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Abstract

Long range surface plasmons (LRSPs) are electromagnetic waves originating from the coupling between
two surface plasmons propagating on opposite interfaces of a thin metal layer surrounded by dielectrics
with similar refractive indices. These electromagnetic waves can propagate along the metal film with an
order of magnitude lower damping compared to conventional surface plasmons. Therefore, the excitation
of LRSPs is associated with a high enhancement of field intensity at the metal-dielectric interface. In
surface plasmon enhanced fluorescence spectroscopy (SPFS), this feature increases the fluorescence signal
enabling a more precise observation of binding processes of biomolecules in the proximity to the metal
surface. In this chapter, we demonstrate recent advancements in LRSP-enhanced fluorescence
spectroscopy and its implementation in SPFS-based biosensors.

5.4.1 Introduction

Over the last two decades, great strides have been achieved in the development of biosensors for fast and
sensitive detection of numerous compounds relevant to important areas such as environmental monitoring,
food control and medical diagnostics'. Optical biosensors based on surface plasmon resonance (SPR) are
devices which exploit surface plasmon (SP) waves excited at a metallic surface®. These surface waves
probe the interactions between target molecules present in a liquid sample and biomolecular recognition
elements anchored to the metallic surface. The capture of target molecules on the metallic surface causes an
increase in the refractive index which can be observed using the spectroscopy of SPs. This label-free
approach enables the direct detection of large and medium size molecules (typically >10kDa) which can
produce sufficiently high refractive index changes. In order to increase the sensitivity of the measurement
of the binding of target molecules, surface plasmon-enhanced fluorescence spectroscopy (SPFS) was
introduced to SPR biosensors®. SPFS-based biosensors take advantage of the increased intensity of the
electromagnetic field on the metallic surface occurring upon the excitation of SPs. The SP field is used to
excite the chromophore-labeled molecules bound to the surface providing thus large enhancement of the
fluorescence signal. In comparison with SPR biosensors relying on the measurement of refractive index
changes, SPFS-based biosensors typically enable detection of analytes with several orders of magnitude
lower detection limits®.

With the advent of SPR biosensors, various surface plasmon modes were employed for the refractive index
and fluorescence spectroscopy-based observation of biomolecular binding events. These include long range
surface plasmons (LRSP)’, SPs coupled to a dielectric waveguide®, Bragg-scattered SPs® and localized SPs
supported by metallic nanoparticles'® and nano-structured metallic surfaces™. LRSP is a special surface
plasmon mode which originates from the coupling of surface plasmons (SPs) propagating along opposite
surfaces of a thin metal film. LRSPs can propagate with an order of magnitude lower damping compared to
conventional SPs*. Therefore, LRSPs have attracted attention for the design of high-resolution SPR
sensors™® * and currently an ultra-high refractive index resolution (smallest detectable RI change) of
2.5%x10® was reported™. Only recently, LRSPs were applied in SPFS-based biosensors™® . Due to their
low damping, the excitation of LRSPs is associated with a large enhancement of field intensity at the
metal-dielectric interface which can be directly translated into an increase in the fluorescence signal.

Within this chapter, we describe recent advancements in SPFS-based biosensors achieved through the
excitation of LRSPs. In the following, we describe the characteristics of LRSPs, the arrangements used for
their excitation and their implementation in a biosensor. A comparison of the performance of SPFS-based
biosensors relying on the excitation of conventional SPs and LRSPs is presented.

5.4.2 Surface plasmon modes propagating on a thin metal film

A surface plasmon (SP) is an optical wave trapped on a metallic surface which originates from coupled
collective oscillations of the electron plasma and the associated electromagnetic field, see Fig. la. This
optical wave propagates along an interface between a semi-infinite metal and a dielectric medium with the
complex propagation constant g:
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where ko=27/A is the wave vector of light in vacuum, 4 is the wavelength, nq is the refractive index of the
dielectric and ny, is the (complex) refractive index of the metal. The optical field of SP is transverse
magnetic (TM) and by using the Cartesian coordinates shown in Fig. 1a it is described by the following
nonzero components: magnetic intensity parallel to the interface H,, electric intensity parallel to the
interface E, and electric intensity perpendicular to the interface E,. The SP field exponentially decays from
the metal — dielectric interface with the penetration depth Lye,=(5*-k,’n%)™? where n is equal to n,, for the
metal and nq for the dielectric. The penetration depth is defined as the distance perpendicular to the surface
at which the field amplitude decreases by a factor 1/e. The energy of SP dissipates while it propagates
along the metal surface due to the losses within the metal film. This damping can be described by the
propagation length me:(2lm{,b’})‘1 as the distance along the metallic surface at which the intensity of the
SP mode drops to 1/e.
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Fig. 1a) Surface plasmon propagating on a metal-dielectric interface, b) symmetrical (LRSP) and
anti-symmetrical (SRSP) surface plasmon modes coupled though a thin metal film

embedded in a dielectric.

In order to illustrate typical characteristics of SPs, let us assume a wavelength in the visible part of the
spectrum 4=0.633 pum and the interface between a gold with the refractive index of n,=0.1 + 3.5i and a
dielectric with ng=1.33. For these parameters, the field distribution of SP is depicted in Fig. 2. The
penetration depth of SP into the dielectric is equal t0 Ly,=0.183 pm and that into the gold is
Lpen =0.027 pum. The propagation length of the SP reaches Ly=7.2 pm.
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Fig. 2 Distribution of a) the magnetic intensity Hy and b) the electric intensities E, and E, of SP
propagating along the interface of gold (n,=0.1 + 3.5) and a dielectric (ng=1.33); wavelength of
2=0.633 pm.

Further, let us investigate SP modes propagating along a thin metal film embedded between two dielectrics
with refractive indices of ny and ny,, see Fig. 1b. In general, this geometry with two metallic interfaces
supports two SP modes with propagation constants that obey the following equation:
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where d,, is the thickness of the metal film, k= (ko’ny,>-A%) and ) y=>-ko"n’gp-



If the refractive indices of the dielectrics are identical ng=n,, SPs on the two metallic interfaces can couple
giving rise to two new SP modes. Owing to the symmetry of the configuration, these two modes exhibit
symmetrical and anti-symmetrical distribution of the magnetic intensity H,. By solving the equation (2),
there can be shown that Re{f} of the symmetrical mode is smaller than that of a regular SP on an
individual interface and it decreases upon decreasing the metal slab thickness d,,. On the contrary, Re{s} of
the anti-symmetrical mode is larger than that of a regular SP and it increases when decreasing the thickness
dm, see Fig. 3a. The propagation length L, of the symmetrical mode is larger and that of anti-symmetrical
mode is smaller than the one of SP, see Fig. 3b. Therefore, the symmetrical and anti-symmetrical modes are
referred to as long range surface plasmon (LRSP) and short-range surface plasmon (SRSP), respectively.
For thicknesses of the metallic film which are much larger than the penetration depth of SP into the metal
dn>>Len, the coupling across the metal film disappears and thus the propagation constant £ of LRSP and
SRSP approaches that for the SP on a single metal — dielectric interface. For small thicknesses d,,, SPs on
opposite interfaces are coupled strongly and the LRSP propagation constant approaches the one of light in
the dielectric with refractive index ng=n, and the propagation constant of SRSP diverges.

For instance, on a gold film with the thickness of d,=20 nm and a refractive index of n,=0.1+3.5i,
dielectrics with ny=n,=1.33 and a wavelength of 4=0.633 pm, the propagation length of LRSP and SRSP
reaches Ly,=190 pm and 0.78 pm, respectively. If the geometry in not exactly symmetrical ng<>ny, there
exist a thickness of the metal film d,, below which the LRSP mode cease to exist. This thickness is referred
to as cut-off thickness: for example, at a wavelength of 2=0.633 um and a gold film embedded in dielectrics
with ny=1.333 and nyg=1.340 it is equal to d,,=8 nm.
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Fig. 3 a) The real part of the propagation constant and b) the propagation length L, for LRSP and
SRSP on a gold film with d,= 0-0.1 pm, n,,=0.1+3.5i, ny=n,=1.33 and 4=0.633 pm.

The electromagnetic fields of both LRSP and SRSP exponentially decay into the dielectrics and exhibit the
maximum intensity at the metal film interfaces. As seen in Fig. 4, the LRSP mode exhibits a symmetrical
distribution of H, and E, and an anti-symmetrical profile for E,. Complementary to that, the SRSP mode
has an anti-symmetrical profile of H, and E, and a symmetrical profile of the E,. In general, SP modes are
strongest coupled to the oscillations of electron plasma density through the component E,. Because this
component for LRSP is anti-symmetrical across the metallic film (see Fig. 4a), this mode is weakly coupled
to the electron plasma oscillations and thus its damping is lowered and the penetration depth into the
dielectrics Lyen is enlarged. Contrary to this, the E, distribution of SRSP is symmetrical (see Fig. 4b) leading
to a stronger coupling with the electron plasma oscillations and, hence, an increased damping and lowered
penetration depth Lyen.

The electromagnetic field distribution of LRSP and SRSP presented in Fig. 4 was calculated for a gold film
with a thickness of d,=20 nm, dielectrics with refractive indices of n,=ny=1.33 and a wavelength of
7=0.633 pm. For such a structure, the penetration depth of the LRSP into the dielectric is of L,,=556 nm
and that of SRSP is of Le,=65 nm.
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Fig. 4 Components of the electromagnetic field components H,, E, and E, calculated for a,b) a LRSP
and c,d) a SRSP mode, d,=20 nm, n,,=0.1+3.5i, ng=ny=1.33 and 2=633 nm.

5.4.3 Optical excitation of LRSPs

In order to efficiently couple light to a LRSP, the photon and LRSP waves need to be phase matched along
the metallic surface. As the Re{} of LRSP is always larger than the wave vector of a light wave in the
dielectric ko np g, a prism coupler*® * can be used to enhance the momentum of the incident light and thus
enable an efficient transfer of energy to LRSP.
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Fig.5 a) Scheme of a prism coupler for the excitation of LRSPs; b) Comparison of the angular
reflectivity spectra measured for the excitation of SP and LRSPs using a BK7 prism
(n;=1.515), a Cytop buffer layer (ny,=1.340, d,=900 nm), a gold film (d,, indicated in the graph
and n,,=0.18+3.1i for d,,=22.5 nm), water as a dielectric medium (ny;=1.333) and a light beam
with a wavelength of 4=633 nm, reproduced from *'.



In the prism coupler, a light beam is launched into a prism with a refractive index n, which is higher than
that of the buffer layer n, and the top dielectric nq (Fig. 5a). Upon the incidence of the light beam at the
interface between the prism and buffer layer, the light beam is totally reflected and coupled through its
evanescent tail to LRSP if the following phase-matching condition is fulfilled:

ko, sin(0) =Re{} - 3)

As illustrated in the angular reflectivity spectrum in Fig. 5b, the excitation of LRSPs is manifested as a
resonant dip centered at the angle of incidence for which equation (3) holds. The strength of the coupling
between the optical wave and LRSP can be tuned by varying the thickness of the buffer layer d, in order to
achieve the full coupling of light to LRSPs. For example, for a gold film thickness of d,,=22.5 nm, buffer
layer with n,=1.340, a dielectric with ny=1.333 and a wavelength of 2=633 nm, this optimum buffer layer
thickness is close to d,=900nm, see Fig. 5b.

The comparison of the reflectivity spectra measured for the excitation of LRSPs and a regular SP in Fig. 5b
reveals that LRSPs are excited at lower angles of incidence than SP due to their lower real part of the
propagation constant Re{f} (see Fig. 3a). In addition, the width of the resonant dip associated with the
excitation of LRSP is more than an order of magnitude lower that that for SP due to the larger propagation
length of LRSP (see Fig. 3b). For instance, the full width in half minima (FWHM) of the LRSP resonance
on a gold film with d,,=22.5 nm is A6=0.4 deg compared to AG=5.1 deg for the excitation of a regular SP.
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Fig. 6 a) Simulations of the electric intensity distribution of LRSPs excited on a gold film with
dn=22.5 nm (electric intensity of the incident plane wave is equal to 1). b) Comparison of the
magnetic intensity profile for the excitation of LRSP and conventional SP. The same
parameters as in Fig.5b were used and the light wave was incident on the prim base at an angle
of incidence of #=63.1 deg.

Upon the excitation of LRSP, the energy carried by the incident wave is accumulated within the LRSP
leading to the enhancement of the field intensity in the vicinity of the metallic film. In general, the
magnitude of the field intensity enhancement is increasing with the propagation length L. In Fig. 6a, the
distribution of the electric intensity field is presented for a LRSP excited on a 22.5 nm thick with a plane
wave incident at the resonant angle of 6=63.1 deg (parameters of the layer structure: n,=1.515, d,=900 nm,
ny=1.340, n,=0.18+3.1i and ny=1.333, wavelength of =633 nm). For such a geometry, the electric
intensity | Ex| >+ | E;|? on the top of the gold surface is 60 times larger than that of the incident wave. For
comparison, the field intensity enhancement achieved through the excitation of SPs on a gold film at the
same wavelength is 16 . In addition, the field intensity enhancement is achieved within larger region
adjacent to the metallic film due to the higher penetration depth of LRSP, see Fig. 6b.



5.4.4 Implementation of LRSPs in a SPFS based biosensor

In SPFS-based biosensors, LRSPs are used for the excitation of chromophore-labeled molecules captured
by biorecognition elements anchored on a metallic sensor surface. These devices incorporate two key
components: i) an optical structure providing the enhancement of the electromagnetic field through the
excitation of LRSPs and ii) detection assay and the binding matrix with immobilized ligands for the capture
of target molecules.
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Fig. 7 Optical setup of a sensor based on the spectroscopy of LRSPs for the detection of biomolecular
binding events on a metallic surface using the label-free detection principle and LRSP-
enhanced fluorescence spectroscopy; reproduced from *.

In the LRSP-enhanced fluorescence spectroscopy, mostly prism couplers utilizing the attenuated total
internal reflection method (ATR) were used '® ', see Fig. 7. A monochromatic light beam with the
wavelength matching the absorption band of a chromophore is coupled to a high refractive index prism. On
the base of the prism, a sensor chip with a layer coating supporting LRSPs is optically matched. The sensor
chip consists of a glass slide, a low refractive index buffer layer and a thin metal film. For biosensor
applications, on the top of the metal film an additional layer with biorecognition elements capable to
capture target molecules from aqueous samples is prepared. Against the sensor chip, a transparent flow-cell
with the analyte solution is attached. The fluorescence light is detected using a lens optics, a band-pass
filter to suppress the background due to the scattered light at the excitation wavelength and a
photomultiplier or CCD-based detector.

In order to achieve a refractive index symmetrical structure needed for the excitation of LRSPs, the
refractive index of the buffer layer n, needs to match to that of aqueous samples which is close to that of
water ng=1.333 (at =633 nm). Up to date, different commercially available Teflon-based materials **
(Teflon AF from Dupont Inc., USA, with n,=1.31 and Cytop from Asahi Inc., Japan, with n,=1.34), low
refractive index dielectrics such as aluminum fluoride (AIF; n,=1.34) *® or magnesium fluoride (MgF,
n,=1.38) * and nanoporous silicates (the refractive index can be tuned by the size of pores) were used.
These materials can be spincoated (Teflon) or deposited by vacuum thermal evaporation (magnesium and
aluminum fluoride). For the excitation of surface plasmons in the visible and NIR part of the spectrum,
noble metals are employed. Among these, gold is preferably used owing to its stability. Gold films are
mostly prepared by sputtering or vacuum thermal evaporation. As shown before ', gold films with
thicknesses smaller than d,~20 nm exhibit an island morphology if deposited by these techniques on
surfaces with low surface energy such as Teflon. This effect leads to the deteriorating of their optical
properties



In LRSP-enhanced fluorescence spectroscopy, various surface chemistries developed for SPR or SPFS
biosensors can be used *°. For LRSP-based sensors, particularly three-dimensional binding matrices are of
interest by which the whole extended evanescent field of LRSP can be used for the sensing. Currently,
research in novel hydrogel-based materials which can used for the construction of three-dimensional
binding matrices is carried out > %,

5.4.5. Comparison of LRSP and SP-enhanced fluorescence spectroscopy

As illustrated in the previous sections 5.4.2 and 5.4.3, the excitation of LRSPs results in an enhancement of
the intensity of the electromagnetic field at a metallic surface. If compared to conventional surface
plasmons, the enhancement in close proximity to the gold surface by the factor of up to 4 was reported *'.
In addition, the evanescent field of LRSP can extend into the medium on top of the gold surface with up to
order of magnitude higher depth. These features enables increasing the fluorescence signal due to the
capture of chromophore-labeled molecules on the sensor surface as a larger number of molecules can be
excitated with a higher excitation rate.
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Fig. 8 Comparison of the fluorescence signal recorded via the excitation of LRSP and SP. a) Angular
reflectivity and fluorescence intensity spectra measured for a monolayer of chromophore-
labeled molecules deposited at a distance of 42 nm from the sensor surface. b) The dependence
of the maximum fluorescence intensity on the distance of the chromophore from the sensor
surface. Reproduced from *'.

Experimental results confirmed these predictions ** *. Using a low refractive index spacer layers, a
monolayer of chromophore-labeled molecules was bound at different distances from the gold sensor
surface. The dependence of the fluorescence intensity on the distance was measured upon the excitation of
chomophores via SP (on a 50 nm thick gold film) and via LRSP (propagating along a 16 nm thick gold film
between a Cytop buffer layer and the aqueous sample). As seen in the measured reflectivity and
fluorescence intensity spectra in Fig. 8a, the maximum fluorescence signal is detected during the resonat
excitation of the surface plasmon modes. For the chromophore excitation by LRSPs, the fluorescence
intensity is detected within a narrower range of angles of incidence and exhibits a higher peak intensity
than found upon the excitation by conventional SPs. The comparison of the fluorescence signal in Fig. 8b
reveals that the fluorescence intensity decays exponentially for the chromophore-labeled monolayer
deposited at distances larger than 40 nm. For smaller distance, we observed a decrease in the peak
fluorescence intensity due to the non-radiative decay of a dye induced by the presence of the metal %
Assuming the excitation of dyes distributed within the whole evanescent field of LRSP and SP, the overall
enhancement in the collected fluorescence intensity can be assumed as the product of the enhancement in
the proximity to the sensor surface (4.4 measured at a distance of 4 nm) and the ratio of the penetration
depths (for LRSP with d,,=15.8 nm and conventional SP this ratio is equal to 2.9). By this means, we can
estimate that more than an order of magnitude increase in the fluorescence intensity can be achieved by
taking advantage of the higher enhancement and the more extended field of LRSP when compared with
conventional SPS.



5.4.5. LRSP-enhanced fluorescence spectroscopy: biomolecular binding studies

In SPFS-based biosensors, the binding of chromophore-labeled analyte molecules from a sample to their
biomolecular partners on the sensor surface is measured through induced fluorescence signal. The
biomolecular partners (biorecognition elements) can be immobilized on the sensor surface using various
architectures % including monolayer assemblies or three-dimensional binding matrices. In general, a three-
dimensional binding matrix attached to the sensor surface allows for a higher sensor response as whole
evanescent field of a surface plasmon mode can be exploited. Within such a binding matrix, a higher
amount of ligand molecules can be immobilized and thus stronger fluorescence signal can be observed. As
was reported by Yu et al., a three-dimensional dextrane brush binding matrix (CM5 sensor chip from
Biacore Inc., USA) loaded with a mouse immunoglobulin G (IgG) enabled the detection of anti-mouse 1gG
antibodies at a concentrations as low as 500 aM (80 fg/mL)?** by using surface plasmon enhanced
fluorescence spectroscopy. In this experiment, the dextrane brush with thickness of ~100 nm was used
which matches the penetration depth of surface plasmon (see Fig. 2).
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Fig. 9. a) A scheme of the LRSPR sample with the hydrogel matrix indicating the protein binding to
the matrix. b) the calibration curve of the sensor measured for the binding of anti-mouse 1gG
to mouse 1gG anchored within the hydrogel binding matrix.

In order to let SPFS benefit from LRSP which exhibits a more extended evanescent field (see Fig. 2 and
Fig. 4), a three-dimensional binding matrix with up to micrometer thickness needs to be developed. A first
attempt to achieve this goal was carried out using a NIPAAM [N-(isopropylacrylamide)]-based hydrogel®
deposited on a LRSP-supporting layer structure (Teflon AF with thickness of d,=500 and a gold film with a
thickness da,=40 nm), see Fig9a. Briefly, carboxyl groups within the polymer were activated by incubating
in a mixture of trifluoroacetyl-N-succinimidyl ester (TFA-NHS) in CH,C, and N(Et); for 24h under Ar at
room temperature. Afterwards, the polymer was precipitated in Et,0O, spincoated on a gold surface which
was modified with an adhesion promoter containing a thiol group (synthesized in the lab), crosslinked with
UV light and swelled in phosphate buffer saline (PBS). The thickness and the refractive index of the
swollen hydrogel were determined as 402 nm and 1.345, respectively. A purified mouse 1gG (from
Invitrogen, USA) was in situ covalently bound into the hydrogel from a solution with the concentration of
mouse 1gG of 20 pug/mL. After the immobilization of mouse 1gG, the sensor surface was washed out with
PBS. The refractive index of the hydrogel after the immobilization of mouse IgG was of 1.3463 which
indicates the IgG surface coverage of 2.6 ng mm™.

Using such prepared hydrogel matrix, the binding of anti-mouse 1gG (from Invitrogen Inc., USA) labeled
with Alexa Fluor dye (Alexa Fluor 647 from Molecular Probes Inc., USA) was measured using LRSP-
enhanced fluorescence spectroscopy. A light beam at the wavelength of 633 nm was coupled to a LRSP
wave to probe the binding in the hydrogel matrix. LRSP wave excited the chromophore-labeled anti-mouse
IgG molecules which were affinity captured within the binding matrix. The fluorescence signal was
measured in time while series of samples with anti-mouse 1gG dissolved at concentrations of (40 aM, 5 fM,
5pM, 20 pM, 80pM, and 5 nM) were successively injected. Each sample was flowed along the sensor



surface for 10 min and the increase in the fluorescence signal due to anti-mouse IgG capture was
determined. For each concentration, slope of time evolution of the fluorescence signal due to the binding of
target molecule was determined. Preliminary results presented in Fig9b revealed that the NIPAAM-based
hydrogel is suitable for a construction of binding matrix and achieved limit of detection (LOD) was of 400
fM (60 pg/mL).

5.4.6 Conclusions and future outlook

We described recent advances in surface plasmon-enhanced fluorescent spectroscopy (SPFS) through the
implementation of special surface plasmon modes - long range surface plasmons (LRSPs). The
characteristics of LRSPs, their excitation and implementation in SPFS biosensors were discussed. We
showed that the excitation of LRSPs allows for a dramatic enhancement of the intensity of electromagnetic
field at the sensor surface which can be directly translated into an increase in the fluorescence signal. In
addition, LRSPs enables probing the medium adjacent to the sensor surface with its extended evanescent
field up to a micron in depth. This feature allows for the detection of the fluorescence signal from a larger
sensing volume in which a higher amount of chromophore-labeled molecules can be captured. The
presented data indicates that this approach holds potential to increase the fluorescence signal intensity by
more than an order of magnitude compared to conventional SPFS. Future research will include
improvements of LRSP-based optics to reach even larger enhancement of electromagnetic field and higher
yield of detected fluorescence light. Furthermore, novel materials for three-dimensional binding matrices
are under investigation to fully exploit the potential of LRSPs enhanced fluorescence spectroscopy for
design of new ultra sensitive biosensors. In addition, the extended evanescent field of LRSPs can provide
advantage for the detection of large analytes such as bacteria.
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