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Abstract

In a recent report we demonstrated efficient collection of emission by coupling to surface plasmons
on a thin silver film, resulting in a directional signal in the glass substrate. We call the phenomenon
surface plasmon coupled emission (SPCE). In the present report we examined sulforhodamine 101
(S101) in thin polymer films on 50 nm thick gold films on glass. We observed efficient SPCE through
thin gold films. This result was surprising because metallic gold is typically an efficient quencher of
fluorescence. The energy effectively coupled through the gold film into the glass at a sharply defined
angle, but somewhat less sharp than for a comparable silver film. About 50% of the total emission
appeared as SPCE, irrespective of direct excitation or excitation via the plasmon resonance
evanescent wave. The emission was p-polarized with different wavelengths appearing at different
angles. The lifetime of S101 was mostly unaffected by the gold film. These results indicate that SPCE
occurs over long distances, larger than for quenching by energy transfer to the gold. We conclude
highly efficient detection devices can be constructed by using fluorophores on gold-coated surfaces.

Introduction

In several reports we described the interactions of fluorophores with metallic silver particles
and surfaces. We found that fluorophores within 100 A of subwavelength-size silver particles
displayed several useful spectral changes, including increases in intensity, quantum yield,
photostability, distance for resonance energy transfer, and multiphoton excitation.1™5 These
effects are the result of changes in the photonic mode density (PMD) near the fluorophore.6
7 More recently we reported the phenomenon of surface plasmon coupled emission (SPCE).
This occurs when fluorophores are within about 100 nm of a continuous silver film.8710 The
energy from the excited fluorophores couples with surface plasmons with efficiencies near
50% and enters the glass substrate at a sharply defined angle.

The effects of silver particles or films on fluorophores are the result of the free electron metallic
properties of silver. Gold has similar metallic properties but also displays a visible absorption.
Gold is known to strongly quench fluorescence, more probably by resonance energy transfer
to the absorption bands. For example, molecular beacons using gold particles as the acceptor
display large on—off intensity ratios because of the highly efficient quenching by gold.11:12
Energy transfer to gold is known to occur over distances somewhat larger than the usual Forster
distances.13:14 For this reason gold is an unlikely metal for enhancing fluorescence. For clarity
we note that both silver and gold may act as quenchers for fluorophores in direct contact with
the metal surface. Silver appears to enhance fluorescence for fluorophores 20 to 100 A from
its surface. Over this range of distances, gold acts mostly as a quencher due to energy transfer
to its surface.
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In our studies of SPCE®~10 we found this phenomenon to occur over distances up to 200 nm,
which are much larger than the 5 nm distances for RET quenching.13:14 Hence we reasoned
that SPCE may occur for gold because the fluorophores can be within the distance for coupling
but outside the distance for quenching. Observation of SPCE with gold would be advantageous
because of the long-term chemical stability of gold surfaces and the extensive literature on gold
surface chemistry.15718 Additionally, thin gold films are widely used in surface plasmon
resonance (SPR), which provides both a technology base for preparation of suitable gold films
and potentially new capabilities for SPR instruments.

The phenomenon of SPCE can be understood from the physics of surface plasmons920 and
the phenomenon of surface plasmon resonance.?1:22 SPCE appears to be the reverse process
of SPR. Instead of absorption of the incident light by the metal film, SPCE is the emission of
light by the metal film due to nearby excited fluorophores. SPR occurs under specific conditions
where the wavevector of the incident light matches the wavevector of the surface plasmon.
This occurs if the light is incident from the side of the metal film with higher refractive index,
typically a glass prism (Scheme 1, top). Absorption occurs at a specific angle of incidence
(61) when this angle equals the SPR angle for the incident light (6sp). The reflectivity of the
metal film is high at all angles except for a small range of angles around 0sp. The occurrence
of surface plasmon absorption depends on matching the wavevector of the incident light (k)
with the wavevector of the surface plasmons (ksp). The wavevector of the incident light is
given by

A c - (1)

where n is the refractive index of the prism, A is the wavelength in the prism, w is the frequency
in radians/s, and kg is the wavevector in free space.

Calculation of the wavevector for the surface plasmon is more complex. The refractive index
(n) and dielectric constant (¢) of a metal (m) in a complex quantity is given by

Em=&rHEim (2)

where i= V-1 and the subscripts indicate the real (r) and imaginary (im) components. For a
metal the wavevector for the surface plasmon can be approximated by

1/2
81'85)/

k., =k
SE 0(8[+85
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where ¢, and ¢ are the real parts of the dielectric constants of the metal (m) and the sample (s)
above the metal film distal from the prism, respectively.

The incident light interacts with the surface plasmon when its x-axis component equals the
wavevector for the surface plasmon. The wavevector for the incident light in the prism is given

by
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kp=konp (4)

and the component along the x-axis (projection of the wave-vector onto the interface9) is equal
by

kex=konpsiné, ®)

where 6 is the incidence angle in the prism measured from an axis normal to the metal surface.
The conditions for SPR absorption are satisfied when

ksp :kx:konpsinesp (6)

Examination of eq 6 reveals an important property of SPR. For SPR to occur the electric vector
of the incident light in the metal plane needs to be modified by the factor sin 6. This only
occurs if the electric vector is parallel to the plane of incidence. Such light is said to be p-
polarized. Light is s-polarized if the electric vector is perpendicular to the plane of incidence.
Under the conditions used in this study s-polarized light does not display SPR. However, this
restriction can be changed for certain thicknesses of the sample layer.

We found that the angular distribution of SPCE matches the reflectivity curves for the nearby
silver surface.8~10 This effect appears to be due to a near-field interaction of excited state
fluorophores with the metal surface, and not simply a result of decreased reflectivity of the
film. The equations used to explain SPR (eqs 1-6) are thus useful for explaining SPCE.

In reality SPR and SPCE do not occur only at a single angle, but over a relatively narrow range
of angles determined by the optical constants and resonance response of the metal. Calculation
of the angle-dependent reflectivity curves requires moderately complex equations.10:23,24
Reflectivity curves can also be calculated with web-based software2® or commercial software
used to design optical thin film filters.26

Materials and Methods

Sample Preparation

Glass microscope slides (plain, Corning) were coated by vapor deposition by EMF Corp.,
Ithaca, NY. A 50 nm thick layer of gold or silver was deposited on the glass, followed by a 5
nm layer of SiO, to serve as a spacer and protect the silver surface. Fluorophores were deposited
on the surface by spin coating at 3000 rpm a 2 wt % solution of low molecular weight poly
(vinyl alcohol) (PVA) in water. The PV A solution contained sulforhodamine 101 (S101) from
Aldrich. The thickness of the PVA films was estimated by measurement of optical densities at
587 nm of S101 in spin-coated film and in control 10 zm thick films obtained from the same
stock solution by evaporation. The optical density of S101 in spin-coated film on glass was
0.006 and in control 10 xzm film it was 1.43. We estimated the thickness of our spin-coated
film to be 40 £ 5 nm. The thickness of gold and PVA films were further confirmed by the
spectroscopic ellipsometry analysis done by Mr. Alan Kramer from the Jobin Yvon Horiba
research group (Edison, NJ). The spectroscopic phase modulated ellipsometer determined the
thickness of the gold to be 51.4 nm. The measured thicknesses of the PVA layer were 41.7 nm
on gold and 39.8 nm on glass.
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Fluorescence Measurements

The coated slides were attached to a hemicylindrical prism made of BK7 glass with index
maching fluid. This combined sample was positioned on a precise rotary stage that allows
excitation and observation at any desired angle relative to the vertical axis along the cylinder.
10 Two modes of excitation were used (Scheme 1). The sample could be excited through the
prism. In this case the incident light was completely reflected at all angles except when the
incident angle 6, equaled the surface plasmon angle 0sp. For incident angles near fsp there
exists an evanescent wave in the air-sample side, distal from the incident light. This evanescent
field extends about 200 nm into the air or sample. This mode of illumination is called the
Kretschmann (KR) configuration (Scheme 1, top). The sample can also be excited from the air
or sample side, which has a refractive index lower than the prism. In this case it is not possible
to excite surface plasmons. The angle of incidence does not matter but we used normal
incidence. This is called the reverse Kretschmann (RK) configuration (Scheme 1, bottom).
Observation of the emission was performed with a 3 mm diameter fiber bundle, covered with
a 200 um vertical slit, positioned about 15 cm from the sample. This corresponds to an
acceptance angle below 0.1°.

For excitation we used the 514 nm output of a mode-locked argon ion laser, 76 MHz repetition
rate, 120 ps half-width. Scattered light at 514 nm was suppressed by observation through a
holographic supernotch-plus filter (Kaiser Optical System, Inc., Ann Arbor, MI). Emission
intensities were observed through a long wave pass filter LWP 540 in addition to the notch
filter. All emission spectra were recorded through the notch filter. Frequency-domain intensity
decays were measured with the 10-GHz instrument described earlier.2” The phase and
modulation measurements were performed over a range of modulation frequencies from 76 to
608 MHz. For the photographs we used 532 nm excitation from a solid-state laser (maximum
output power 30 mW) and the samples were attached to a hemispherical prism rather than a
hemicylinder.

The multifrequency phase and modulation data were analyzed in terms of the multiexponential
model

1(7)=ZaieXP(_7/Ti)
i M

where 7 are the lifetimes with amplitudes aj and Xa; = 1.0. The parameters o;j and zj; were
determined by nonlinear least squares, as described previously.2® The multiexponential model
is used to describe the form of the intensity decay. We are not assigning molecular significance
to the recovered parameters. The contribution of each component to the steady-state intensity
is given by

;T

D20
J

fi=

(8)

The mean decay time is given by

?:Z firi

9)
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The amplitude-weighted lifetime is given by

<T>=Za’i‘ri

(10)

SPCE with Reverse Kretschmann Configuration

The fluorophore S101 in PVA was coated on the gold films. We measured the emission
intensities for all angles around the z-axis in the plane of the gold film. We used RK excitation
since the incident light cannot excite surface plasmons. The angle-dependent emission
intensities are shown in Figure 1 (top). The emission was sharply distributed at +57.5°. By
integration of the angle-dependent intensities we estimate that 64% of the emission couples
through the gold film and radiates at this angle. We regard this estimate as only an
approximation. Emission spectra recorded at the angle of maximum emission are shown in
Figure 2. The emission spectra of the SPCE are equivalent to the free-space emission spectra
of S101 observed with the same sample. The SPCE was almost completely polarized in the
horizontal direction, which is p-polarized. The SPCE is p-polarized irrespective of the
polarization of the incident light (Figure 2, top and bottom). The magnitude of the polarization
(>0.9) is larger than possible for an isotropic distribution of fluorophores even when excited
with polarized light. These unusual properties of angular distribution and polarization are
characteristic of SPCE®10 and demonstrate that this phenomenon occurs with gold films. The
high polarization value demonstrates that SPCE dominates the signal at the SPCE observation
angle. The high polarization indicates that the emission is probably due to surface plasmons
which radiate into the prism.

Since gold is known to quench fluorescence, and silver particles to enhance fluorescence, it
was of interest to compare SPCE for the same samples on gold or sliver surfaces. The width
of the angular distribution on the gold surface was about 2-fold larger than that for sliver (Figure
1, bottom), but with a lower peak intensity, which we attribute to the different plasmon
resonances of these metals. Surprisingly, only a slightly lower total amount of SPCE was
observed on the gold than on silver surfaces, which demonstrates the absence of significant
quenching by gold. The extent of gold quenching was probably minimized by our use of a 5
nm layer of SiO, to protect the metal surfaces. The comparable intensities of the SPCE on gold
and silver demonstrate the coupling occurs over distances larger than Forster energy transfer
to the gold surface.

It is of interest to compare the angular distributions for SPCE with the surface plasmon
resonance for absorption. The angle-dependent reflectivity curves for gold and silver at the
emission wavelength of 600 nm are shown in Figure 3. These curves were calculated by using
optical constants appropriate for our experimental configurations and the emission maximum
of S101. The reflectivity minima occurred at 57° and 50° for gold and silver, respectively
(Figure 3). These values are in good agreement with the observed maxima of 57.5° and 53°,
for gold and silver, respectively. Also, the reflectivity curve is wider for gold than for silver,
which is consistent with the wider angular distribution of SPCE on gold (Figure 1).

An important characteristic of SPCE is that the coupling angle depends on wavelength. This
suggests that one can observe different parts of an emission spectrum with different observation
angles. Figure 4 shows emission spectra for the gold SPCE of S101, recorded with the fiber
input at different angular locations. As the observation angle is increased the emission spectra
shift to shorter wavelengths, which is consistent with the dependence expected from eq 6. The

J Phys Chem B. Author manuscript; available in PMC 2010 August 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gryczynski et al.

Page 6

spectral shifts seen in Figure 4 are not very large because of the narrow emission spectrum of
S101. Nonetheless, the visual appearance of the emission changed from yellow to red upon
changing the observation angle.

In Figure 1 we showed the angle-dependent intensities for S101 measured in a single plane.
However, examination of Scheme 1 shows that for RK excitation the axis normal to the gold
film is a symmetry axis. Hence the emission intensity should be the same for all azimuthal
angles around the normal axis. This concept is shown in Scheme 2, where there is a cone of
equal emission intensity for all angles 4.

We examined the cone-of-emission by projecting the light onto white tracing paper. Figure 5
shows real color photographs of the SPCE. A circular ring of emission is easily visible for
S101 on the gold film (top panel). The lower two panels compare the cones for gold (middle)
and silver (bottom) films. The cone is somewhat wider for gold than for silver, which is due
to the wider range of decreased reflectivity for gold as compared to silver (Figure 3).

SPCE with the Kretschmann Configuration

In the preceding experiments we used the RK configuration and surface plasmons in the metal
were not induced by the incident light. When a gold or silver film is illuminated through the
prism, and the angle of incidence equals the surface plasmon angle, one creates surface
plasmons at the interface between the gold and PVA films. The excited plasmons create an
evanescent field above the metal. It is known that fluorescence can be excited by this evanescent
wave, which exists above the gold distal from the glass. The evanescent field extends about
200 nzrg ?E(r)lto the sample, and the intensity is enhanced about 20-fold relative to the incident
light.=®:

We measured the free-space emission of S101 for a range of incident angles (Figure 6, insert).
Emission from S101 is only seen at incident angles where there is a decreased reflectivity of
the incident light. At other angles the gold and silver are highly reflective so little light
penetrates the metal films (Figure 6). For the gold film (top) a wider range of incident angles
result in S101 free-space emission than for the silver film (bottom).

We examined the angular distribution of the SPCE when excited by the evanescent field. The
angular distributions of the S101 emission are nearly identical with those observed with reverse
Kretschmann excitation (Figure 7). It is interesting to note the similarities between Figures 7
and 1. In Figure 7 we are observing the SPCE resulting from surface plasmon evanescent wave
excitation. In Figure 1 we are observing the SPCE without excitation of surface plasmons in

the metal. In Figure 7 the evanescent field excited the fluorescence. The similarity of the angular
distributions shows the SPR and SPCE are separate events.

We measured the polarization of the emission with surface plasmon evanescent wave excitation
while observing the SPCE. Significant intensity was only observed when the emission polarizer
was horizontal in the lab axis, which is p-polarized (Figure 8). The SPCE emission was almost
completely p-polarized with both the gold (top) and silver (bottom) films. In contrast, the free
space emission was much less polarized (p = 0.1). s-polarized light cannot excite the plasmons
and does not penetrate the metals.

Time-Resolved Intensity Decays Near Gold Films

In our previous studies of the effects of silver particles we observed substantial decreases in

the lifetimes of nearby fluorophores.2* We believe these decreases are due to increases in the
radiative decay rates of fluorophores near metallic particles. In the present experiments a large
fraction of the total emission appears at the plasmon angles. We expected this effect to be the
result of a rapid decay of the fluorophores into the SPCE, occurring mostly before the radiative
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decay into free space. Thus we expected decreased lifetimes for the SPCE. Figure 9 shows the
frequency-domain intensity decays of S101 measured under these conditions. The free space
decay was measured with RK excitation, no surface plasmon evanescent wave (top), the SPCE
with RK excitation (middle), and the SPCE with surface plasmon (KR) excitation (bottom).
Table 1 summarizes the intensity decays under these three conditions for gold and silver.
Surprisingly, the three decays are very similar, with only a small decrease in mean lifetimes
observed for KR excitation and SPCE (Figure 9, bottom). We attribute this small lifetime
decrease to quenching by the gold, which occurs more in this case because excitation by the
SP evanescent wave results in excitation of those fluorophores closest to the gold film. In the
case of silver there is less evidence of metal quenching with SP excitation. The most important
conclusion from these intensity decay measurements is that the lifetimes of SPCE and the free
space emission are essentially the same.

Discussion

In our opinion, the existence of efficient surface plasmon-coupled emission with gold films
will result in numerous applications to biomolecule detection. Surface plasmon resonance is
widely utilized to measure a wide range of bioaffinity reactions,31733 and SPR is being
extended to electrophoresis3# and imaging.3® The instrumentation for SPR provides
illumination of the gold film at the surface plasmon angle and detection of the reflected light.
This configuration is similar to that required for measurements of SPCE. The only change
needed would be incorporation of an emission filter and a small change in the observation angle
due to the different wavelengths for reflection and SPCE.

The similarity of SPR and SPCE suggests that both methods can be used in the same device.
The technology for SPR is well developed, as is the surface chemistry needed to localize
biomolecules on gold. In the case of SPR the gold surfaces are frequently coated with dextran
to provide for more binding sites within the evanescent field. Since SPCE occurs over similar
distances a large number of labeled molecules can be located with the light collection volume.
Because of these favorable properties and similarities we expect SPCE to become widely used
for biomolecule detection.

SPCE has several advantages over total internal reflection (TIRF) measurements. The
directional nature of SPCE offers easier detection and background rejection. Also, in the KR
mode of excitation the incident light intensity can be significantly reduced.
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Figure 1.

Angular distribution of the emission of S101 in PVA (40 nm thick) on a gold film (top) and a
silver film (bottom). The excitation was horizontally polarized and the emission observed
through a horizontal polarizer.
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Figure 2.

Emission spectra of S101 in PVA on a gold film measured with the RK configuration. V and
H represent vertical and horizontal polarization in the order excitation—emission. Top panel:
p-polarized excitation. Bottom panel: s-polarized excitation.

J Phys Chem B. Author manuscript; available in PMC 2010 August 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gryczynski et al.

1.00

0.75

0.50

0.25

1.00

REFLECTANCE
P~

075
600 nm

0.50F

0.25+

0 1

Silver
dm=50nm
dy =40 nm

40 45 50

55

60

6; (degrees)

Figure 3.

65

70

Page 12

Calculated reflections for gold (top) and silver (bottom) mirrors. The coupling hemicylinder
prism was from BK7 glass, n = 1.52; the d; layer was PVA, n = 1.50. For silver we used ¢ =

—17 + 0.6i and for gold we used —8.9 + 1.07i.
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Figure 4.
Emission spectra of S101 in PVA on gold recorded with different observation angles.
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Figure 5.
Photographs of the S101 directional emission in PVA on gold mirror side-view (top) and front
view (middle). Bottom: emission cone from S101 on a silver film.
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Effect of the excitation incidence angle for the free space emission intensity of S101 in PVA

on gold (top) and silver (bottom).
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Angular distribution of the S101 emission in PVVA on gold (top) and silver (bottom) observed
with KR (SP) excitation.
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Emission spectra of S101 in PVA on gold (top) and silver (bottom) with p-polarized SP

excitation observed through horizontally (-) or vertically (- - -) oriented polarizers.
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Figure 9.
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Frequency-domain intensity decays of S101 in PVA on gold. Top and middle, RK excitation.
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Top: free-space emission. Middle: surface plasmon-coupled emission. Bottom: KR excitation
and surface plasmon-coupled emission.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gryczynski et al.

40nm PVA layer doped

,,,,W,,,mqa_:/ with S 101
= s «— Slide coated with

o o 50 nm Au or Ag
2N :\Gloss hemisphere or
= > hemicylinder

N \)/ Directional plasmon
S coupled emission

SP .
Excitution,.f

KR configuration

Excitation

40 nm PVA layer doped
with S 101
e i—3«— Slide coated with
50nm Au or Ag
, \Gloss hemisphere or
hemicylinder

Directional plasmon
O 8: « coupled emission

RK configuration

SCHEME 1.
Geometry for SPCE Measurements with the KR Configuration (top) and for SPCE
Measurements with the RK Configuration (bottom)
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Schematic of the Cone of Emission in RK Configuration
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