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Abstract
We describe a new method for multi-wavelength immunoassays using surface plasmon-coupled
emission (SPCE). This phenomenon is coupling of excited fluorophores with a nearby thin metal
film, in our case silver, resulting in strongly directional emission into the underlying glass substrate.
The angle at which the radiation propagate through the prism depends on the surface plasmon angle
for the relevant wavelength. These angles depend on emission wavelength, allowing measurement
of multiple analytes using multiple emission wavelengths. We demonstrated this possibility using
antibodies labeled with either Rhodamine Red-X or AlexaFluor 647. These antibodies were directed
against an antigen protein bound to the silver surface. The emission from each labeled antibody
occurred at a different angle on the glass prism, allowing independent measurement of surface
binding of each antibody. This method of SPCE immunoassays can be readily extended to 4 or more
wavelengths.

Fluorescence immunoassays are widely used in the biosciences [1–3]. Such immunoassays can
be based on anisotropy [4,5], energy transfer [6,7], or time-gating [8,9]. Regardless of the
chosen observable quality, the immunoassays are invariably based on the free-space emission
of the probes. By free-space (FS) emission we mean the nearly isotropic emission of
fluorophores into homogeneous transparent media.

In several recent papers we described a new approach to fluorescence detection in which the
FS emission is altered by near-field interactions with a metallic surface [10,11]. The changes
in emission can be favorable, including changes in quantum yield, photostability, and energy
transfer. These effects rely upon the interactions of fluorophores with sub-wavelength size
silver particles.

More recently we described a different near field interaction which occurs between excited
fluorophores and a thin metal film, typically 50 nm thick silver or gold [12–15]. We found
coupling of the excited fluorophores with surface plasmons in the metal resulted in highly
directional emission and/or transfer of energy through the metal into the underlying glass
substrate. We refer to this phenomenon as surface plasmon-coupled emission (SPCE). The
angles for SPCE were shown to depend on the emission wavelength.

In the present report we describe the use of SPCE, and its angular dependence on wavelength,
to develop a two wavelength immunoassay with two different labeled antibodies (Scheme 1).
The SPCE of each detected antibody, which occurred at a different wavelength, appeared at
different angles in the glass prism. This method can be readily extended to more analytes using
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fluorophores emitting at different wavelengths. SPCE immunoassays also have the favorable
properties of background suppression due to the excitation and collection of emission being
localized near the metal surface. We expect multiplexed SPCE immunoassays to become
widely used in medical testing.

Materials and methods
Reagents

Rabbit IgG (11.2 mg/mL) was from Sigma. Rhodamine Red-X-antiRabbit IgG (produced in
goat, 2 mg/mL, dye/protein = 3.8 mol/mol) and AlexaFluor647-antiRabbit IgG (produced in
goat, 2mg/mL, dye/protein = 4.5 mol/mol) conjugates were from Molecular Probes. Buffer
components and salts (such as bovine serum albumin, glucose, and sucrose) were from Sigma–
Aldrich.

Coating slides with IgG
Standard glass microscope slides (3 × 1 in., 1 mm thick; Corning) were vapor deposited with
a continuous 50 nm thick silver layer by EMF (Ithaca, NY). Slides were non-covalently coated
with rabbit IgG: 1.6 mL coating solution of IgG (50 μg/mL IgG in Na-phosphate buffer, 50
mM, pH 7.4) was added to the slide, and slide was incubated 3.5 h at room temperature in a
humid chamber. Slides were then rinsed with water, washing solution (0.05% Tween 20 in
water), and water. Blocking was performed by adding 2.0 mL of blocking buffer (1% bovine
serum albumin (BSA), 1% sucrose, 0.05% NaN3, 0.05% Tween 20 in 50 mM Tris–HCl buffer,
pH 7.4) and incubation overnight at +4 °C in humid chamber. The slides were rinsed with
water, washing solution (0.05% Tween 20 in water), and water, covered with blocking buffer
and stored at +4 °C until use.

End-point binding experiment
Two dye-labeled conjugates, Rhodamine Red-X-antiRabbit IgG (RhX-Ab) and
AlexaFluor647-antiRabbit IgG (Alexa-Ab) were mixed in blocking solution: 20 μL of each
stock conjugate solution was added to 4mL of blocking solution. This mixture was added to
the slides (1.5 mL per slide), and slides were incubated at 37 °C in a humid chamber for 1 h.
Slides then were rinsed with water, washing solution (0.05% Tween 20 in water), and water.
A 1 mm thick cuvette was mounted on the metallic side of the slide. About 0.4 mL of the
blocking buffer was added inside the cuvette, and fluorescence measurements were performed
at two different optical configurations (Kretschmann and reverse Kretschmann).

Kinetic binding experiment
A 1 mm thick cuvette was mounted on the metallic side of the slide (coated with rabbit IgG as
described above). About 0.4 mL of the mixture of two dye-labeled conjugates Rhodamine Red-
X-antiRabbit IgG and AlexaFluor647-antiRabbit IgG (prepared as described above) was added
into the cuvette using a needle. Kinetics was immediately monitored at room temperature (17
°C) using the configuration shown in Scheme 2.

Spectroscopic measurements
Fluorescence measurements on microscope slides were performed using index-matching fluid
to attach the slide to a hemicylindrical prism made of BK7 glass and positioned on a precise
rotatory stage equipped with the fiber optics mount on a 15 cm long arm [13]. This configuration
allowed fluorescence observation at any angle relative to the incident angle. The output of the
fiber was connected to an Ocean Optics SD2000 spectrofluorometer for emission spectra. The
excitation at 532 nm was from a solid-state laser (maximal output power 30 mW). The kinetic
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measurements were done with simultaneous observation through three fibers pointing to three
independent detectors.

Theory
The phenomenon of SPCE is closely related to surface plasmon resonance (SPR). The theory
of surface plasmons has been described in details [16,17] as have its use to measure bioaffinity
reactions [18,19]. Surface plasmons are excited when a metal surface is illuminated under
specific conditions which allow wavevector matching at the sample metal interface. Surface
plasmons cannot be excited from air by incident light. SPR occurs when light is incident on a
metal through a higher refractive index medium such as glass. The surface plasmons are only
excited at a specific angle of incident (θSP), where the reflectivity decreases. At other angles
of incidence (θI) the reflectivity of the metal is high.

The wavevector of the incident light in the prism is given by kp = 2π/λ = npk0, where λ is the
wavelength in the prism, np is the refractive index of the prism, and k0 is the wavevector in a
vacuum or air. The in-plane x-component of the wavevector is given by

(1)

where θI is measured from the normal axis (Scheme 2). SPR occurs when

(2)

Calculation of the surface plasmon wavevector is somewhat complex. For a metal the dielectric
constant is usually an imaginary number

(3)

where  and the subscripts indicate the real (r) and imaginary (im) components. These
constants are wavelength (frequency) dependent. Because the real part of ∈m is larger than the
imaginary part the wavevector of a metal can usually be approximated by

(4)

where ∈s is the effective dielectric constant of the sample near the silver surface. SPR only
occurs for p-polarized incident light.

SPCE is similar to SPR in reverse. Instead of illumination through a prism, the metal feels
near-field interactions with an excited fluorophore, resulting in creation of surface plasmons.
These plasmons then radiate into the glass substrate at the surface plasmon angle for the
emission wavelength (θF). The plasmons radiate at the plasmon angle because this is needed
to match the wavevectors. The plasmons cannot radiate into the sample because the
wavevectors cannot be matched. The angle θSP depends on wavelength because kx depends on
wavelength.
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For SPCE the sample can be illuminated in two ways. The metal surface can be illuminated
from the water side, the reverse Kretschmann (RK), which itself cannot create surface
plasmons. The excited fluorophores near the metal can couple and create SPCE. Since the
incident field does not undergo a resonance interaction with the metal the fluorophores are
excited nearly equally across the sample. The device can also be illuminated through the prism,
called the Kretschmann (KR) configuration (Scheme 2). When θI = θSP there exists an
evanescent field in the sample that extend out to about 200 nm above the metal. This evanescent
field is enhanced about 40-fold by the resonance interaction [20]. Hence KR illumination
results in selective excitation near the metal surface. The enhanced field can allow the incident
intensity to be decrease while obtaining the same emission intensity, further reducing the
background.

Results
The experimental configuration used for two-wavelength SPCE is shown in Scheme 2. The
protein-coated silver surface is illuminated at the surface plasmon angle through the glass
prism, which is called the Kretschmann (KR) configuration. The free-space emission is
observed normal to the sample surface, on the side distal from the prism, using a filter and a
fiber optic bundle. SPCE is observed on the prism side of the sample, at two different angles
through appropriate long-pass filters for each labeled antibody. The sample can also be excited
through the aqueous phase, which is called the reverse Kretschmann (RK) configuration.

In previous reports we found close agreement between the calculated reflectivity minima for
the emission wavelength and the observed SPCE angles [12-14]. Hence we calculated the
reflectivity expected for over the 50 nm thick silver films and our optical configuration (Fig.
1). The reflectivity curves can be calculated using either software available on the web [21] or
commercial software [22] which we found to yield equivalent results. The reflectivity minima
were found at 72.5° for 532 nm, and at 69° and 67° for 595 and 665 nm, respectively. Hence
we expected to obtain excitation of surface plasmons with a 532 nm at incident angle of 72.5°,
and to observe the RhX-Ab and Alexa-Ab emission at 69° and 67°, respectively.

We examined the angle-dependent emission intensity for an antigen (rabbit IgG) covered
surface which was saturated with a mixture of RhX-Ab and Alexa-Ab (Fig. 2). The emission
from both labeled antibodies was strongly directional at different angles on the prism. The
emission from RhX-Ab peaked at 71°, and that from Alexa-Ab at 68°. It is important to
recognize that SPCE does not require excitation of surface plasmons by the incident light. To
demonstrate this fact we excited the sample through the aqueous phase (Fig. 3). Once again
the emission from each labeled antibody was strongly directional in the prism at the surface
plasmon angle for the emission wavelength. This result demonstrates that SPCE is due to an
interaction of the excited fluorophores with the metal surface and does not depend on creation
of surface plasmons by the incident light.

The angle-dependent intensities in Figs. 2 and 3 were collected through a emission filter to
isolate the emission from each labeled antibody. However, these measurements did not resolve
the emission spectra of each antibody. Fig. 4 shows emission spectra collected using
observation angles of 71°, 69.5°, and 68°. At 71° the emission is almost completely due to
RhX-Ab with an emission maximum of 595 nm. At 68° the emission is due mostly to Alexa-
Ab at 665 nm, with a residual component from RhX-Ab at 595 nm. At the intermediate angle
of 69.5° the emission from both labeled antibodies is seen. These emission spectra show that
the desired emission wavelength can be selected by adjustment of the observation angle.

We used SPCE at two observed angles to simultaneously measure the binding kinetics of both
labeled antibodies (Fig. 5). The binding kinetics were similar even though the final intensities
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are different (▲, △). The binding was also measured using KR excitation and the free-space
emission (●, ○). The intensities are over 10-fold higher for SPCE than for the free-space
emission.

Discussion
We expect angle and wavelength-dependent SPCE to have numerous applications in sensing.
The silver film serves multiple purposes. It amplifies the incident light [18], efficiently collects
the emission, and provides separation of the wavelengths [12,13]. Detection could be
accomplished with imaging or point detectors, to provide a simple yet sensitive device. The
number of analytes can be increased by using fluorophores with emission wavelengths ranging
from 450 to 800 nm. Still more analytes could be measured using semiconductor nanoparticles,
which display narrow emission spectra [23,24]. We believe the angular dependence on
wavelength can be increased using thin (50 nm) or thick (200 nm) metal gratings, which also
display SPR with an additional dependence on the grating constant [25,26]. The use of the KR
configuration localizes the excitation near the metal surface, but further localization is possible
using multi-photon excitation [27,28]. The surface chemistry of silver and gold is well
developed [29-33], and we recently observed SPCE using gold films [15]. SPCE is then an
attractive approach for a wide range of sensing applications, which will often be based on novel
device configurations.
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Fig. 1.
Calculated reflectivity of a 50 nm silver film on BK7 glass (np = 1.52). The sample (protein
layers) was assumed to be 15 nm thick (ns = 1.50). The buffer thickness was taken as infinite
with nw = 1.33. For silver phase we used , , and

 [12].
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Fig. 2.
Angle-dependent emission from a surface containing RhX-Ab and Alexa-Ab. Emission was
measured at 595 or 665 nm. The sample was excited at 532 nm at 75° using the Kretschmann
configuration.

Matveeva et al. Page 8

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 September 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Angle-dependent emission from surface-bound RhX-Ab and Alexa-Ab measured at 595 and
665 nm. The sample was excited at 532nm using the RK configuration.
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Fig. 4.
Emission spectra from a surface containing RhX-Ab and Alexa-Ab measured at three
observations angles, using the KR configuration.
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Fig. 5.
Surface binding kinetics for the SPCE emission (▲, △) observed as shown in Scheme 2 and
Fig. 2, at 71° for 595 nm and −68° for 665 nm. Free-space emission (●, ○).
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Scheme 1.
Two-color SPCE immunoassay.
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Scheme 2.
Experimental configuration for the two-color SPCE assay using surface plasmon
(Kretschmann) excitation. Fibres F1 and F2 collect SPCE at 595 and 665 nm, respectively.
Fibre F3 observes the free-space emission.
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