 

[23]. The results presented in Fig. 3 show dP/dk// as a function of in-plane component of the 

propagation constant k// of optical waves emitted from a dipole. k// is normalized by the 

propagation constant in vacuum k0. They reveal that the coupling of fluorescence to surface 

plasmons at inner interface SPinner (with the magnitude of propagation constant kSPinner =  

|kSPinner|) and outer interface SPouter (with the magnitude of propagation constant kSPouter = 

|kSPouter|) is manifested as two distinct peaks. The probability of the emission via surface 

plasmons at inner and outer interfaces was calculated by integrating the energy dissipation 

density dP/dk// across respective peaks. For the layer architecture with 100 nm thick Ta2O5 on 

LaSFN9 glass and refractive index of the upper medium of n6 = 1.33, 54 and 7% of emission 

events occurred via SPouter and SPinner, respectively. The fluorescence emission probability via 

SPouter and SPinner was redistributed to 40 and 14%, respectively, on the layer architecture 

consisting of BK7 glass without Ta2O5 layer. For both geometries, the peak energy dissipation 

density for the outer surface plasmon SPouter is higher than that for the inner surface plasmon 

SPinner due to the stronger overlap of SPouter field with PMMA layer containing DiD dyes. The 

peak energy dissipation density for SPinner is higher for the layer structure with BK7 substrate 

without Ta2O5 layer because its magnitude of propagation constant kSPinner is lower and thus 

larger portion of its field is carried in the PMMA layer. The fluorescence signal emitted via 

outer surface plasmon SPouter can be recovered by the reverse Kretschmann configuration of 

ATR while that emitted via the inner surface plasmons SPinner requires other means – e.g. 

diffraction grating. These simulations take into account fluorescence quenching due to the 

coupling to surface lossy waves with large propagation constant [9] (k// from 0 to 15k0 was 

assumed in the model). This coupling is highly dependent on the distance from the metal 

surface. The majority of emission events is quenched below a characteristics length of about 

15 nm which is smaller than the thickness of PMMA layer with dispersed DiD dyes. 

 

Fig. 3. Simulated average energy dissipation density dP/dk// of dyes dispersed in the 40 nm 

thick PMMA layer on the top of gold film with (t3 = 100 nm, black line) or without (t3 = 0 nm, 

red line) Ta2O5 layer. LaSFN9 (black line) and BK7 (red line) substrates were assumed. The 

PMMA layer is in contact with water (n6 = 1.33). 

4.2 Surface plasmon modes on corrugated metallic surfaces 

On a corrugated layer structure, the characteristics of inner surface plasmons SPinner and outer 

surface plasmons SPouter are altered due to the interaction with the grating momentum |G| = 
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2π/Λ. In order to investigate changes in SPinner and SPouter modes, numerical simulations were 

carried out by using finite element method (FEM) implemented in a diffraction grating solver 

DiPoG (Weierstrass Institute, Germany). Figure 4(a) shows an example of the simulated 

dispersion relation of surface plasmon in the dependence of the reflectivity R on the angle of 

incidence θI and wavelength λ. For the grating structure with the modulation depth of d = 30 

nm, Ta2O5 layer thickness of t3 = 100 nm, and the refractive index of the upper medium n6 = 

1.33, the dispersion relation of SPouter (at angles θI > 47 deg) is split in the vicinity to the 

wavelength of λ = 670 nm at which the grating momentum G matches the 2kSPouter. In this 

region, the counter-propagating SPouter are Bragg scattered [24], which gives rise to a bandgap 

in their dispersion relation. At edges of the bandgap, Bragg-scattered surface plasmon modes 

(BSSPs) can be excited at wavelengths of λ = 630 nm and 730 nm. These SPouter modes are 

referred as to ω
+
 mode (λ = 630 nm) and ω

-
 mode (λ = 730 nm) and they exhibit electric field 

intensity localized at grating peaks (ω
-
) and valleys (ω

+
) as seen in Fig. 5(a) and 5(b), 

respectively. Let us note that the electric field intensity profiles are normalized with the 

maximum intensity |Emax|
2
 to clarify the field distribution of considered plasmon modes. The 

increased PMD on the grating surface occurs at wavelengths where BSSPs can be excited as 

these modes are less dependent on the angle of incidence θI than regular surface plasmons, 

see Fig. 4. An additional resonance due to the −1st order diffraction grating coupling to 

surface plasmons at the inner surface of the gold film (G-SPinner) is observed in Fig. 4(a). This 

resonance is associated with the field enhancement at the inner interface of the gold film as 

confirmed by the electric field intensity distribution presented in Fig. 5(c). G-SPinner resonance 

crosses over the SPouter dispersion relation at wavelengths λ around 800 nm. When decreasing 

the thickness of Ta2O5 layer t3, the momentum of SPinner decreases and the resonance 

wavelength for the excitation of G-SPinner is blue-shifted. For the layer structure with Ta2O5 

layer thickness of t3 = 0 nm, G-SPinner resonance overlaps with the bandgap in SPouter 

dispersion relation, see Fig. 4(b). The electric field intensity profile for G-SPinner inside the 

bandgap is presented in Fig. 5(d) and it shows this mode is partially coupled to SPouter and 

exhibits a BSSP ω
+
 nature at both inner and outer metallic interfaces. We assume that it 

originates from diffraction coupled counter-propagating SPouter and SPinner when kSPouter = G-

kSPinner holds. 

 

Fig. 4. Simulated reflectivity for grating modulation depth d = 30 nm and Ta2O5 layer with the 

thickness of (a) t3 = 100 nm and (b) t3 = 0 nm. The reflectivity (a) was calculated for LASFN9 

substrate and (b) for BK7 substrate. Water on the top of PMMA layer and the azimuth angle φ 

= 0 deg are assumed. 
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Fig. 5. Electric field intensity across the Bragg grating |E|2 normalized with the maximum 

intensity |(E)max|
2 calculated for (a) ATR–coupled BSSP mode ω+ and (b) ATR–coupled BSSP 

mode ω- at the outer gold interface, (c) grating-coupled propagating SP at the inner gold 

interface, and (d) coupled surface plasmon at the inner and outer interfaces. The respective 

angles and wavelengths are noted as circles in Fig. 4. 

4.3 SPCE mediated by regular surface plasmons 

SPCE on a flat layer structure without the corrugation (d = 0 nm) and air on the top (n6 = 1) 

was firstly examined. The measured dispersion relation of surface plasmons for this geometry 

is shown in Fig. 6(a). It reveals that SPR occurs at the angle θI~39 deg in the LaFN9 glass 

substrate for the emission wavelength λem = 670 nm. The fluorescence image presented in Fig. 

6(b) exhibits the characteristic SPCE cone with the polar angle θem~38 deg which is in 

agreement with the SPR condition at the emission wavelength λem in Fig. 6(a). 

 

Fig. 6. (a) Dispersion relation of surface plasmons and (b) corresponding fluorescence 

emission image for flat layer structure on LaSFN9 substrate without Ta2O5 layer (t3 = 0 nm) 

and air on the top n6 = 1. 
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4.4 SPCE mediated by Bragg-scattered surface plasmons 

Further, we investigated the effect of a Bragg grating to fluorescence emission on the samples 

supporting BSSPs modes close to the emission wavelength λem. When the refractive index of 

the upper medium is increased to n6 = 1.33 and the layer structure is corrugated with the 

modulation depth of d = 10 nm, the resonant coupling to SPouter shifts to higher angles and a 

gap appears in their dispersion relation. As seen in Fig. 7(a), BSSP modes located at edges of 

the bandgap occur at wavelengths of λ = 670 nm (ω
+
) and 700 nm (ω

-
). The BSSP ω

+
 

wavelength matches the fluorescence emission wavelength λem which leads to additional 

confinement of fluorescence signal on the SPCE cone at azimuth angles close to φ = 0 and 

180 deg, see Fig. 7(b). The peak intensity at these angles where emission via BSSP ω
+
 occurs 

was increased by a factor of ~3 compared to that for regular SPCE cone. This effect is due to 

the enhanced PMD associated with the presence of BSSP at the emission wavelength λem [24]. 

The emission via BSSPs occurs only at narrow range of azimuth angles as the bandgap is 

blue-shifted away from the emission wavelength λem by increasing φ. When increasing the 

modulation depth to d = 30 nm, the bandgap becomes wider and BSSP ω
+
 and ω

-
 modes shifts 

to the wavelengths of 625 nm and 730 nm, respectively [see Fig. 7(c)] which agrees well with 

simulations presented in Fig. 4(a). Small differences between measured and simulated 

dispersion relation can be attributed to the discrepancy in refractive indices of materials and 

possible changes in modulation depth of the replicated grating. For this sample, the emission 

wavelength λem lies inside the bandgap and thus SPCE signal is canceled in the direction φ = 0 

and 180 deg as shown in Fig. 7(d). Interestingly, the intensity of whole SPCE cone associated 

with emission via SPouter modes is strongly decreased and the intensity of fluorescence signal 

at smaller polar angles θem is dramatically enhanced. This emission pattern is not symmetrical 

and the maximum intensity is observed at azimuth angles φ~ ± 50 and ± 130 deg. 

 

Fig. 7. Dispersion relations of surface plasmon modes on a gold grating surface with the Ta2O5 

layer (t3 = 100 nm) and water on the top (n6 = 1.33) for the modulation depth of (a) d = 10 nm 

and (c) d = 30 nm. Corresponding spatial distribution of fluorescence light emitted into a 

LaSFN9 glass substrate for grating with the modulation depth of (b) d = 10 nm and (d) d = 30 

nm. 

In order to elucidate the origin of this feature, dispersion relation of surface plasmon 

modes supported by the grating was measured for azimuth angles varied from φ = 0 to 90 deg. 
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As shown in Fig. 8(a)-8(d), the wavelength at which G-SPinner occurs is gradually blue-shifted 

and become less dependent on the angle of incidence θI when increasing the azimuth angle φ. 

This observation agrees with previously reported works [25]. The measured azimuthal 

dispersion indicates that the the resonant coupling to G-SPinner occurs at the emission 

wavelength of DiD dye λem = 670 nm for the azimuth angle φ = 50 deg. This angle matches 

the one at which the enhanced fluorescence emission was observed in Fig. 7(d). The weak 

dependence of the resonant wavelength on the angle of incidence θI explains the broad polar 

angular range at which the fluorescence light is emitted via G-SPinner. These data reveal that 

SPinner can efficiently collect fluorescence light from fluorophores placed at the outer metallic 

surface. This feature is interesting as the simulated probability of the fluorescence emission 

for SPinner on a flat structure is 6 times smaller than that for SPouter (see Fig. 3) due to the 

relatively small overlap of SPinner field with the top PMMA layer containing dyes [see Fig. 

5(c)]. The enhanced emission rate via SPinner can be ascribed to the redistribution of 

fluorescence emission pathways associated with the cancelling SPouter on the corrugated 

grating layer architecture. 

 

Fig. 8. Azimuth dependence of surface plasmon dispersion relation on a grating with the 

modulation depth d = 30 nm, Ta2O5 layer thickness t3 = 100 nm, and water medium on the top 

n6 = 1.33: (a) φ = 0 deg, (b) φ = 30 deg, (c) φ = 50 deg and (d) φ = 90 deg. Polar angles in 

LaSFN9 glass were measured. Momentum vector scheme for azimuth dependence of (e) 

Bragg-scaterred SPouter and (f) diffraction grating-coupled SPinner. 

In addition, momentum vector schemes are shown in Fig. 8(e)-8(f) in order to illustrate 

the azimuth dispersion of the coupling to SPouter and SPinner. On the outer surface, the grating 

was designed to support Bragg-scattered SPouter (occurring when 2kSPouter = G) at the 

wavelength 670 nm and azimuth angle φ = 0. Upon the excitation of SPouter at an increased 

azimuth angle φ > 0 deg, the parallel component of 2kSPouter to G is decreased and its 

magnitude does not match |G|, see Fig. 8(e). In order to fulfill the Bragg-scattering condition, 

the magnitude of kSPouter needs to be enlarged which occurs at lower wavelength and leads to 
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a blue shift of the bandgap as observed in Fig. 8(a)-8(d). For the inner surface, SPSPinner is 

excited by −1st diffraction order when the condition kph-G = kSPinner holds (where kph// is the 

in-plane momentum vector of the incident light beam). As Fig. 8(f) shows, the G-SPinner 

excitation requires an enhanced magnitude of the in-plane momentum of the incident light 

beam |kph//| when the azimuth angle φ is increased. This leads to the larger resonance (polar) 

angle of incidence θI at a given wavelength and to a blue shift of the G-SPinner resonance at a 

fixed angle of incidence θI. This trend is in agreement with measured data presented in Fig. 

8(a)-8(d). 

4.5 SPCE mediated by cross-coupled surface plasmons 

Finally, SPCE on the grating structure with cross-coupled surface plasmons at inner and outer 

metallic surface was studied. The gold grating with the modulation depth of d = 30 nm on 

BK7 glass substrate was brought in contact with air (n6 = 1) and water (n6 = 1.33) in order to 

tune the SPouter. The refractive index at the inner gold surface was decreased by choosing the 

thickness of Ta2O5 layer t3 = 0 nm which shifted the excitation of G-SPinner to lower 

wavelength below 700 nm. For the structure in contact with air, anti-crossing between G-

SPinner and ATR-coupled SPouter occurs as seen in the measured dispersion relation in Fig. 

9(a). Figure 9(b) shows that for this configuration the SPCE signal at the direction parallel to 

the grating vector φ = 0 and 180 deg is cancelled due to the gap occurring at emission 

wavelength λem. In other directions (φ≠0 deg), SPCE retains its characteristic circular shape in 

the same manner with Fig. 8(b). When the refractive index of the upper medium is increased 

to n6 = 1.33, the dispersion relation of SPouter shifts to higher angles and a BSSP bandgap 

opens at wavelengths close to the emission wavelength λem, see Fig. 9(c). 

 

Fig. 9. Dispersion relation of cross-coupled surface plasmon modes for grating with the 

modulation depth of d = 30 nm and without Ta2O5 layer t3 = 0 nm and the refractive index of 

upper medium (a) n6 = 1 and (c) n6 = 1.33 and respective fluorescence distributions emitted 

through the substrate (b) and (d). 

As discussed in previous section, the grating-coupled SPinner occurring inside this bandgap 

is partially cross-coupled to BSSPs ω
+
 mode (see simulated dispersion relation in Fig. 4(b) 

which agree well with the experiment and electric field intensity profile in Fig. 5(d)). This 
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cross-coupling effect alters the dispersion relation of SPinner which makes the resonance 

wavelength weakly dependent on the angle of incidence θI and increases the field strength at 

the outer gold interface, see Fig. 5(d). The corresponding SPCE image shows a dominant 

emission via SPinner centered at azimuth angles φ = 0 and 180 deg and cancelled SPCE cone 

via SPouter modes. This fluorescence emission pattern has similarity to that shown in Fig. 7(d) 

for which the emission occurs at higher azimuth angles due to the larger propagation constant 

of SPinner probing the Ta2O5 layer. 

5. Conclusions 

Dense sub-wavelength plasmonic gratings allow controlling spatial distribution of surface 

plasmon-coupled emission (SPCE) through a thin metal film on a dielectric substrate. The 

dispersion relation of surface plasmons at upper and lower interfaces of the thin metallic film 

can be simply tuned by changing the refractive index at respective metallic interfaces and 

enables exploiting a rich spectrum of Bragg scattered and cross-coupled surface plasmon 

modes. These waves can serve as efficient fluorescence decay channels for emitters placed on 

the top of the metallic film. In particular, modification of surface plasmon characteristics can 

suppress or enhance the fluorescence light intensity emitted to specific polar and azimuth 

directions on or inside the characteristic SPCE emission cone. These features can provide 

means for tuning the interaction of emitters with surface plasmons in areas including optical 

sources relying on nanoscale antennas and sensor utilizing surface plasmon-enhanced 

fluorescence spectroscopy. In particular, these observations may provide leads to advance 

plasmon-enhanced fluorescence sensors through more efficient collecting of fluorescence 

light emitted via Bragg-scattered surface plasmons, simpler detection of SPCE signal emitted 

at smaller polar angles and can be useful for multiplexing of sensing channels by emitting the 

fluorescence light from different sensing areas to different directions. 
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ABSTRACT: A new plasmonic sensor chip is developed which can rapidly actuate long range 

surface plasmons (LRSPs) and holds potential for biosensor applications. This approach relys on 

the thermo-responsive poly(N-isopropylacrylamide)-based hydrogel (NIPAAm) film attached to 

the sensor surface and rapid temperature modulation scheme based on indium tin oxide (ITO) 
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micro-heaters embedded into a sensor chip. The employed hydrogel exhibits a sharp phase 

transition in aqueous environment at lower critical solution temperature LCST=32 °C 

accompanied with a large thermo-optical coefficient of dn/dT =2×10-2 °C-1. In addition, the 

surface attached hydrogel film can simultaneously serve as an extended three-dimensional 

binding matrix in biosensor applications by modification with biomolecular recognition 

elements. In this paper, we developed layer architecture consisting of ITO micro-heaters, a 

sensing layer supporting long range surface plasmons and NIPAAm-based hydrogel layer on its 

top. This sensor platform was applied for time-resolved observations of swelling and collapsing 

processes of the NIPAAm-based hydrogel film. The results revealed that the hydrogel film with 

1 µm thickness in swollen state can respond to a temperature stimulus faster than 100 ms a 

accompanied with a refractive index change as large as 0.1 over several hundred heating and 

cooling cycles. These features are employed to actuate LRSPs in surface plasmon-enhanced 

fluorescence (SPFS) biosensor for detection of fluorescence labeled molecular analytes. We 

revealed that rapid actuating of LRSPs allows switching on and off the fluorescence signal 

originating from target molecules captured in the hydrogel film on the sensor surface. Among 

others, this feature holds potential for implementation of time-multiplexing of sensing channels 

based on sequential readout of molecular binding events occurring at spatially separated areas on 

the sensor chip.  

 

1. INTRODUCTION 

 Plasmonics represents rapidly developing research and technology that takes advantage of tight 

confinement of electromagnetic field at a metallic surface associated with resonant excitation of 

surface plasmons. The development of active plasmonic devices has attracted attentions due to 
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their potentials for applications in important areas, such as signal processing, photovoltaics, and 

sensing.1 Up to now, various hybrid systems have been investigated to actuate surface plasmons, 

which are based on metallic surfaces with dielectric materials for electro-optical,2, 3 thermo-

optical,4 magneto-optical,5 photo-induced,6 and electrochemical-based7 modulating of refractive 

index. However, these approaches typically provide weak strength in refractive index modulation 

(<10-2-10-3) 8, 9 which is in most cases not sufficient to actuate surface plasmons. 

 

In this work, we employ poly(N-isopropylacrylamide) (NIPAAm)-based hydrogel to actuate 

long range surface plasmons. NIPAAm represents a well characterized thermo-responsive 

material exhibiting a large thermo-optical coefficient in aqueous environment at the lower 

critical solution temperature (LCST) of 32 °C. Recently, this characteristics has been used to 

actuate localized surface plasmon resonance (LSPR) on arrays of metallic nanoparticles10, 11 and 

implemented to surface-enhanced Raman spectroscopy12 as well as surface plasmon resonance 

spectroscopy.13, 14 In addition to the thermo responsive properties, NIPAAm-based hydrogel 

films attached to the SPR sensor surfaces can simultaneously serve as an extended three-

dimensional binding matrix and optical waveguide mode supporting layers which are essential 

for biosensor applications15. In our laboratory, various NIPAAm-based hydrogel materials were 

developed and applied in optical biosensors based on hydrogel optical waveguide spectroscopy 

for direct detection16, 17 and surface plasmon-enhanced fluorescence spectroscopy18, 19 (SPFS) – 

for fluorescence detection of target analytes. The equilibrium thermo responsive properties of 

crosslinked NIPAAm-based layers were  studied depending on the network density, medium in 

which hydrogel swells, and polymer backbone modifications.13, 20-23 This paper extends these 

studies by investigating the swelling and collapsing kinetics of the thin hydrogel films and the 
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dependency of their thermo-responsive properties on the modifications by proteins. The thermo-

responsive hydrogel is employed for rapid actuation of surface plasmons by using a micro-heater 

. The implementation of depeloped sensor architecture for time-multiplexing of sensing channels 

in plasmon-enhanced fluorescence biosensor is discussed.  

 

2. EXPERIMENTAL SECTION 

2.1 Materials Carboxylated poly(N-isopropylacryamide) (NIPAAm)-based hydrogel, sodium 

para-tetrafluorophenol-sulfonate (TFPS) and S-3-(benzoylphenoxy)propyl ethanthiate 

(benzophenone thiol) were synthesized as described in the literature14. The NIPAAm-based 

hydrogel was composed of the terpolymer with N-isoproprylacrylamide, methacrylic acid, and 4-

methacryloyl benzophenone, see Figure 1. N-isoproprylacrylamide monomer provided the 

thermo-responsive characteristics, methacrylic acid allowed for post-modification by other 

functional groups, and benzophenone moieties enabled the photo-crosslinking of the polymer 

network. The Cytop fluoropolymer (CTL-809M) was purchased from Asahi Glass (Japan). SU-8 

and its solvent were obtained from MicroChem (USA). Phosphate buffer saline (PBS, 10 mM 

phosphate, 140 mM NaCl, 3 mM KCl and a pH of 7.4) was from Callbiochem (Germany). PBS-

Tween buffer (PBST) was prepared by adding 0.05 vol % of Tween 20 in PBS buffer solution. 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was obtained from Pierce (USA). 10 mM 

acetate buffer (ACT) with pH 4 was prepared from sodium acetate adjusting the pH by adding 

acetic acid. 1 M Ethanolamine with pH 8.5 was prepared from ethanolamine adjusting the pH by 

adding sodium hydroxide. Mouse immunoglobulin G (IgG) and goat anti-mouse IgG labeled 

with Alexa Fluor 647 were purchased from Molecular Probes (USA). The absorption and 
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emission bands of Alexa Fluor 647 label are at the wavelength λab=652 and λem=670 nm, 

respectively. All other chemicals were purchased from Sigma-Aldrich (Germany).  

 

Figure 1 

 

2.2 Fabrication of sensor chip. Firstly, micro-heater that consisted of 25 nm thick indium tin 

oxide (ITO) pad with a pair of 50 nm thick gold electrodes was prepared on a BK7 glass 

substrate by sputtering (UNIVEX 450C from Leybold, Germany). The ITO pad area of  

0.5×1 mm2 and the gold electrodes stripe width of 0.5 mm were defined by using a set of CO2 

laser-cut stencil masks. On the top of ITO micro-heater, layer architecture supporting long range 

surface plasmons (LRSP) was deposited as described in our previous works.24, 25  Briefly, Cytop 

fluoropolymer layer with a thickness of 600 nm was spincoated over the whole sensor chip 

followed by the sputtering of 20 nm thick SPR-active gold film. Let us note that the Cytop film 

protected the ITO micro-heater with gold electrodes. In addition, it served as a low refractive 

index buffer layer (with refractive index of 1.337 at the wavelength of λ=633 nm) providing a 

refractive index symmetrical geometry that is required for the excitation of LRSPs on the 20 nm 

thick gold film with a hydrogel swollen in aqueous medium on its top, see Figure 2. 

 

Figure 2 
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NIPAAm-based hydrogel was tethered to a gold surface by using an SU-8 or BP-thiol linker14 

layers. The polymer was dissolved in ethanol at a concentration of 20 mg/mL and spincoated on 

the area supporting LRSPs. Afterwards, the layer was dried in vacuum and exposed to UV light 

(wavelength 365 nm, irradiation dose of 4 J cm-2) in order to covalently crosslink and attach the 

polymer network to the gold surface. The thickness and refractive index of a dry hydrogel film 

were determined by surface plasmon resonance (SPR) as dh_dry=135 nm and nh_dry=1.48,26 

respectively.   

The immobilization of mouse IgG catcher molecules in the NIPAAM-based hydrogel matrix was 

performed in situ. Firstly, the hydrogel was swollen in ACT buffer and its carboxylic moieties 

were activated by 20-minute flow of water solution with a mixture of TFPS (10.5 mg mL-1) and 

EDC (37.5 mg mL-1). Then, the surface was rinsed with ACT buffer for 5 minutes and mouse 

IgG dissolved in ACT buffer at a concentration of 50 µg mL-1 was flowed over the activated 

hydrogel surface. After the reaction of mouse IgG with TFPS-activated carboxylic groups in the 

hydrogel layer, the un-reacted TFPS moieties were blocked by 20-minute incubation in a 

solution with 1 M ethanolamine at pH 8.5. Finally, the functionalized hydrogel was successively 

washed with ACT and PBS for 5 and 10 min, respectively. The surface mass density Γ of 

covalently immobilized mouse IgG was controlled by the time for which the protein solution was 

flowed across the surface (between 0 and 60 min) and it was determined by the spectroscopy of 

LRSP and hydrogel optical waveguide (HOW) modes as described in our previous studies.16, 17  

 

2.3 Experimental setup An optical setup utilizing attenuated total reflection (ATR) method with 

Kretschmann configuration was employed. This setup combined the angular interrogation of 
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LRSPs with spatially resolved measurements based on surface plasmon resonance imaging 

(SPRI). As shown in Figure 3, a parallel monochromatic light beam with transverse magnetic 

(TM) polarization was coupled to a 90° prism made of LASFN9 glass. As a light source, He-Ne 

laser (PL610P, Polytec, Germany) emitting light at a wavelength of 633 nm or LED (LE-1R-C, 

WT&T Inc.) with narrow transmission band pass filter (FL632.8-10, Thorlabs) was used. At the 

prism base, a sensor chip with ITO micro-heater and LRSP-supporting layers was optically 

matched by using refractive index matching oil. The intensity of the light beam reflected from 

the prism base was measured with a photodiode detector connected to a lock-in amplifier (Model 

5210, Princeton Applied Research) or by using a CCD camera (piA1000-48gm, Basler AG) with 

a C-mount camera lens (UNIFOC 58, Schneider Kreuznach). Two-circle rotation stage (Huber 

GmbH, Germany) was used for the control of the angle of incidence θ of a light beam hitting the 

gold sensor surface. For the kinetics measurement, angle of incidence θ was fixed in vicinity to 

that where resonant coupling to LRSPs occurred and the reflectivity signal R was measured in 

time. Fluorescence light emitted into the aqueous medium from affinity captured molecules on 

the sensor surface was collected through the flow-cell with a lens (NA=0.3). The fluorescence 

intensity was measured in counts per second (cps) by a photomultiplier tube (H6240-01, 

Hamamatsu, Japan) which was connected to a counter (53131A, Agilent, USA). For spatially 

resolved measurements, the photomultiplier tube was replaced by electron multiplying charge-

coupled device (EM-CCD iXon+885, Andor Technology, Ireland). A set of filters including 

notch (XNF-632.8-25.0M, CVI Melles Griot, Germany) and band-pass (670FS10-25, LOT-

Oriel, Germany) filters were used in order to suppress the background signal outside the 

emission band centered at the wavelength of λem=670 nm. 
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Figure 3 

 

Against the sensor surface, a flow-cell with the volume of 25 μL was attached in order to flow 

liquid samples at 0.5 mL/min by using a peristaltic pump. The sensor head comprising the prism, 

sensor chip and flow-cell was temperature stabilized at a background temperature T0 by a Peltier 

device connected to a temperature control driver (LFI3751, Wavelength Electronics). In order to 

locally heat the sensor surface, ITO micro-heater gold electrodes were connected to a current 

modulator (NI9265, National Instruments). Typically, the ITO layer exhibited resistance of 280 

Ω. The data acquisition, image processing and the control of the overall sensor system was 

performed by using LabVIEW-based software. 

 

The local temperature changes induced by applying current to the micro-heater were calibrated 

by using temperature depending refractive index of water27. In this calibration process, the time 

resolved reflectivity measurement was performed at the angle of incidence which is slightly 

lower than that of LRSPs at bare gold sensor surface in contact with water. The reflectivity 

change was detected in time upon applying a series of current pulses I. Water is made to flow 

over the sensor surface. As shown in Figure 4a, the reflectivity R drops when the local 

temperature is increased by applying the current which is accompanied with decrease of 

refractive index of water.27 At the end of the current pulse, the reflectivity R increases to the 

baseline as the heat rapidly dissipates from the sensor surface and local temperature decreases to 

that of background T0. We defined the response time of the ITO micro-heater δtμ as the time in 

which the change in reflectivity signal R reached to half of that in equilibrium (see Figure 4a). 
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The obtained response time of δtμ=50 ms was identical for the heating and cooling phase. The 

dependence of equilibrium temperature Teq on the current flow I was determined by comparing 

reflectivity changes δR upon the current flow I with those induced by changing the background 

temperature T0 from 23 to 40°C. A typical calibration curve is presented in Figure 4b which 

shows a quadratic dependence of the temperature Teq on the current I. It illustrates that developed 

micro-heater is able to increase the temperature on the sensor surface over 15 °C with respect to 

the background temperature T0.  

 

Figure 4 

 

In order to determine thickness dh and refractive index nh of the hydrogel film at different 

temperatures, the measured angular reflectivity spectra were fitted by Fresnel-based model. A 

“box” approximation was employed in which the gradient of the hydrogel density perpendicular 

to the surface was omitted. By fitting the spectral features associated with the coupling to LRSP 

and hydrogel optical waveguide HOW modes, both nh and dh were independently determined.16 

 

3. RESULTS AND DISCUSSION 

3.1 Equilibrium characteristics of NIPAAm-based hydrogel. The equilibrium thermo-

responsive properties of the surface attached NIPAAm-based hydrogel film were studied by 

measuring SPR spectra at various background temperatures T0. Firstly, the temperature 
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depending thickness change of the hydrogel film in contact with water was investigated. Figure 

5a shows a series of angular reflectivity spectra of the hydrogel film attached to the LRSPs 

supporting layer at various temperatures T0=20 to 35 °C. The  resonant excitations of LRSPs are 

manifested as a narrow dip in the angular reflectivity spectrum located at angles θ=49.5-50.5 

deg. Additional feature is observed below the critical angle θ<θc which is associated with 

coupling to HOW mode.17 By increasing the temperature T0, the LSPR dip shifted to higher 

angles and HOW dip disappears as can be seen in the increase of reflectivity below the critical 

angle. These changes are induced by the gradual collapse of the hydrogel film accompanied with 

an increase of its refractive index nh. The thickness (dh) and the refractive index (nh) of the 

hydrogel are obtained by fitting the refractivity spectra. The swelling ratio Φ of the hydrogel film 

was determined by normalizing the fitted thickness dh with that of the dry hydrogel film dh_dry. 

The temperature dependence of the swelling ratio Φ and refractive index of the hydrogel film is 

shown in Figure 5b. These data show a sharp phase transition of the NIPAAm hydrogel 

accompanied with large changes in swelling ratio and refractive index at lower critical 

temperature, LCST=32 °C. The transition of the hydrogel from swollen to collapsed state is 

accompanied with a large refractive index change of Δnh=0.1. Moreover, this change occurs 

within a narrow temperature range which leads to thermo-optical coefficient as large as 

dnh/dT0=2.2×10-2 °C-1 at T0=32 °C. The swelling ratio differs by a factor of 4.1 between the 

swollen (Φ=6.2 at T0=20 °C) and fully collapsed (Φ=1.5 at T0=40 °C) state which agree with 

previous studies.21  
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Figure 5 

 

Secondly, the thermo-responsive properties were investigated for the hydrogel films in contact 

with PBS buffer which is often used in biosensor applications. Particularly, the effects of 

chemical modification of carboxyl groups in hydrogel polymer chains (see Figure 1) on the 

thermo-responsive properties were investigated. In this set of experiments, the surface attached 

hydrogel films were modified with different amount of mouse IgG and ethanolamine (ETA). The 

amount of mouse IgG loaded in hydrogel film was obtained by fitting the SPR curves before and 

after the modification process. The swelling properties of the unmodified and modified hydrogel 

in PBS buffer were obtained by taking SPR spectra at various background temperatures. Figure 6 

shows the temperature depending swelling ratio of the hydrogel films with different chemical 

modifications. For unmodified hydrogel film, it exhibits higher swelling ratio Φ=8.3 in contact 

with PBS buffer than that with water at T0=20 °C. Furthermore, the thermo induced phase 

transition is strongly hindered as its swelling ratio decreases only by a factor of 1.3 at T0=40 °C 

(see curve 1 in Figure 6). The thermal responsiveness of the hydrogel in PBS can be enhanced by 

the replacement of its carboxyl groups by ETA. The swelling ratio of ETA-modified hydrogel 

decreases by a factor of 2.3 (see curve 2 in Figure 6) by raising the temperature from T0=20 to 40 

°C. When the carboxyl groups were reacted with mouse IgG followed by the passivation with 

ETA, the responsiveness of the hydrogel gradually decreases with increasing the amount of the 

immobilized mouse IgG. As seen in Figure 6 (curves 3 and 4), the collapsing factors of 2.2 and 

1.4 were observed for IgG-loaded hydrogel films with the surface mass densities of Γ=8.2 and 

26.4 ng/mm2, respectively. This weaker thermal responsiveness of the IgG-modified hydrogel 

films in PBS results in significantly lower thermo-optical coefficient of dnh/dTeq~10-3 °C-1 at the 
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original lower critical temperature T0=32 °C for unmodified hydrogel film in water (see Figure 

6). 

 

 

Figure 6 

 

 

3.2 Kinetics of swelling and collapse of NIPAAm-based hydrogel. The response time of the 

hydrogel film to temperature stimuli was investigated by time-resolved reflectivity measurement. 

In this measurement, the kinetics of swelling and collapsing of the hydrogel were studied upon 

the temperature stimuli induced by the ITO micro-heater. Firstly, the kinetics of unmodified 

NIPAAm-based hydrogel film in contact with water was investigated. The reflectivity was 

measured at the angle of incidence θ=49.8 deg which is in the slope of the reflectivity dip 

associated with LRSPs, see Figure 5a. The reflectivity R was acquired every 20 ms which is 

smaller than the response time of the ITO micro-heater δtμ. The background temperature was 

adjusted to T0=20 °C by using the Peltier element. After the reflectivity signal R was stabilized, 

the current I between 5 and 13 mA was flowed through the micro-heater (t=0 s) for 5 s in order 

to increase the local temperature between Teq=24 and 34 °C. Then, the current flow was stopped 

and the local temperature decreased to T0. Results in Figure 7a show that the heating sensor 

surface at t=0 s leads an increase in the reflectivity R due to the shift of resonance angle of 

LRSPs associated with the hydrogel collapses (see Figure 5). After stopping the current flow at 
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t=5 s, the reflectivity R rapidly drops to the baseline induced by temperature decreasing to T0 

accompanied with swelling of hydrogel film. When increasing the equilibrium temperature Teq 

by raising the current I, the reflectivity R saturates at higher levels due to the stronger collapse of 

the hydrogel film. The reflectivity change δR observed for the sensor surface covered with the 

thermo-responsive hydrogel (see Figure 7a) is about one order of magnitude higher than that for 

the bare surface in contact with water (see Figure 4a). The reason is the larger thermo-optical 

coefficient of the hydrogel dnh/dT0=2.2×10-2 °C-1 with respect to that of water dnH2O/dT0=-

1.2×10-4 °C-1 at T0=32 °C. 

 

Figure 7 

 

Let us note that reflectivity changes δR shown in Figure 7a are not proportional to the hydrogel 

thickness dh when the hydrogel is collapsed and the slope of the reflectivity cannot be assumed to 

be linear anymore, see the reflectivity spectra in Figure 5a. In order to obtain more detail 

information on the swelling and collapsing kinetics, the hydrogel thickness dh were calculated by 

comparing the reflectivity signal R upon the current flow I = 13 mA (in Figure 7a) with a series 

of angular spectra measured for different equilibrium temperatures T0 (in Figure 5a). As shown 

in Figure 7b, the result reveals that the collapsing process occurs in two phases. In the first 250 

ms after the current apply, the hydrogel rapidly collapses from dh =690 nm to 420 nm with a 

characteristic time of δtI ~ 100 ms (phase I). Afterwards, the hydrogel undergoes a slower 

transition with one order of magnitude larger characteristic time δtII ~ 1.1 s to reach the 

equilibrium (phase II) accompanied with the thickness change from dh =420 nm to 290 nm. The 
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swelling process takes shorter time than that of collapsing process. The initial process (phase I) 

proceeds fast swelling accompanied with the thickness changes from dh =290 nm to 610 nm with 

a characteristic time of δtI ~ 50 ms. The following process (phase II) is less pronounced 

accompanied with thickness change from dh =610 nm to 660 nm and shows a characteristic time 

of  δtII~800 ms. Let us note that the difference in the kinetics of swelling and collapsing can be 

attributed to the performance characteristics of the developed temperature modulation systems 

and the differences in the slopes of swelling ratio and temperature dΦ/dT0 where the hydrogel is 

swollen (dΦ/dT0=-0.12 °C-1 at Teq=22.5 °C) and collapsed (dΦ/dT0=-0.49 °C-1 at Teq=32 °C), see 

Figure 4a and Figure 5a, respectively. As shown in Figure 4a, the fast and dominant temperature 

changes occur within 100 ms after applying or stopping the current flow, and the changes 

become slower as they reach to the equilibrium temperature. In the collapsing process, the 

temperature needs to be increased over 10 °C in order to be above the LCST. In the fast heating 

period after the current is applied to the micro-heater, the hydrogel film exhibits small slope of 

dΦ/dT0 which results in small thickness changes in the phase I. When the temperature reaches to 

the LCST where the hydrogel film exhibits a large slope dΦ/dT0, temperature changes become 

slower that makes collapsing process slower in the phase II. This slow collapsing process can be 

partially attributed to hindered diffusion of water through denser polymer network. Contrary to 

the collapsing process, the swelling process is accompanied with the rapid cooling across the 

LCST and a large slope of dΦ/dTeq which leads the rapid thickness changes of the hydrogel film. 

In addition, the rapid phase I of swelling may associate with fast diffusion of water into the 

polymer network. The slower collapsing process in phase II can be attributed to the possible slow 

relaxation of polymer chains. 
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Assuming that the phase transition of the hydrogel film is dominated by one-dimensional 

diffusion of polymer chains in water, its response time to an external stimulus can be described 

as ~dh
2/2Dm, where Dm is a mutual diffusion coefficient. As swelling and collapsing response 

time is faster than 100 ms for the 690 nm thick hydrogel film, the mutual diffusion coefficient 

Dm can be estimated to be larger than 4×10-6 mm2s-1 which is within the lower range of values 

reported for similar hydrogel films by other works.28 As the observed hydrogel response time is 

limited by the resolution of developed micro-heater (δtμ ~ 50 ms) the modulation speed of SPR 

can be enhanced by improving the performance of this component.  

The kinetics of swelling and collapsing was studied for the IgG-modified hydrogel film in 

contact with PBS as well. Figure 8 shows the result of the time-resolved reflectivity 

measurement on swelling and collapsing of IgG-modified hydrogel film upon the repeating 

current flows to the micro-heater. In this measurement, the applied current was set to which can 

heat the sensor surface to 34 °C and repeating current pulses with 100 ms width are applied to 

the micro-heater. The magnitude of the reflectivity variations induced by heating was smaller by 

a factor of two with respect to that of unmodified hydrogel in contact with water. The swelling 

and collapsing of the hydrogel was shown to be fully reversible and allowed for several hundred 

cycles without a change in the thermo responsive properties. The width of the reflectivity peak 

induced by a current pulse was Δt~100 ms (defined as full width of the half maximum - 

FWHM) as seen in Figure 8. 

 

Figure 8 
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3.3 Implementation to surface plasmon-enhanced fluorescence biosensor. The developed 

sensor platform with active plasmonic architecture is employed for the manipulation of 

fluorescence signals in SPFS based biosensors. In this experiments, NIPAAm-based hydrogel 

film with the thickness of dh=860 nm in PBS was modified with mouse IgG with the surface 

mass density Γ=19 ng/mm2. Afterwards, Alexa Fluor 647 dye-labeled anti-mouse IgG dispersed 

in PBST at concentration of 20 μg/mL was flowed over the sensor surface for 80 min followed 

by rinsing with PBST for 10 min. The change in surface mass density due to the affinity binding 

of anti-mouse IgG in the hydrogel matrix was determined as ∆Γ=3.3 ng/mm2 by fitting the 

reflectivity spectra shown in Figure 9a. As this figure shows the binding of a-mIgG produces 

strong fluorescence signal F at angles where HOW and LRSP modes are resonantly exited. 

When the temperature is increased from Teq=23 °C to 35 °C by using the micro-heater, the shifts 

of the resonance angles lead the change in the fluorescence peaks, see Figure 9b. Especially, the 

fluorescence intensity exhibits a dramatically change at the resonance angle of HOW mode 

(θ=47.5 deg) at the temperature of T0=23 °C, see δF in Figure 9b. The time-resolved 

fluorescence measurement was carried out at this angle of incidence upon the temperature 

modulations by using ITO micro-heater. As  Figure 9c shows, the fluorescence signal F became 

close to the background due to the weak coupling to HOW mode by heating the sensor pad to 

Teq=35 °C. After the decreasing of temperature to T0=23 °C, the reflectivity signal R decreases 

which indicates stronger coupling to HOW modes and fluorescence signal F is strongly 

enhanced. The inserted fluorescence images in Figure 9c shows the spatial distribution of the 

fluorescence signal that is measured from the sensor surface by using an EM-CCD camera. Upon 

the resonant excitation of HOW mode at Teq=23 °C a clear fluorescence signal is observed from 

the sensor pad coated with NIPAAm-based hydrogel film. After increasing the temperature to 
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Teq=35 °C, the signal decreases to background. Let us note that the angular spectra shown in 

Figure 9a-b are taken from different sensing spot in the same sensor chip. The beam diameter is 

adjusted by using an aperture in order to fit into the sensor spot before each experiment. That 

causes the difference in the reflectivity and fluorescence intensity of Figure 9a-c. 

   

 

 

Figure 9 

 

4. CONCLUSIONS 

A new approach to rapid actuation of surface plasmon resonance (SPR) was investigated based 

on thermo-responsive NIPAAm-based hydrogel and an ITO micro-heater embedded to SPR-

active layer architecture. The developed scheme allowed strong modulating of refractive index 

on a metallic surface supporting surface plasmons with the thermo-optical coefficient as large as 

2.2×10-2 °C-1. The kinetics measurements of swelling and collapsing of the hydrogel films were 

carried out with the unmodified and modified hydrogel with mouse IgG molecules. The 

characteristic response time of around 100 ms was obtained for a hydrogel film with sub-

micrometer thickness. As the hydrogel layer can simultaneously serve as a binding matrix with a 

large binding capacity of the capture molecules, we implemented the developed sensor chip into 

a biosensor which relies on the surface plasmon-enhanced fluorescence and the fluorophore-

labeled anti-mouse IgG antibodies was detected. The actuating of surface plasmon modes by 

collapsing and swelling of the hydrogel allowed switching on and off the fluorescence signal 
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from a sensing pad. This functionality can be employed in future work for time multiplexing of 

sensing channels that utilizes sequential readout from spatially separated sensing spots. 
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FIGURE CAPTIONS 
 
Figure 1 Schematics of NIPAAm-based hydrogel system and its modification with protein 

molecules by using active ester chemistry.  

 

Figure 2 Sensor chip with embedded indium tin oxide (ITO) micro-heater and SPR-active layer 

architecture with thermo-responsive hydrogel layer on the top.  

 

Figure 3 Optical setup employed for the spectroscopy of LRSP modes combined with SPR 

imaging and surface plasmon-enhanced fluorescence spectroscopy (SPFS) for detection of 

molecular analytes captured in a hydrogel matrix. 

 

Figure 4 Micro-heater calibration: (a) LRSPR response measured at a fixed angle of θ=48.7 deg 

for the bare gold surface in contact with water upon its heating and relaxing back to the 

background temperature T0=23 °C and (b) typical calibration curve showing the equilibrium 

temperature Teq depending on the current flow I through the ITO pad. 

 

Figure 5 (a) Angular reflectivity spectra measured upon the probing of un-modified NIPAAm-

based hydrogel film swollen in water at temperatures T0= 20, 30, 33 and 35 °C. (b) Temperature 

depending swelling ratio Φ=dh/dh_dry of un-modified NIPAAm-based hydrogel film swollen in 

wate 
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Figure 6 Comparison of the temperature depending equilibrium swelling ratio Φ=dh/dh_dry for the 

unmodified hydrogel (triangles), hydrogel modified by ETA (diamonds), and hydrogel modified 

with mouse IgG molecules with surface mass density Γ=8.2 (circle) and 26.4 ng/mm2 (squares) 

swollen in PBS. Lines represent the fitted reflectivity curves by using a Fresnel reflectivity-based 

model. 

 

Figure 7 (a) Kinetics of swelling and collapse of un-modified NIPAAm-based hydrogel film that 

is swollen in water seen from LRSPR reflectivity changes. A current pulse was flowed through 

the ITO micro-heater with the magnitude between I=5 mA and 13 mA leading to an increase in 

the equilibrium temperature from Teq=25 to 34 °C. (b) Obtained time-evolution of hydrogel film 

thickness dh upon its swelling and collapse as a response to a temperature pulse inducing an 

increase of the temperature from T0=20 °C to Teq=34 °C. 

 

Figure 8(d) LRSPR reflectivity response to series of temperature pulses for the sensor surface 

with NIPAAm-based hydrogel and immobilized IgG molecules swollen PBS. Current pulses 

with the magnitude of 14 mA current were applied with 2 sec interval and the background 

temperature was set to T0=20 °C. 

 

Figure 9 (a) Angular reflectivity and fluorescence spectra of hydrogel film modified with mouse-

IgG in PBS buffer before and after capture of labeled anti-mouse goat-IgG, and (b) hydrogel film 

modified with mouse-IgG and labeled anti-mouse goat-IgG upon the temperature change from 

23℃ to 35℃ by applying a current to ITO pad. (c), Time evolution measurement of reflectivity 

and fluorescence intensity upon the current flow to ITO pad at angle of 47.5 deg. Inserted 
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pictures are fluorescence images of sensor patch at the excitation angle of HOW mode with(b) 

and without(a) current flow. 
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Figure 1 
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Figure 2  
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Figure 3 
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Figure 4 
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Figure 5 
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 Figure 6 
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Figure 7 

(a) 
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Figure 8 
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Figure 9 
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(c) 
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Abstract—We propose a new approach for surface plasmon-
enhanced fluorescence spectroscopy (SPFS) biosensor with 
efficient collecting of molecular analytes from a sample at the 
sensor surface. It is based on a responsive hydrogel binding 
matrix that is tethered on a metallic sensor surface and that can 
reversibly swell and collapse upon triggering by an external 
stimulus. The swelling is associated with a rapid uptake of an 
aqueous sample into the matrix and subsequent selective binding 
of a specific analyte to the catcher molecules anchored to the 
matrix. Upon the collapse the gel, the sample fluid is expelled and 
the captured analyte is compacted in close proximity to the 
sensor surface where large field enhancement occurs. We pursue 
this approach by using an indium tin oxide (ITO) microheater 
with surface plasmon-supporting metallic layer and thermo-
responsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogel on 
the top. The NIPAAm-based gel can be functionalized with 
catcher molecules and we show that the developed setup enables 
rapid cycling of its swelling / collapsing state by temperature 
modulation around 32 °C. 

I. INTRODUCTION 
     In biosensors based on surface plasmon-enhanced 
fluorescence spectroscopy (SPFS), a liquid sample with a 
target analyte is brought in contact with catcher molecules 
immobilized on the metallic sensor surface, where the analyte 
binding events are probed in the surface plasmon field with 
highest intensity at the metal-liquid interface. This field 
excites fluorophore-labeled molecules in proximity to the 
surface and directly increases the strength of measured 
fluorescence signal the closer the analytes to the metal surface 
[1]. In our laboratory, we pursued research to further advance 
the sensitivity of SPFS biosensor technology by increasing the 
field enhancement, controlling the angular spectrum of 
fluorescence light, and employing large binding-capacity 
biointerfaces [2-4].  

II. CONCEPT 
In SPFS and other methods utilizing heterogeneous assay-

based detection of molecular analytes, the sensitivity is 
hindered by a slow diffusion of the analyte molecules from a 
sample volume to the sensor surface. We propose a new 
concept for rapid collecting of analytes and their compacting 
on the sensor surface for improved sensitivity of SPFS 
detection. This detection scheme is based on a thermo-
responsive hydrogel matrix that is functionalized with catcher 

molecules. This matrix can rapidly swell and collapse by an 
external stimulus (such as temperature changes) and thus 
actively drive target analyte to the surface, see Fig.1. Firstly, a 
sample with the target analyte is brought in contact with the 
collapsed hydrogel that is modified with appropriate catcher 
molecules (a). Consequently, the hydrogel is rapidly swollen 
by water molecules from the sample solution, which drags the 
analyte into the sensor matrix (b). Finally, the collapse of the 
hydrogel biding matrix is externally triggered, which expels 
the excess sample volume from the matrix and compacts the 
selectively captured analyte molecules in close proximity to 
the sensor surface (c). 

III. MATERIALS AND METHODS 

A. Sensor chip  
Microheaters with gold electrodes (50 nm thick Au layer 

with 3 nm of Ta adhesion layer) and ITO pads (thickness 50-
100 nm) were deposited on BK7 glass using magnetron 
sputtering and laser-cut stencil masks. Afterwards, 46 nm 
thick Au pads were prepared on top of ITO microheaters with 
a 300 nm thick Ta2O5 layer in between as insulator layer. The 
Au sensor surface was modified with S-3-
(benzoylphenoxy)propyl ethanthioate (BP-thiol) followed by 
spincoating poly(N-isopropylacrylamide) (PNIPAAm)-based 
hydrogel as described previously [5].  

 
 
 
 
 
 
 
 
 
 
  

 
Fig.1 Schematic of “analyte fishing “ based on a responsive hydrogel 

matrix: a) sample with a target analyte is delivered to the sensor surface, b) 
the hydrogel binding matrix is swollen by uptake of a sample, and c) the 
hydrogel is collapsed and the bound analyte compacted on the surface for 
evanescent wave detection. 

978-1-4244-9837-6/11/$26.00 ©2011 IEEE



The hydrogel with a thickness in the dry state of ddry=200 
nm was simultaneously crosslinked and attached to the surface 
by exposing to UV light (wavelength 365 nm, irradiation dose 
of 2 J cm-2). The used PNIPAAm-based hydrogel carries 
carboxylic groups (that can be further modified with capture 
molecules [6]) and exhibits a lower critical solution 
temperature Tc = 32 ˚C. The NIPAAm-based hydrogel is 
below Tc in the swollen state, and collapsed above Tc. 

B. Experimental setup 
An optical setup based on attenuated total reflection (ATR) 

method in Kretschmann configuration was employed for the 
observation of the thermo-responsive hydrogel film. As shown 
in Fig. 2, TM polarized light at a wavelength of 633 nm (from 
a He-Ne laser or a halogen lamp with narrow transmission 
band pass filter) was coupled to a 90°LASFN9 optical prism. 
A SPR sensor chip was optically matched to the prism base by 
using refractive index matching oil, and a flow cell was 
attached to its surface in order to pass liquid samples. The 
intensity of the laser beam reflected from the prism base was 
measured with a photodiode detector and a lock-in amplifier 
(Model 5210, Princeton Applied Research) or a CCD camera 
(piA1000-48gm, BASLER). The sensor head assembly 
comprising a prism, sensor chip and a flow cell was mounted 
on a two-circle rotation stage (Huber GmbH) in order to 
measure angular reflectivity spectra R(θ) or temporal 
reflectivity changes R(t) at a fixed angle in the steep slope of 
the SPR dip. The whole sensor head was temperature 
stabilized by a Peltier device and a temperature control driver 
(LFI3751, Wavelength Electronics). The gold electrodes of the 
ITO microheaters were connected to a current modulator 
(NI9265, National Instruments) and the electric current 
passing through the ITO layer (with the resistance of 280 Ω) 
allowed rapid heating in close proximity to the sensor surface.   

IV. RESULTS AND DISCUSSIONS 

A. Temperature calibration 
In order to calibrate the ITO microheater, we observed 

SPR changes due to the temperature modulated refractive 
index of water. Firstly, the temperature of the whole sensor 
chip was controlled by a Peltier device and the reflectivity was 
recorded at temperatures between T = 20 and 40 °C.  

 

 

 

 

 

 

 

 

 
Fig.2 (a) Schematics of the optical setup and (b) photograph of the sensor chip 
carrying four different sizes of ITO micro-heaters. 

Afterwards, the Peltier temperature control was set to T = 
20 °C and increasing current was flowed through the ITO 
micro-heater. The temperature changes in close proximity to 
the sensor surface were observed by the corresponding SPR 
reflectivity changes R(t), as seen Fig.3 (a).One can see that 
after a current flow is applied, the reflectivity R(t) rapidly 
decreases due to a decreasing refractive index of water at the 
sensor surface. The correlation of the observed reflectivity 
changes with the temperature setting of the Peltier control 
allowed calibration of the equilibrium temperature with 
respect to the heater current, as plotted in Fig.3 (b). The rise 
and fall times defined as the time after which the induced 
reflectivity change reached half of its maximum value were 
100-200 ms. 

B. Thermoresponsive properties of the PNIPAAM-hydrogel 
Fig. 4 (a) shows typical angular spectra R(θ) measured for 

a gold surface with a swollen (T = 20 °C) and collapsed (T = 
35 °C) hydrogel film in contact with water. The evaluated 
dependence of the refractive index nh (proportional to density) 
and thickness dh of the hydrogel on temperature T were 
obtained by fitting reflectivity curves with a transfer matrix-
based model and is displayed at Fig.4 (b). It reveals that a 
temperature increase from 28 °C to 33 °C translates to a 
dramatic decrease in the thickness dh from 1.7 µm to 0.38 µm. 
The temporal changes of the refractive index nh (inversely 
proportional to the thickness dh) of the hydrogel upon applying 
temperate pulses from T = 20 to 46 °C were probed by SPR. 
The sensorgram in Fig.4 (c) shows that the half maximum 
change in the reflectivity was reached at around 200 ms, 
which is similar to the response measured without the 
hydrogel (see Fig.3 (a)). 
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the current flow through an ITO micro-heater with the resistance of 280 Ω and 
area of 2 mm2. (b) Dependence of the equilibrium temperature at the sensor 
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The response time of a hydrogel to an external stimulus 
scales with a characteristic size Δx and a diffusion coefficient 
Dg of the network as ~Δx2/Dg [6]. For the hydrogel films with 
thickness 1 μm, this corresponds to the response time in the 
range of 0.1-10 milliseconds, which can be reached through 
further design optimization of the ITO microheater. 

V. CONCLUSIONS 
We developed a new sensor setup for the excitation and 

interrogation of surface plasmons with integrated ITO 
microheater. The setup was employed for a rapid control of 
swelling and collapsing of a thin thermo-responsive hydrogel 
film attached to its surface. It allowed changing the 
temperature between 20 and 46 °C with a time resolution 
around 100 milliseconds.  
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Fig.4 (a) Typical angular spectra of a swollen and collapsed hydrogel in 

water. (b) Dependence of refractive index and thickness of the hydrogel on 
equilibrium temperature. (c) Temporal evolution of the SPR reflectivity R(t) 
upon temperature modulation in thermo-responsive hydrogels in dependence 
of the appled current in the ITO micro-heater. 

We show that the PNIPAAm-based hydrogel film with the 
swelling ratio of ~10 and the thickness ~2 μm undergoes 
reversible swelling and collapsing at the time scale below 
hundreds of millisecond (observations were limited by the 
current time resolution of the setup) which is orders of 
magnitude faster compared to that observed for more bulky 
structures used in e.g. actuators [7].  

In the next step, the developed system with thermo-
responsive PNIPAAm-based hydrogel will be functionalized 
and employed for the biosensor application with analyte 
collection. In addition, let us note that the reported approach 
holds potential for actuating surface plasmons. The 
approaches pursued up to now based on electro-optical 
modulation [8], magneto-optical [9], and thermo optical 
modulation [10] allow refractive index modulation < 10-3 
refractive index units (RIU), which is often not sufficient for 
actuating surface plasmons with relatively short propagation 
length. The responsive hydrogels can provide much higher 
refractive index modulation ~10-1 RIU and millisecond 
response times. 
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Introduction Optical setup & data processing Sensitivity consideration

Surface plasmon resonance (SPR) biosensors have established as
a method enabling rapid direct detection of molecular analytes in
various important fields including medical diagnosis, food control
and environmental monitoring. However, they lack the sensitivity
for the analysis of low molecular weight analytes (molecular
weight < 5 kDa) which does not produce detectable RI changes

Introduction Optical setup & data processing

ATR coupling method with Kretschmann geometry was employed.
The angular reflectivity spectra from four channels were imaged at
a CCD camera and averaged in time (over 100 times). The angular
position of HOW modes is determined by polynomial fitting the
averaged spectra.

Sensitivity consideration

h h( n )dΓ =
n / c 




Surface mass density  due
to analyte capture (∂nh/∂c=0.2 mm3/mg)

Surface mass density of IgG antibody
(MW ~ 160 kDa) for dh~1 μm. =10-100 ng/mm2 [4]

weight < 5 kDa) which does not produce detectable RI changes
when captured on the sensor surface. Hydrogel optical
waveguide spectroscopy (HOWs) was proposed for improving
refractive index resolution and sensitivity of this detection platform
[1,2] based on large figure of merit (FOM) and binding capacity.

Objectives

Estimated RI change due to the capture
of vancomycin (MW ~ 1450)

( ) h μ

nh<10-5 – 10-4

The RI resolution RI is about 100 times lower than the estimated
maximum RI change nh induced by capture of vancomycin.

Vancomycin biosensor – preliminary data

Vancomycin – a glycopeptide antibiotic used in the prophylaxis and
treatment of infections caused by Gram-positive bacteria – was
detected with the developed reference compensated HOW sensor

1. Implementation of HOWS with high refractive index 
resolution and for reference-compensated measurements

2. Demonstration of direct detection of low MW target analyte 
(drug vancomycin with MW of 1450)
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Fig. a) Optical setup for four-channel HOWS biosensor and b) data processing diagram.

Layer architecture on the sensor surface
b)

detected with the developed reference compensated HOW sensor.

UV cross-likable poly(N-isopropylacrylamide) (PNIPAAm)-based
hydrogel was attached to sensor surface in order to simultaneously
serve as a waveguide and binding matrix for the capture of target
analyte
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sensor response.

Summary

• Angular spectroscopy of HOW modes from four sensing
channels was developed.

• The sensor performance characterization revealed refractive

Fig. Layer architecture supporting HOW mode (left) and schematics of poly(N-
isopropylacrylamide) (PNIPAAm)-based hydrogel binding matrix (right).
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The sensor performance characterization revealed refractive
index resolution as low as 1.4x10-7 RIU.

• Preliminary data on detection of vancomycin by immunoassays
are presented. Future work will include further exploitation for the
analysis of small target analyte (e.g., estradiol MW = 272 g/mol).

Fig. Time resolved angular measurement of HOW mode upon the injections of PBS
buffer spiked with ethylene glycol at concentration from 0.1 to 0.4 %.
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In surface plasmon resonance (SPR) [1] and surface plasmon-enhanced fluorescence (SPFS) [2] 
biosensors, target analyte contained in a liquid sample is brought in contact with a metallic surface 
carrying biomolecular recognition elements. The specific capture of target analyte from the sample on the 
sensor surface is probed by resonantly excited surface plasmons and detected either from binding-
associated refractive index changes (SPR) or from surface plasmon-amplified fluorescence signal 
(SPFS). In general, SPR and SPFS biosensors rely on diffusion of target analyte to the sensor surface 
which limits their sensitivity. In this contribution, we present a new approach for manipulating with 
molecular analytes on the sensor surface by using responsive three-dimensional hydrogel binding matrix 
that is modified with biomolecular recognition elements. As seen in figure below, the hydrogel matrix is 
tethered to the metallic sensor surface and can rapidly swell and collapse by an external stimulus. Firstly, 
a sample with target analyte is delivered on top of a collapsed hydrogel (1). Afterwards, the hydrogel is 
rapidly swelled which is associated with diffusion of water molecules and drag analyte into the matrix (2). 
Finally, the hydrogel biding matrix is collapsed which leads to expelling of the sample from the matrix and 
compacting of captured analyte molecules in close proximity to the sensor surface followed by SPFS 
readout (3). We implemented this approach by using an SPFS sensor chip with ITO microheater for rapid 
temperature modulation and thermo-responsive poly (N-isopropylacrylamid) hydrogel (PNIPPAm) – 
based binding matrix. As showed in our laboratory [3], this hydrogel can be functionalized with protein 
catcher molecules and exhibits a dramatic change in its swelling ratio when temperature is modulated 
around 33 ℃ (> 10 in water). An SPFS sensor scheme with the temperature modulation on the sensor 
surface (amplitude ΔT>10 °C and characteristic time <100 ms) was developed. The performance 
characteristics of the concept will be demonstrated in terms of improved analyte mass transfer to the 
surface, fluorescence signal strength and limit of detection for SPFS readout and model immunoassay 
experiment.  

  
  

Fig. New scheme of active biointerfaces for manipulating with molecular analyte on the surface of SPR 
and SPFS biosensor 
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[3] P. W. Beines, I. Klosterkamp, B. Menges, U. Jonas and W. Knoll, Responsive Thin Hydrogel 
Layers from Photo-Cross-Linkable Poly(N-isopropylacrylamide) Terpolymers, Langmuir, (2007), 23, 2231-
2238. 
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Introduction
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Hydrogel optical waveguide-enhanced fluorescence spectroscopy (HOW-FS) is a method enabling highly sensitive and rapid detection of molecular and
biological analytes [1]. In this method, an analyte in a liquid sample is flowed over a metallic sensor surface covered with hydrogel thin film with catcher
molecules. The hydrogel thin film provides high binding capacity of catcher analyte and serves as optical waveguide supporting layer [2]. The capture of
fluorophore-labeled molecules is detected from the increased intensity of fluorescence. Among the various types of hydrogel, poly(N-
isopropylacrylamide) (pNIPAAm)-based hydrogel exhibits responsiveness to external stimuli such as temperature, pH and ionic strength which opens up

Experimental setup & surface architecture

Objective
To demonstrate a new sensor concept for parallel detection of multiple analytes with conventional SPFS setup 
by actuating sensor signal by thermo-responsive hydrogel binding matrix and ITO microheater

a new sensor scheme advancing sensor performance [3-4].

Swelling property of protein-loaded pNIPAAM hydrogel 

Temperature depending equilibrium swelling properties of pNIPAAm
hydrogel functionalized with mouse IgG in PBS was studied by SPR

The experimental setup which enables to spatial resolved reflectivity
measurement and temperature control was developed based on the
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p p
optical setup for angle-resolved reflectance/fluorescence spectroscopy
with ATR coupling method. A sensor chip with ITO microheater which
supports HOW mode and long range surface plasmon mode was
prepared.
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Fig.a) Angular reflectivity spectra of hydrogel modified with mouse IgG as at
various temperatures. b) Fitted thickness and refractive index of hydrogel layer
as a function of temperature.

The response time of hydrogel
against thermal stimulation was
investigated by time resolved
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Fluorescence signal manipulation
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temperature modulation by ITO
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swell/collapse state of hydrogel
within 1 sec [5].

Fig.Typical time resolved reflectivity measurement of hygdrogel response against
currrent. The inserted pictures are SPR images of swollen /collapsed hydrogel .

c) d)

Fig. a) Sketch of an optical setup of combined surface plasmon resonance imaging (SPRi)
and surface plasmon fluorescence spectroscopy, b) SPR sensor chip with ITO microheater, c)
the layer architecture and d) UV cross-linkable poly(N-isopropylacrylamide) (PNIPAAm)-based
hydrogel binding matrix [2]

Fluorescence signal manipulation
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Fluorescence signal from captured anti-mouse IgG excited by HOW mode
was manipulated with developed sensor chip by current flow.

Immunoassay with HOW-FS
Model immunoassay with mouse IgG and labelled anti-mouse IgG was
carried out with HOW-FS readout. The LOD of anti IgG was determined
to be 30 fM for 30 min of analysis time [1].
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Summary
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Fig.a) Angular reflectivity and fluorescence spectra of hydrogel modified with
mouse IgG and labelled anti-mouse IgG. SPFS images at resonance angle of
HOW mode depending on the applied current b) I= 0 mA and c) I= 12 mA .a) b)

Fig.a) Binding kinetics of labelled anti-mouse IgG at various concentrations. b) Calibration
curve of HOW-FS biosensor for detection of anti-IgG fitted with a linear function. The baseline
noise and LOD are indicated.
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• A new sensor chip which enables to reversibly switch on and off 
fluorescence signal of HOW-FS was developed. This scheme is 
based on thermo responsiveness of hydrogel which serves as 
binding matrix and optial waveguide supporting layer on top of 
ITO microheater.  

• Future work will include parallel detection of multiple target 
analyte in a model immunoassay.
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Over the last years, surface plasmon resonance (SPR) imaging (also referred to as surface plasmon 
microscopy)[1] become an increasingly popular tool for sensitive and label-free readout of microarrays in 
high throughput biomolecular interaction analysis (BIA) and biosensors for parallel detection of multiple 
target analytes.[2][3] This method relies on probing the spatial distribution of refractive index changes on 
the sensor surface by surface plasmons – guided waves propagating along metal-dielectric interfaces. 
Besides others, the characteristics of surface plasmons depend on used materials and wavelength. For 
the commonly used gold SPR-active surfaces, the maximum refractive index resolution is obtained for the 
wavelengths around λ=800 nm.[3] However, at this wavelength the propagation length of surface 
plasmons reaches of about 30 μm that significantly deteriorates the spatial resolution of SPR imaging. Up 
to date, investigated approaches based on surface plasmons propagating with larger damping (at lower 
wavelength or on stronger absorbing metals) were shown to achieve higher-spatial resolution SPR 
imaging (up to 2 μm),[4,5] however they inherently suffer from a lower accuracy in refractive index 
measurement (contrast). In this contribution, we present a new approach based on Bragg-scattered 
surface plasmons (BSSPs) supported by a nano-structured metallic surface enabling to achieve both high 
spatial resolution (near diffraction-limited) and accuracy of the measurement of refractive index changes 
in SPR imaging.  

   
Fig. (a) Typical implementation of SPR imaging. (b) Scheme of the a metallic surface supporting regular SPs and the 
BSSPs (c) Simulated magnetic field intensity reflected from a gold film (50 nm thickness) with a step in the refractive 
index of a dielectric layer on its top. 
 
Finite element method (FEM)-based theoretical study of Bragg-scattered surface plasmons on 
periodically modulated metallic surfaces and their implementation for refractometric sensors will be 
presented. The parameters of the nano-structured metallic surface (including period and depth and profile 
of a periodic modulation) allowing the excitation of Bragg-scattered surface plasmons will be determined 
and the key performance characteristics of the regular and BS-SPR imaging sensors evaluated. Spatial 
resolution of SPR imaging will be evaluated from simulations of a reflected light beam intensity profile 
upon the excitation of BSSPs that probe a spatial refractive index features on a metallic surface. These 
simulations reveal that probing by BSSPs and SPs provide a similar the refractive index resolution 
(quantified by figure of merit - FOM). Due to their fact that BSSPs are non-propagating surface plasmon 
modes (exhibiting standing wave nature), we expect they will enable improving the spatial resolution of 
SPR imaging. We envisage that the tailoring of properties of surface plasmons in SPR biosensors will 
open new ways for their applications in areas such as very high density microarrays. 
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[2] S. Scarano et al. Biosensors and Bioelectronics (2009) in press. 
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[5] C. E. H. Berger et al., Review of Scientific Instruments (1994), 65, 2829-2836. 
[6] K. F. Giebel et al. Biophysical Journal (1999),76, 509-516 
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Introduction
Over the last years, surface plasmon resonance (SPR) imaging1 become an increasingly
popular tool for sensitive and label-free readout of microarrays in high throughput biomolecular
interaction analysis (BIA) and biosensors for parallel detection of multiple target analytes.2 This
method relies on probing the spatial distribution of binding-induced refractive index changes on
the sensor surface by surface plasmons – guided waves propagating along metal-dielectric
interfaces. The characteristics of surface plasmons depend on used materials and wavelength.
For commonly used gold surface, the maximum refractive index resolution is obtained for the
wavelengths around λ=800 nm.3 However, at this wavelength the propagation length of surface
plasmons reaches of about 30 μm that significantly limits the spatial resolution of SPR imaging.
Approaches relying using propagating surface plasmons with large losses (at lower Molecular binding events

0.6]

108 m

=800 nm

SPR imaging of hydrogel spots array

pp oac es e y g us g p opaga g su ace p as o s a ge osses (a o e
wavelength or on stronger absorbing metals) were shown to improve the spatial resolution but
provided deteriorated refractive index resolution4,5. Similar, structures supporting localized
plasmons allowed achieving almost diffraction limited measurements, the refractive index
resolution (contrast) was order of magnitude lower than that for regular SPR imaging7.

Fig. 1 (a) Typical implementation of SPR imaging. (b) Metallic interfaces 
supporting propagating SPs and the standing wave Bragg-scattered SPs 

ResultsConcept of BSSPs supported SPR imager
In this contribution, we present a new approach to SPR imaging which holds
potential for both high refractive index sensitivity and spatial resolution near
diffraction limit. This approach is based on probing the sensor surface with

In this contribution, we present a new approach to SPR imaging which holds
potential for both high refractive index sensitivity and spatial resolution near
diffraction limit. This approach is based on probing the sensor surface with
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Fig.5  Experimental SPR images of gold film covered with hydrogel spots array       
for  = 800 nm upon the gel was in contact with in air (a) and swollen in water.               
For the comparison, the same spot was SPR imaged  at  = 633 nm (c).                             
The measured profiles at  = 633 nm and  = 800 nm is presented (d).
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pp p g
Bragg-scattered surface plasmons (BSSPs) supported by a nano-structured
metallic surface. These modes originate on diffraction coupling counter-
propagating SPs on a periodically modulated surface when ksp matches the half
value of 2π/Λ.

pp p g
Bragg-scattered surface plasmons (BSSPs) supported by a nano-structured
metallic surface. These modes originate on diffraction coupling counter-
propagating SPs on a periodically modulated surface when ksp matches the half
value of 2π/Λ.
- BSSPs become localized through the scattering as they “bounce back and 

forth” on the metallic sensor surface  - potential for high spatial resolution.
- The losses of BSSP (accumulated propagation length) are similar to that of 

regular surface plasmons  - refractive index sensitivity close to regular SPR8.

Fig.6   Simulations of the lateral distribution of reflected light upon probing             
a refractive structure with a refractive index step on a gold surface (a) Magnetic
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Fig.2 (a) Dispersion curve of  BSSPs6 , (b) Electric intensity field of BSSPs on    
a corrugated 50 nm thick gold film (=285nm, d=10nm) .  
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field  intensity profile of a reflected light wave ( = 800 nm) is presented (b).Methods

Simulations of reflectivity changes due to the refractive index of a 5 nm thick
adlayer (approximating binding of biomolecules) on the top of a gold film in
contact with water were carried out both of BSSPs and reguler SPs (Fig.7).

Experimental
The implementation of SPR imaging based on attenuated total reflection (ATR) 
with Kretschmann configuration was employed. Metallic sensor surface was 
coated by a patterned UV cross-linkable thin NIPAAm-based hydrogel film.     
The hydrogel was cross-linked by unsing UV light through a mask with array of 
70 μm openings in diameter.

Probing refractive index changes by Bragg-scattered SPs
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Fig.7  Angular and wavelength dependence of SPR reflectivity difference 
between a bare gold surface and a gold surface with a 5 nm thick adlayer 
(δn=0 17): (a) regular SPs on a flat surface and (b) BSSPs on a corrugated

(b)

glass substrate
Au thin film
(～45-50 nm thickness)
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Summary

(δn=0.17): (a) regular SPs on a flat surface, and (b) BSSPs on a corrugated 
gold film (=285nm, d=10nm).

Simulations
Finite element (FEM) method implemented in 
the diffraction grating solver DiPoG 
(Weierstrass Institute, Germany) was 
employed. This numerical diffraction solver 
was used for the simulations of the profile of 
reflected light intensity from the surface of 
SPR i d f th i l ti f BSSP 

d
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Diffracted light

Diffracted light

High refractive 
index material

Metal thin film
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Dielectric layer 

Fig.3 (a) Experimental setup for SPR imaging and (b) metallic sensor surface with  
deposited hydrogel film.

- SPR imaging instrument for the observation of a hydrogel microarray was 
developed and a numerical model for the simulation spatial resolution of SPR 
imaging was carried out. 

- Nanostructured metallic surfaces supporting BSSPs were proposed to advance 
the spatial resolution SPR imaging method without reducing the refractive index 
sensitivity (contrast). Design of structures supporting these modes and their 
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SPR imager and for the simulations of BSSP 
characteristics.  

Fig.4 Typical mesh structure .
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index material

refractive index sensitivity was investigated. 
-The future work will include the study of spatial resolution of proposed approach, 
its experimental implementation and application in fields including high density 
microarrays.
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