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14.1  Introduction

Fluorescence represents arguably the most‐spread 
analytical method for detection and interaction analy-
sis of biomolecules in important areas of life sciences, 
medicine, and food safety [1, 2]. The performance 
characteristics of currently used fluorescence analyti-
cal technologies can be tremendously advanced by 
plasmonic‐based manipulation of light. Plasmonics 
emerged as a novel branch of nanophotonics that 
focuses on the control of propagation and interaction 
of light at visible and near infrared part of spectrum by 
its subwavelength confinement [3, 4]. This confine-
ment occurs due to the excitation of surface plasmons 
(SPs) originating from collective oscillations of charge 
density and associated electromagnetic field at sur-
faces of metallic films and metallic nanostructures. 
The excitation of SPs is accompanied with strongly 
enhanced field intensity and local density of states 
(LDOS) which makes them ideally suited for coupling 
with fluorescence emitters such as organic dyes and 
quantum dots. The coupling of fluorophores with 
the confined field of SPs at their absorption (λab) and 
emission (λem) wavelengths enables enhancing their 
“brightness.” In fluorescence bioassays, fluorophores 
are used as labels for the measurement of specific cap-
turing of target analyte on a sensor surface with immo-
bilized biomolecular recognition elements such as 
antibodies [5, 6]. The plasmonic amplification of fluo-
rescence light intensity emitted by these labels allows 
the analysis of smaller number of target molecules on 
the surface. This can translate to increased sensitivity 
and improved limit of detection (LOD) of bioassays 
and thus open doors for the analysis of trace amounts 
of biomolecules present in analyzed samples. Such 

performance is urgently needed in numerous fields 
including biomarker analysis for early cancer diagno-
sis and detection of harmful compounds in food.

This chapter deals with surface plasmon‐coupled 
fluorescence emission (SPCE) and its implementa-
tions to plasmonically amplified bioassays that utilize 
diffractive and nondiffractive grating structures. The 
chapter provides a brief introduction to SPCE relying 
on reverse Kretchmann configuration and diffraction 
gratings (Section 14.2) and it discusses the impact of 
losses of SPs in SPCE studies (Section 14.3), control of 
SPCE by changing SP dispersion relation by nondif-
fractive gratings (Section 14.4), extraction of fluores-
cence light trapped with SPs by diffractive gratings 
(Section 14.5), and finally it illustrates how these opti-
cal phenomena can be employed in fluorescence bio-
sensors for detection of protein analyte (Section 14.6). 
It should be noted that the chapter does not present a 
complete review of this field. Rather, it contains a 
series of examples that were preferably selected from 
our laboratory and that illustrate recent efforts in the 
rapidly developing area of plasmonically enhanced 
fluorescence bioassays.

14.2  SPCE in Vicinity to 
Metallic Surface

SPs are optical waves at an interface between metal 
and dielectric that originate from collective oscillations 
of electron density and associated electromagnetic 
field. As illustrated in Figure 14.1a, they travel along 
the interface and their field exponentially decays into 
both media. The propagation constant of SPs can be 
expressed as
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where λ states for wavelength, nm is the refractive 
index of the metal, and nd is the refractive index of the 
dielectric. The real part of the propagation constant 
Re{kSP} represents the momentum of SP and the 
imaginary part Im{kSP} states for losses of SP due to 
Ohmic dissipation in the metal. The key characteris-
tics of SPs including the profile of field, dispersion 
relation, and losses mainly depend on the choice of 
the SPR‐active metal. However, these properties can 
also be efficiently tuned by using plasmonic struc-
tures where multiple SPs couple. For instance, sub-
wavelength periodic corrugation of metallic surface 
allows for diffraction coupling of counter propagating 
SPs which leads to opening of a bandgap in SP disper-
sion relation [7]. This scattering occurs for the corru-
gation period Λ that fulfills the phase matching 
condition 2π/Λ = 2Re{kSP}. At edges of the induced 
bandgap, two new Bragg‐scattered surface plasmon 
(BSSP) modes occur as shown in Figure 14.1b. They 
exhibit standing wave field profile that is weaker 
confined at the surface and less damped (mode 
marked as ω+) or stronger confined at the surface and 
more damped (mode marked as ω−).

Another means for tuning the characteristics of SPs 
provides the near‐field coupling of SPs on a thin 
metallic film, see Figure 14.1c. When such thin metal-
lic film is sandwiched between two dielectrics with 
similar refractive index nd, SPs propagating at its bot-
tom and top interfaces interact via their evanescent 

tails that penetrate through the metal film. This inter-
action leads to the occurrence of new modes with 
symmetric and antisymmetric profile of field [8]. The 
mode with antisymmetric distribution of electric field 
intensity E|| (component parallel to the surface) is 
referred as to long‐range surface plasmon (LRSP). 
This mode exhibits smaller losses and less confined 
field compared to those of regular SPs. The comple-
mentary mode to LRSPs exhibits symmetric distribu-
tion of E|| and it is named short‐range surface plasmon 
(SRSP). Its propagation is more damped and field is 
stronger confined at the metal surface with respect to 
regular SPs.

Studies of SP‐mediated fluorescence date back to 
1970s of the last century when luminescence intensity 
and lifetime of an emitter in vicinity to metallic 
surfaces were investigated [9, 10]. At distances between 
an emitter and metal surface d that are below Förster 
radius, quenching of fluorescence occurs due to 
dipole–dipole interaction with electrons in the metal. 
At longer distances that are comparable with penetra-
tion depth of SP field into the adjacent dielectric, 
strong emission via SPs can be observed. As illustrated 
by simulations in Figure 14.2a, fluorescence emission 
is strongly quenched at distances d < 15 nm (simula-
tions are presented for randomly oriented emitter at 
gold–water interface with an emission wavelength of 
λem = 670 nm). At distances d ~ 15–50 nm, the majority 
of energy is emitted via SPs. The emission to optical 
waves propagating into the far field occurs at distances 
that are further away from the metal d > 50 nm and lie 
outside the SP evanescent field.

Let us note that the majority of fluorescence assays 
rely on the sandwich detection format using antibodies 
or antigens for sensing. Antibodies are attached to a 
solid surface in order to selectively bind target analytes 
in a sample followed by the binding of detection anti-
bodies that are labeled with a fluorophore, see 
Figure 14.2b. In such assays, the distance between a fluo-
rophore label and the surface is typically d = 15–20 nm 
when taking into account the size of immunoglobulin G 
(IgG) antibodies and that of medium‐sized protein ana-
lytes [11]. Such distance excellently matches the range 
where strong coupling between fluorescence emission 
and SPs occurs, see Figure 14.2a.

Photons that are emitted at λem via SPs from flat 
interface between semiinfinite metal and dielectric 
are dissipated due to Ohmic losses. However, the 
majority of such fluorescence intensity can be recov-
ered by using couplers based on reverse Kretschmann 
geometry of attenuated total reflection (ATR) 
method [5, 12, 13] or diffraction on periodically cor-
rugated metal surface [14, 15]. These techniques 
allow for extracting the emitted fluorescence light 
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Figure 14.1  (a) SPs traveling along a flat metallic surface, 
(b) Bragg‐scattered SPs on periodically corrugated metallic 
surface, and (c) long‐ and short‐range SPs on a thin metallic film.
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that are trapped by SPs to a highly directional fluo-
rescence beam propagating to the far field. In the 
reverse Kretschmann configuration depicted in 
Figure 14.2c, the SPs propagating on a thin metallic 
film leak into a dielectric substrate with high refrac-
tive index ns. This leakage occurs for narrow range of 
polar angles θ for which the light beam propagating 
in the high refractive index dielectric is phase‐
matched with SPs propagating along the upper inter-
face between the metal and a dielectric with low 
refractive index nd.

2 n ks SPResin .� (14.2)

It should be noted that SPs preferably collect fluo-
rescence light that originates from emitters with emis-
sion dipole oriented perpendicular to the surface. The 
reason is that SP field is transverse magnetically (TM) 
polarized and its strongest component of electric 
intensity vector is oriented normal to the surface. For 
an ensemble of randomly oriented emitters, emission 
is averaged over the azimuthal angle ϕ and the SPCE 
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Figure 14.2  (a) Distance dependence of relative power radiated by randomly oriented emitter from a flat gold–water interface at 
λem = 670 nm that is quenched, coupled to SPs, and emitted to the far field. (b) Schematics of sandwich immunoassay utilizing 
fluorophore labels. Geometry used for out‐coupling of SP modes via, (c) reverse Kretschmann geometry of ATR method and (d) by 
using diffraction on periodically corrugated metallic surface. (See insert for color representation of this figure.)
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beam in the dielectric substrate with the high index of 
refraction ns exhibits a characteristic cone shape 
defined by the (resonant) polar angle θ.

An alternative means for extracting of fluorescence 
light energy stored in SPs relies on periodically cor-
rugated interface between a metallic and dielectric 
(see Figure 14.2d). Diffraction on the periodic corru-
gation allows for converting SPs to the far field by the 
grating momentum G = 2π/Λ. This momentum cou-
ples the SP‐driven emission to an optical wave propa-
gating away from the surface with the polar angle θ 
and azimuthal angle ϕ that fulfill the following 
condition:

2 2n m kd SPResin cos ,� (14.3)

where Λ is the period of the corrugating with the grat-
ing vector G oriented in the direction ϕ = 0.

Besides the coupling of fluorescence emitters with 
SPs at emission wavelength λem, the confined SP field 
can also interact with a fluorophore at its absorption 
wavelength λab. The resonant excitation of SPs gener-
ates enhanced field intensity |E/E0|2 in close vicinity to 
metallic surface. At λab, this field can increase the exci-
tation rate of emitters γe which is proportional to the 
emitted fluorescence signal F when it is far from satu-
ration. In optical instruments supporting fluorescence 
biosensors, plasmonically increased excitation rate γe 
and controlled angular distribution of emitted fluores-
cence light F(θ,ϕ) can be preferably combined. These 
features allow to maximize detected fluorescence 
signal that originates from the molecular binding at 
the surface and to minimize parasitic background. The 
overall enhancement factor of detected fluorescence 
light intensity EF can be expressed as a product.

EF E
E

f
0

2

0 ,� (14.4)

Here, η states the quantum yield of the emitter cou-
pled to SPs on a metallic surface and η0 is the quantum 
yield of the emitter far from the metal. The term f 
states the enhanced probability of collecting emitted 
photons by plasmonic redistribution of emitted fluo-
rescence intensity F(θ,ϕ).

14.3  SPCE Utilizing SP Waves 
with Small Losses

Decreasing the angular width of directional SPCE 
beam is beneficial for various kinds of fluorescence 
measurements as it, for example, allows to better 
distinguish the specific fluorescence signal originating 

from the close proximity to a metal surface and the 
(isotropic) background signal. In order to do so, Toma 
et al. [16] employed LRSPs for mediating fluorescence 
emission from Alexa Fluor 647 emitters dispersed in a 
three‐dimensional (3D) hydrogel matrix, see 
Figure  14.3a. These SP waves exhibit lower Ohmic 
losses compared to regular SPs. When using the 
reverse Kretschmann geometry, the low losses of 
LRSPs lead to their resonant coupling with the far‐
field optical waves at narrow range of polar angles θ 
that fulfill the condition (14.2). For the geometry with 
a 19‐nm thick gold film deposited on a low refractive 
index Cytop layer with the thickness of 650 nm, LRSPs 
provided 4.4‐fold higher peak fluorescence intensity 
and 6‐fold narrower full width at half maximum 
(FWHM) than those of regular SPs when both excita-
tion (at λab) and collection of fluorescence light (at 
λem) were mediated by SP waves, see Figure 14.3b. The 
emitters dispersed in the 3D hydrogel matrix were 
efficiently probed by LRSP field which exhibits less 
localized field profile, that is, penetrating deeper from 
the metal film than regular SPs. The average electric 
field intensity enhancement within 600‐nm thick 
hydrogel film was of |E/E0|2 = 37 upon the resonant 
excitation of LRSPs at the wavelength 633 nm, while 
for regular SPs it was only about 8. In addition, 
Figure 14.3b shows that LRSP‐mediated SPCE occurs 
at smaller polar angle θ, which, together with the 
narrower angular distribution, can simplify optics for 
collecting of SPCE as a smaller numerical aperture 
(NA) lens can be used.

A recently emerged alternative to SPs for fluores-
cence enhancement is based on dielectric one‐dimen-
sional photonic crystals (1DPC) [17, 18]. These 
structures can be designed to support the so‐called 
Bloch surface waves (BSWs) that exhibit similar 
properties to SPs and offer the advantage of versatile 
tunability. In addition, as the 1DPC comprises a stack 
of alternating dielectric layers, the losses of BSW are 
dramatically lower compared to those of SP‐based 
structures. In the work of Toma et al. [19], BSWs 
were employed for the excitation of Alexa Fluor 
647 dyes on the surface of a fluorescence biosensor. 
The schematic of developed BSW‐enhanced fluores-
cence sensor is shown in Figure  14.4a. It relies on 
Kretschmann configuration for the coupling of an 
excitation light beam to BSW that probes the inter-
face covered with a 3D hydrogel binding matrix. This 
matrix features highly open structure due to its swell-
ing in aqueous samples and thus provides huge sur-
face area for the modification with catcher mouse 
IgG antibodies. The target molecules (antimouse 
IgG) labeled with Alexa Fluor 647 were affinity bound 
in the matrix and excited by BSWs. The emitted 
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fluorescence light was collected with a lens (numeri-
cal aperture NA = 0.3) through the aqueous sample 
and a transparent flow cell. The 1DPC was designed 
so the BSWs were supported only at λab, while no 
BSW existed at the emission wavelength λem in order 
to avoid (in this case unwanted) leaking of fluores-
cence emission into the glass substrate. Due to the 
minimized losses of BSW, the maximum electric field 
intensity enhancement accompanied with the reso-
nant excitation of BSWs of as |E/E0|2 = 300 was simu-
lated (not taking into account the practical losses due 
to, for example, scattering on the surface roughness). 
In order to enhance the collection efficiency of emit-
ted fluorescence light through the aqueous sample f, 
the layer structure comprised two segments: the 
first segment (S1) served for the resonant excitation 
of BSWs at λab and the second segment (S2) was 
designed to function as a Bragg mirror at λem in order 
to shape the angular distribution of emitted fluores-
cence light F(θ). As Figure  14.4b illustrates, Bragg 
mirror S2 worked not only as a reflector but also 
provided “beaming” of fluorescence light intensity 
toward a detector at a water side. The simulated polar 
angular distribution F(θ) indicates that the fluores-
cence light is squeezed in a narrow angular range that 
matches the acceptance angle of used lens with 
NA = 0.3 for emitters close to the surface. The fluo-
rescence emission probability within this NA reached 
about 12% for the distance d = 10 nm. Since back‐
reflected fluorescence from 1DPC gains a different 
phase‐shift when changing the distance, the peak 
intensity occurs at polar angles θ shifted by about 18° 
when changing d from 10 to 140 nm.

14.4  Nondiffractive Grating 
Structures for Angular 
Control of  SPCE

Besides structures periodic in the direction perpen-
dicular to the surface, also periodic corrugation in the 
direction parallel to the surface allows for control of 
the angular distribution of SPCE that is extracted 
by  reverse Kretschmann configuration. Toma et al. 
explored SPCE mediated by nondiffractive metallic 
gratings the split of the dispersion relation of SPs by a 
plasmonic bandgap [20]. In this study, a 50‐nm thick 
Au layer was sinusoidal modulated with a period of 
λ = 225–230 nm and a depth of 10 and 30 nm. The 
structure was prepared by laser interference lithogra-
phy and multiple copies were prepared by UV nano-
imprint lithography. It was designed for the excitation 
of BSSPs at edges of the plasmonic bandgap occurring 

at wavelengths that coincide with the emission wave-
length of DiD fluorophore (λem = 665 nm). This fluo-
rophore was dispersed in poly(methyl methacrylate) 
(PMMA) layer deposited on the top Au layer, see 
Figure  14.5a. Refractive indices of media below and 
above the Au layer were tuned in order to adjust 
wavelength position of the plasmonic bandgap. The 
dispersion relation of SPs was observed from the 
measurements of reflectivity spectra as a function of 
polar angle of incidence θ and wavelength λ taken by 
the ATR method with Kretschmann geometry. In 
order to observe the angular distribution of fluores-
cence intensity F(θ,ϕ) that was mediated by BSSPs, 
the dye‐doped PMMA layer was excited by normally 
incidence beam with λ = 633 nm hitting the surface 
from superstrate side, the fluorescence beam leaking 
into the underneath glass substrate was scattered by 
an optically matched diffuser, and imaged to a charge 
coupled device (CCD).

Figure  14.5b shows several examples of SP disper-
sion relation mediated by the nondiffractive dense 
grating and corresponding angular distribution of flu-
orescence intensity F(θ,ϕ). In part (i), SP dispersion 
relation and corresponding SPCE angular distribution 
for a reference flat Au layer structure with air on the 
top (superstrate refractive index n6 = 1) are presented. 
A continuous dark band in the reflectivity spectrum 
R(λ,θ) is due to the excitation of SPs at the outer inter-
face with dye‐doped PMMA layer. It reveals that 
SPR  occurs at the angle θ ~ 39° in the LaSFN9 glass 
substrate for the emission wavelength λem = 670 nm. 
The respective fluorescence angular distribution 
F(θ,ϕ) displays a characteristic SPCE cone for the simi-
lar polar angle of θ ~ 38°.

When the layer structure is corrugated with the 
modulation depth of 10 nm and the metal surface is 
brought in contact with water (n6 = 1.33), the resonant 
coupling to SPs shifts to higher angles and a plas-
monic bandgap appears in the dispersion relation. 
As  seen in Figure  14.5b(ii), BSSP modes occur at 
wavelengths of λ = 670 nm (ω+) and 700 nm (ω−). 
Therefore, the BSSP ω+ wavelength matches the fluo-
rescence emission wavelength λem of used dye which 
lead to the confinement of SPCE signal in the direc-
tion parallel to grating vector G. Interestingly, the 
peak emission via BSSP ω+ mode was increased by a 
factor of ~3 compared to that for regular SPCE cone. 
The reason is the enhanced LDOS associated with the 
presence of BSSP. It should be noted that the emission 
via BSSPs occurs only at narrow range of azimuthal 
angles ϕ as the bandgap blue shifts away from the 
emission wavelength λem by increasing ϕ.

Figure 14.5b(iii) shows the dispersion relation and 
the corresponding SPCE angular distribution F(θ,ϕ) 



Chapter No.: 1  Title Name: <TITLENAME>� c14.indd
Comp. by: <USER>  Date: 23 Feb 2017  Time: 04:08:05 PM  Stage: <STAGE>  WorkFlow:<WORKFLOW>� Page Number: 233

SPouter

SPinner
Λ

ϕ

θ

DiD dye

44

SPouter

SPouter

SPouter

G-SPinner

(i)

(ii)

42

40

A
ng

le
 o

f i
nc

id
en

ce
 θ

1 [
de

g]
A

ng
le

 o
f i

nc
id

en
ce

 θ
1 [

de
g]

A
ng

le
 o

f i
nc

id
en

ce
 θ

1 [
de

g]

38

36

58
BSSPs ω–

BSSPs ω+

56

54

52

50

48

46

54

52

50

48

46

44

550 600 650 700 750 800
0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

550 600 650 700 750 800

550 600 650 700 750 800
0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 50
θem (°)

0

G

G

20 40 50
θem (°)

0 50 60 70
θem (°)

Walength λ (nm)

Walength λ (nm)

Walength λ (nm)

λem

λem

λem

+ ++ +– ––

+ ++ +– ––
d

Air n6= 1
Water n6= 1.33

PMMA n5= 1.49

Amonil n2= 1.51

LaSFN9 n1= 1.84
BK7 n1= 1.51

Ta2O5 n3= 1.79

Au n4= 0.17+ 3.9i

(a)

(b)

(iii)

Figure 14.5  (a) Nondiffractive metallic grating structure for probing a thin poly(methyl methacrylate) —PMMA—layer doped with 
a DiD dye. (b) Examples of SP dispersion relation perturbed by Bragg scattering and respective angular dependence of SPCE F(θ,ϕ) 
for (i) flat surface, (ii) emission wavelength λem tuned to the edge of a plasmonic bandgap, and (iii) inside the bandgap. Toma et al. 
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when the grating structure supports SPs that are 
diffraction coupled across the Au layer. In this experi-
ment, the grating with the modulation depth of 30 nm 
and without Ta2O5 layer was brought into contact 
with air (n6 = 1). As can be seen from measured data, 
the dispersion relation of inner SP (that is excited by 
−1st diffraction order) anticrosses with that of outer 
SP (excited by ATR and probing the PMMA layer) at 
the wavelength that coincides with λem of used DiD 
dye. Contrary to situation (ii), the anticrossing SP 
dispersion leads to canceling of the SPCE signal at the 
direction of parallel with grating vector G.

14.5  Diffractive Grating 
Structures for Angular Control 
of SPCE

On periodically corrugated metallic surfaces with 
longer periods Λ, diffraction allows to directly extract 
fluorescence light emitted via SPs into the far field (see 
Eq. (14.3)). Bauch et al. [21] investigated grating‐
enhanced fluorescence on crossed periodically corru-
gated Au surface that is depicted in Figure 14.6a. This 
structure has been designed to resonantly excite SPs 
by normally incident laser beam with wavelength λab 
and to diffractively out‐couple SPCE at λem into a nar-
row emission cone traveling back into direction of the 

incident excitation beam. Such a design is attractive 
for the use in fluorescence sensors relying on epifluo-
rescence geometry that is implemented in the majority 
of fluorescence microarray scanners and fluorescence 
microscopes [22]. The used structure comprised two 
superimposed sinusoidal modulations orientated at 
90° to each other. It was prepared by laser interference 
lithography and multiple copies were made by UV 
nanoimprint lithography which is compatible with 
mass production technologies. The grating structure 
was optimized for the amplification of in situ fluores-
cence sandwich immunoassays with Cy5 and Alexa 
Fluor 647 dyes when the excitation wavelength λ = 633 nm 
and the emission is centered at the wavelength 
λem = 670 nm. The grating period was of Λ = 434 nm and 
the surface was coated with 4‐nm thick adhesion pro-
moting Cr layer and optically thick 100‐nm Au film.

Contrary to the Kretschmann configuration, dif-
fraction coupling to SPs on a crossed grating leads to 
the amplified electric field intensity that varies in 
lateral direction. The averaged electric field intensity 
enhancement |E/E0|2 generated by the resonant 
excitation of SPs at λab is compared with that on a flat 
Au surface in Figure  14.6b. On a crossed grating, 
maximum field intensity occurs at the interface 
between Au and aqueous sample and it exponen-
tially decays into both metal and water media. On a 
flat surface, the field exhibits minimum intensity at 
the Au surface and it oscillates when increasing the 
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distance d due to the interference of the incident and 
reflected beams. The electric field intensity at a 
distance of d = 20 nm that is normalized with the 
intensity of the incident beam is around |E/E0|2 = 43 
for the resonant coupling to SPs on the corrugated 
surface. The simulated data on a flat Au surface 
show much lower field strength |E/E0|2 = 1.36 at such 
distance d.

After its excitation, a fluorophore decays back to its 
ground state by radiative or nonradiative processes. 
The vicinity of metal alters both the radiative and 
nonradiative decay rates and therefore changes the 
quantum yield of the fluorophore η [23]. It should be 
noted that plasmonic nanostructures have been 
reported to significantly increase quantum yield of 
emitters with low intrinsic quantum yield η0 [24]. 
However, for the assay that utilizes relatively high 
intrinsic quantum yield fluorophore Alexa Fluor 
647 (η0 = 0.33), this effect is weak and rather a small 
decrease in quantum yield occurs η/η0 = 0.82. 
Therefore, mostly the first term |E/E0|2 and last term 
f in Eq. (14.4) play important role for maximizing 
fluorescence assay sensitivity.

The grating‐coupled emission of fluorescence light 
enables controlling the angular distribution of emit-
ted light intensity F(θ,ϕ) at λem in order to improve 
fluorescence collection efficiency f. As shown by 

simulated data in Figure 14.7a, the emission angular 
distribution F(θ,ϕ) at the flat gold surface is isotropic 
while that on crossed grating displays series of bright 
bands due to the first‐order diffraction out‐coupling 
of SPCE. These bands lead to a confinement of emit-
ted fluorescence light energy in a narrow cone of polar 
angles θ < 11.5° which allows for efficient collecting of 
fluorescence light by a low numerical aperture lens 
with NA = 0.2. These simulations predicted that the 
interplay of plasmonically increased excitation rate 
by  |E/E0|2 at λab, modified quantum yield η/η0, and 
increased collection efficiency f at λem allows to 
increase fluorescence signal on a crossed Au grating 
with respect to flat Au surface by a factor EF = 145 for 
d = 15 nm and EF = 96 for d = 20 nm.

Figure  14.7b confirms predicted simulations by 
measurements of fluorescence far‐field emission 
F(θ,ϕ). These measurements were carried out for DiD 
dye dispersed in a thin PMMA layer deposited on a flat 
and corrugated Au surfaces. The DiD dye exhibits 
similar absorption and emission spectra as Alexa Fluor 
647 and Cy5 employed in bioassays. The observed 
behavior qualitatively agrees with the simulated data 
in Figure 14.7a. The emission bands are broader than 
those predicted by simulations due to the fact that the 
emitted light within a spectral range λem ~ 665–675 nm 
was collected and imaged to the detector.
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14.6  Implementation of Grating‐
Assisted SPCE to Biosensors

Bauch et al. demonstrated that designed diffractive 
grating provides enhanced fluorescence signal by a 
factor EF ~ 102 when applied for an immunoassay 
detection with in situ format and epifluorescence read-
out geometry. As sketched in Figure 14.8a, an optical 
instrument with a grating sensor chip clamped to a 
microfluidic device was used for the measurement of 
affinity binding of biomolecules at the sensor surface. 
The sensor chip was functionalized with antibodies for 
specific capture of the medium‐sized protein interleu-
kin 6 (IL6) that has been established as an inflamma-
tory biomarker. Detection antibody (dAb) labeled with 
Alexa Fluor 647 was bound to the captured IL6 in the 
used sandwich immunoassays and detected by plas-
monically amplified fluorescence. Figure 14.8b shows 
the kinetics of fluorescence signal F measured upon the 
affinity binding of dAb. It reveals that the selective 
amplification of fluorescence signal at the grating sur-
face enables distinguishing the fluorescence signal 
associated with the binding at the surface from that 
originating from the bulk solution through which the 
excitation beam passes. On a flat reference surface, the 
observed change in fluorescence signal F is mostly due 
to the bulk and it is manifested as a rapid increase in 
fluorescence signal after the injecting dAb (t = 75 min) 

and decrease in fluorescence signal after the rinsing 
(t = 85 min). On the plasmonic grating chip, the relative 
signal due to the background is massively suppressed 
and the observed changes in fluorescence signal are 
virtually attributed only to the analyte bound at the 
surface that is probed by confined field of SPs.

It should be noted that high numerical aperture 
optics cannot be easily used for in situ epifluorescence 
measurement when the excitation and collection of 
fluorescence light are carried out through a microflu-
idic device. Then, only a low numerical aperture lens 
can be employed and thus the directional fluores-
cence emission offers essential advantage of enhanced 
efficiency in the fluorescence light collection (which 
otherwise is omnidirectional and only a small fraction 
of emitted photons are delivered to the detector). 
However, the majority of currently used fluorescence 
microarrays scanners are designed for the ex situ 
measurement performed on a dry sensor chip after 
multiple assay steps. Typically, the excitation beam is 
scanned over the sensor surface with a high numerical 
aperture lens that is at the same time used for the 
collection of fluorescence light. For these optical 
instruments, the directional SPCE provides limited 
advantage as the directional emission only redistrib-
utes the angular dependence of fluorescence emission 
within the acceptance cone defined by the maximum 
polar angle θmax (see Figure 14.8) [25].
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Plasmonic biosensor with grating chip for in situ 
sandwich immunoassay detection of inflammation 
biomarker IL6 was calibrated. In this experiment, a 
series of buffer samples were spiked with IL6 at con-
centration c between 10 pg/mL and 100 ng/mL and 
flown over the sensor chip which carried antibodies 
against IL6 on its surface. After the IL6 analyte cap-
ture, a biotinylated dAb against another epitope of IL6 
was injected and bound at the surface. Then, strepta-
vidin labeled with Alexa Fluor 647 was reacted to 
these biotin moieties, the sensor surface was rinsed 
with a buffer, and the fluorescence signal difference 
ΔF before the injection of IL6 analyte and after the 
streptavidin binding was measured. The whole assay 
required 50 min including 15‐min incubation of the 
analyzed sample with the capture antibody. Figure 14.9 
shows the obtained calibration curves for two assays 
performed on the structured Au grating chip (gray 
curve) and a reference flat Au surface (black curve). 
It demonstrates that plasmonic amplification of fluo-
rescence signal ΔF associated with the capture of IL6 
allowed reaching the LOD of 9 pg/mL. This LOD is 
about 25 times better than that observed on a control 
flat Au substrate—233 pg/mL. The LOD was deter-
mined as an intersection of a linear fit of the meas-
ured calibration curve with a background signal ΔF 
(originating from nonspecific adsorption of labeled 
streptavidin) plus the 3‐fold standard deviation 3σ of 
measured fluorescence signal. The improvement fac-
tor of LOD (25‐fold) is lower than the observed EF of 
the fluorescence intensity (102) which is due to the 
effect of nonspecific adsorption.

As an alternative approach to reverse Kretschmann 
configuration which typically requires optical match-
ing of a sensor chip to a high refractive index glass 
prism, Toma et al. combined this method with dif-
fractive optical elements [26]. In this work, two grat-
ings were integrated to a compact SPCE sensor chip 
as depicted in Figure 14.10a. The first one was a linear 
grating and it served for in‐coupling of an excitation 
light beam to the chip. The excitation beam traveled 
in the sensor chip and hit the sensing spot at an SP 
resonance angle for the absorption wavelength of 
used dye λab. The second one was a chirped concen-
tric grating designed for the out‐coupling of SPCE 
cone that propagated in the compact chip. After hit-
ting the concentric grating, the SPCE beam was cou-
pled to −1st diffraction order that traveled away from 
the sensor chip and converged to a spot below its bot-
tom surface at a distance D = 15 mm, see Figure 14.10b. 
A flat sensing spot was in the center of the concentric 
grating and it was coated with a 50‐nm thick Au film. 
At this area, the excitation beam generated SPs at the 
λab in order to enhance excitation rate γe of fluores-
cence light that was subsequently collected by SPs at 
λem, leaked into the substrate in the form of SPCE 
cone, and was imaged to a detector by the concentric 
grating.

A model immunoassay experiment with such a 
sensor chip was carried out. As seen in Figure 14.10c, 
this platform offered comparable sensitivity to regular 
SP‐enhanced fluorescence biosensors relying on 
Kretchmann configuration with a prism coupler. The 
compact sensor chip platform with the integrated 
diffractive elements offers the advantage of simpler 
design that is attractive for portable fluorescence bio-
sensor devices. The designed elements were prepared 
by using UV nanoimprint lithography from masters 
fabricated by laser interference lithography which is 
compatible with mass production technologies and 
thus suitable for cost effective fabrication.

14.7  Summary

Several approaches for controlling of SPCE by using 
diffractive and nondiffractive gratings are described. 
By this means, the angular distribution of fluores-
cence light that is emitted from close proximity to a 
metallic surface can be efficiently tailored for maxi-
mizing assay sensitivity. In fluorescence bioassays, 
this approach enables increasing the detected fluo-
rescence intensity that originates from specific cap-
ture of target analyte from a liquid sample at the 
sensor surface. This amplification allows to better 
discriminate the specific signal from the background 
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and thus enables improving the assay sensitivity and 
LOD. The amplification by propagating SPs can be 
carried out for optical sensors utilizing attenuated 
total internal reflection fluorescence (TIRF) as well 

as epifluorescence configuration, and the enhance-
ment factor of fluorescence signal intensity up to 102 
can be reached. The plasmonically amplified fluores-
cence assays are particularly attractive for in situ 
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measurements and provide versatile platform where 
both excitation and collection of fluorescence light 
can be performed through a dielectric sensor chip 
[26], through a microfluidic system on the top of the 
sensor chip [28], or for the excitation and collecting 
from opposite sides is possible [19].
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