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We describe an exciting opportunity for Metal-Enhanced Fluorescence (MEF)-based surface
assays using an angular-ratiometric approach to the observed enhanced emission from
fluorophores in close proximity to silver colloids deposited on glass substrates. This approach
utilizes the radiationless energy transfer (coupling) between the excited states of the fluorophore
and the induced surface plasmons of the silver colloids, and the subsequent angular-dependent
fluorescence emission from the fluorophore–silver colloid system. Since MEF is related to surface
plasmons’ ability to scatter light, angular-dependent light scattering from three different silvered
surfaces and glass substrates were investigated using two common excitation angles, 45 and 90u.
The scattered light from silvered surfaces with a high loading was observed at wider angles on
both sides of the glass substrates, while forward scattering (from the back of the glass) was
dominant for the silvered surfaces with low loading, as explained by both Mie and Rayleigh
theories. When silver colloids were placed between the fluorophore and glass interface, the
coupled fluorescence emission through the higher refractive index glass (and in air), increased in
an angular-dependent fashion, following closely the angular-dependent light scattering pattern of
the silver colloids themselves. Similar observations for fluorescence emission from fluorophores
deposited onto glass surfaces alone were made, but at much narrower angles on both sides of the
fluorophore–glass interface and were simply explained by Lambert’s cosine law. As the loading of
silver on glass was increased, the enhanced fluorescence emission was observed at wider angles
(towards 0 and 180u) at both sides of the silvered surfaces. Glass surfaces without silver colloids
were used as control samples to demonstrate the benefits of MEF for enhancing fluorescence
signatures in an elegant, angular-dependent fashion. Finally, the utility of the angular-dependent
MEF phenomenon for intensity-based angular-ratiometric surface assays is demonstrated.

Introduction

Metal-Enhanced Fluorescence (MEF) is a phenomenon where
the quantum yield and photostability of fluorescing species in
close proximity to metallic nanoparticles are dramatically
increased.1 Over the last decade, many surfaces have been
developed for MEF based on different metallic nanoparticles,
such as those comprised of silver nanoparticles,2,3 gold
colloids,4 and even copper particulate films.5 Several modes
of silver deposition have also been developed, such as by wet
chemistry,6 a layer-by-layer deposition technique,7 deposition
by light,8 electrochemically,9 on glass,10 plastic substrates,11

and even on indium tin oxide.12

In addition, the value of MEF as a powerful platform
technology for surface assays has been demonstrated for
fluorescence-based applications of drug discovery2 high-

throughput screening,13 immunoassays14 and protein–protein
detection.15 In all these applications of MEF, the excitation
and emission observations have been on the same side of the
assay platform as the incoming excitation. It is well known
that when fluorophores are near interfaces with different
refractive indices (such as air and glass), a significant part of
the fluorescence can be coupled into the medium of higher
refractive index,16 with a unique angular dependence peaking
at the critical angle.17 Moreover, the fluorescence emission
through the high refractive index medium (and in air) could
further be increased, when metallic nanoparticles are placed
between the fluorophores and the interface. This phenomenon
arises from the fact that metallic nanoparticles (especially
silver, gold and copper) are known to scatter light efficiently
and in an angular-dependent fashion.18 In fact, 30 nm silver
nanoparticles scatter light (at 530 nm)ca. 9 and 124 times more
efficiently than 30 nm gold and polystyrene nanoparticles,
respectively.18 Subsequently, light scattering by silver and gold
nanoparticles can be detected at concentrations as low as 10216

M. 18 It was previously shown that scattered light by metallic
nanoparticles is highest at observation angles of 0 and 180u
with respect to the incident light, i.e. backward and forward
scatter. Thus, when silver (also gold or copper) nanoparticles
are placed between the fluorophores and the interface (glass
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than the intensity in the back direction. Similar observations
have also been made by Kawasaki and Mine35 (only for the 90u
excitation angle), and can be explained by Lambert’s cosine
law, assuming that glass is a Lambertian surface. The Lambert
cosine law states that the intensity of scattered light,I (w), at an
angle w from the normal to the surface, is represented by35

I (w) = I0cosw (0 ¡ w ¡ p/2) (1)

Similarly, the angular-dependent scattered intensity from the
back of the glass,I2(w), is governed by35

I2 wð Þ~ (
1
n2

2

)I 0 coswj j p=2† w† pð Þ (2)

wheren2 is the refractive index of the glass. According to eqn
(2), the light initially scattered into the glass also follows the
cosine law but was 2.28 (square ofn2 = 1.51) times larger than
the intensity detected in the backspace.

Given that the scattered light from glass is mostly
polarization-dependent, then only p-polarized, angular-depen-
dent light scattering from silver colloid-deposited glass
substrates with different loading densities were measured as
shown in Fig. 3(bottom). When the silver colloid-deposited
surfaces were illuminated by the same p-polarized source, one
can see that the scattered light from silvered surfaces with low

loading density follows a similar angular dependence as the
glass substrate. On the other hand, as the loading of silver
nanoparticles is increased (medium and high loadings), the
forward and backward scattered intensities had similar values,
and were observed at much wider angles. Intensity measure-
ments for angles between 50 and 120u and at 270¡ 30u were
not possible due to experimental setup constraints and to
saturation of the detector, respectively.

The scattering of light by sub-wavelength metallic nano-
particles themselves can be described by Rayleigh theory46

[according to Yguerabide and Yguerabide,18 nanoparticles up
to 40 nm are considered to be in the Rayleigh limit, and we
assume that the silver colloids (40 nm) used in this study can
also be approximately considered within this category]. For
incident polarized light, the intensity of angular-dependent
light scattered, I scatt, in the direction h (angle) by a
homogeneous spherical particle with radiusa % l (wave-
length) of the incident beam is also polarized and can be
described as given by the Rayleigh expression18,46

I scatt~
16p4a6n4

medI0

r2l 4

m2{ 1
m2z 2

�
�
�
�

�
�
�
�cos2h (3)

whereI0 is the incident intensity of monochromatic light, nmed

is the refractive index surrounding the particle, m is the
refractive index of the bulk particle material (both functions of

Fig. 3 Angular-dependent scattered light from glass (top) and silver colloids with different loading density (bottom). The inset (top-right) shows
the s-polarized emission from glass. The p-polarized excitation was at 473 nm and at an angle of 90u. Ex: Excitation. Em: Emission, and represents
the scattered light detected. No Pol: no polarizer. Intensity values for angles between 50 and 120u and for 270 ¡ 30u were not measured due to
experimental setup constraints and due to saturation of the detector, respectively.
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the incident wavelength) andr is the distance between the
particles.

Interestingly, from eqn (3), the scattered light intensity is
highest at the observation anglesh = 0 and 180u (backward
and forward angles), is zero ath = 90 and 270u, the intensity
being proportional to cos2h. It is important to note that these
angles are defined with respect to thedirection of the incident
light and are rotated by 90u in our experimental system,
therefore these angles correspond toh = 90u (backward), 270u
(forward), 180u and 360u in our data (alternatively, one can
assign the angle of incident light as 0u and change the angle
designations in Fig. 2). A close examination of eqn (3) also
reveals that as the distance between the particles (r) decreases,
the intensity of the scattered light increases. One can decreaser
by increasing the loading of the nanoparticles on the surface,
as is done in this study. Therefore, our observations in
Fig. 3(bottom), where the forward and backward scattered
intensities had similar values and increased as the loading of
silver is increased, is in agreement with eqn (3). In addition, the
fact that by increasing the loading of silver nanoparticles up to
a level optimized for MEF (OD = 0.4, high loading), the
scattered light can be observed at much wider angles affords
for measurements to be undertaken at different angles for
angular-ratiometric assays (described later). We note that
several factors play an important role in the angular-
dependent scattering of light: (1) multiple scattering events:
scattered light from a nanoparticle is reflected by another silver
nanoparticle before scattering into the surrounding medium;
(2) broader surface plasmon bands: as the loading of silver
nanoparticles increases, nanoparticle resonances couple, effec-
tively scattering light like larger nanoparticles;30 (3) refractive
index of the supporting substrate; (4) excitation angle.

The angular-ratiometric intensity measurements described
later offer many advantages over single intensity measure-
ments. More specifically, angular-ratiometric measurements
are (i) independent of the total light intensity and are therefore
not perturbed by excitation source instabilities or drifts, and
(ii) can be performed at a variety of angles offering multiple
readout choices for the user. It should be also noted that a
similar discussion also applies for coupled scattered light when
a 45u excitation angle is used (see ESI,{ Fig. S2).

It is well known that for fluorophores near interfaces with
different refractive indices (such as air and glass), a significant
part of the fluorescence can be coupled into the medium of
higher refractive index,16 with a unique angular dependence
peaking at the critical angle.17 Given that MEF is related to
the surface plasmons’ ability to scatter the coupled emission,
we questioned whether or not the fluorescence emission
through the high refractive index medium can be further
increased (enhanced emission) but also in an angular-
dependent fashion, when metallic nanoparticles are placed
between the fluorophores and the glass interface. For
comparison, we have also studied the angular-dependent
emission from fluorophores on glass (a control sample). In
this regard, first, a monolayer of fluorophore (FITC)-labeled
HSA was deposited onto surfaces with silver colloids and onto
a control sample (unsilvered glass). Fig. 4 shows the polarized
emission intensity (polar plots) of FITC-HSA from glass
substrates and on silver colloids with different loadings,

measured at 517 nm in an angular-dependent fashion,i.e.
over 360u. The excitation source was positioned perpendicular
to the glass substrate, and was on the same side as the silver
colloids and the fluorophores. The emission intensities between
the angles of 70 and 110u were not collected due to the
obstruction by the fiber optic holder as explained earlier in the
experimental section. The emission intensity of FITC-HSA on
glass and silver colloids was the weakest at the angles of 0u
(equivalent to 360u) and 180u, and was the highest at 270u (at
the back of the glass substrates). The emission intensity at all
angles was higher on silver colloids with a high loading than
with a medium loading and low loading respectively. In
addition, the emission intensity at all angles was higher on
silver colloids than on glass, which we attribute to MEF.
Similar observations were also made from the same surfaces
when the excitation angle employed was 45u (see ESI{).

Fig. 5 shows the p-polarized emission spectra (p–p) of
FITC-HSA on glass and silver colloids (low loading) observed
at four different observation angles: 45, 135, 225 and 315u. The
emission spectra shown here are typical of those of FITC

Fig. 4 Angular-dependent p-polarized fluorescence emission intensity
(measured at 517 nm) for FITC-HSA on glass (top) and silver colloids
(bottom). Excitation was p-polarized and was at an angle of 90u to the
surface.
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measured on glass substrates,47 and have a maximum emission
peak of 517 nm. The emission intensity of FITC at 517 nm is
the largest for silver colloids as compared to glass at all angles,
and was the largest at an observation angle of 270u for the
silver colloids data, Fig. 4(bottom).

Fig. 6 provides a visual demonstration for the enhancement
of fluorescence emission by the MEF effect, for FITC-HSA on
silver colloids with respect to that of on glass, where the real-
color photographs of fluorescence emission on glass and on
silver colloids (low loading) were taken at observation angles
of 225 and 315u through an emission filter. The fluorescence
emission on silver colloids at both angles is much brighter than
that of the glass substrate. Fig. 6 also shows that the shape of
the normalized emission spectra of FITC-HSA on both glass
and silver colloidsare almost identicalat observation angles of
225 and 315u, showing that little spectral change for FITC
occurred when coupled to silver colloids,i.e. MEF. A closer
inspection of the spectra in Fig. 6(bottom) does, however,
show that the MEF spectra at both 225 and 315u are slightly
narrower than the fluorescence emission observed from glass.
These observations were common for all coupled angles, and
while this observation in not fully understood today, it is a
question in ongoing studies in our laboratory.

In order to interpret the observed angular-dependent metal-
enhanced fluorescence shown in Fig. 4 in aquantitative
manner, MEF enhancement factors [emission intensity at
517 nm (I517) on silver colloids divided by I517 on glass] were
calculated at all observation angles and are shown in Fig. 7
(see also ESI,{ Fig. S4). MEF enhancement factors of 3–4 and

7–9 can be seen for FITC emission on silver colloids with low
and medium loadings, and high loading, respectively. One can
see that when silver colloids were present between the
fluorophores and the interface, the fluorescence emission from
the air and back side, increased to a similar extent. Clearly, the
enhanced fluorescence was significantly greater from surfaces
with a higher degree of colloid loading (OD = 0.4).

Fluorophore detectability is a major factor that governs the
utility and sensitivity of fluorescence-based sensing
approaches.48 It is widely accepted that the detectability of a
fluorophore is primarily determined by three factors: the
extent of background emission from the sample, the quantum
yield, and the photostability of the fluorophore.48 Given that
the scattering of light and enhancement of fluorescence by
silver colloids varies with the angle of observation, we
subsequently questioned whether the photostability of FITC
would also vary with the angle of observation, noting that
MEF affords for reduced fluorophore lifetimes40,49 also in
addition to enhanced emission intensities. Subsequently, the
photostability of FITC-HSA on glass and silver colloids (with
three different loadings) was measured at two different angles,
225 and 340u. Fig. 8 shows the FITC emission intensity at 517
nm as a function of time, when excited at 473 nm and observed
through a 488 nm razor-edge filter. The relative intensities
within the plots indicate that a higher photon flux can be
observed from the silver colloids at 225u, as compared to 340u
and also as compared to glass at both angles. Since the
integrated areas under the plots are proportional to the photon
flux from the respective samples, one can see that FITC is
more photostable on silver colloids at 225u, after adjusting the
laser power to match the sameinitial steady-state intensitiesof
FITC on glass and silver colloids, Fig. 8. Interestingly, the
angular-dependent photostability suggests that the observed
enhanced emission is not solely due to coupling through glass,
but is indeed a part result of directional MEF as well, which is
thought to be governed by the scattering properties of the
particles. In MEF, the fluorescence emission is enhanced, while
the lifetime of the fluorophores is typically reduced.2 The
increased photostability at different angles suggests also that
the lifetime of the FITC is shorter at 225u (not measured
here due to difficulties that such measurements pose), the
FITC in essence spending less time, on average, in an excited
state due to the fast radiationless energy transfer to the
induced metal plasmons, and is therefore less prone to
photodegradation, i.e. is more photostable. As expected for
the glass control samples, the photostability and therefore
probably lifetime also, do not show a noticeable angular
dependence, Fig. 8(bottom-right).

It is important to discuss the factors affecting the angular-
dependent and enhanced emission observed in this work. At
present, the angular-dependent enhanced fluorescence emis-
sion is attributed to the following factors:

(1) silver colloids: simple MEF effect creating enhanced
emission, and reduced lifetime yielding enhanced photostabil-
ity;

(2) the loading of silver colloids on the surface: as the
loading (measured by OD) increases, the particle plasmons
couple, producing more forward scatter, analogous to Mie
theory for larger particles; subsequently, plasmon-coupled

Fig. 5 The p-polarized emission spectra of FITC-HSA on glass (top)
and silver colloids (bottom) observed at 45, 135, 225 and 315u.
Excitation source was p-polarized and was positioned at an angle of
90u. A.U.: arbitrary units.
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It was also found that the initial angle of incidence affected
the angular-dependent pattern of the coupled-fluorescence
emission. When the excitation angle was changed to 45u, both
the light scattering and coupled-fluorescence from silvered
surfaces were predominantly in the path of the incident light,
i.e. the forward direction. Similar to scattered light from
incident light at 90u, glass surfaces scattered light at narrow
angles (still conforming to Lambert’s cosine law), while the
scattering of light from silvered surfaces can be observed at
much wider angles. It is important to note that while it seems
redundant to study angular-dependent MEF using two
different angles, we believe that the results of this study might
well offer a reference for fluorescence researchers whom use 45
and 90u excitation angles routinely on planar surfaces.

Angular-dependent MEF: opportunity for angular-ratiometric
surface assays

To demonstrate the analytical utility of angular-dependent
MEF for angular-ratiometric surface assays, we have con-
structed a model protein assay on silver colloid-deposited glass
substrates, Fig. 9(top). Our model assay consisted of
biotinlyated-BSA, which forms a monolayer on silver col-
loids41,42 and positions fluorophores ca. 4 nm from silver
colloids (an ideal distance for MEF50) and a fluorophore-
labeled avidin. This model protein assay affords for simple
kinetics without back-reactions due to the well-known strong
association of biotin and avidin.41,42

In our system, since the fluorescence emission intensities
from the back of the silver colloid-deposited glass substrates

are easy to measure, and offer a range of observation angles to
choose from (Fig. 4), we have chosen two observation angles,
225 and 340u, to monitor our model assay. Moreover, as
shown in Fig. 4(bottom), the intensity at 225uis approximately
three-fold larger than that measured at 340u, potentially
further increasing the detectability of the fluorescence
emission. A detailed examination of Fig. 4(bottom) reveals
that even larger ratios of emission intensities can be achieved
at 270 and 340u instead of our angles of choice. However,
it should be noted that 270u is in the direct path of the
scattered excitation light, and, thus, the fluorescence emission
measurements at this angle require better detection filters
(which increases the cost of the detection system) to completely
eliminate the excitation light. Instead, we opted to use an ‘off-
axis’ angle (225u) that does not necessarily require the use of
expensive notch filters. It is also important to note that one can
choose virtually any observation angle between 0 and 360u
(except the angles obstructed by the excitation light) consider-
ing certain parameters such as detectable signal, experimental
setup constraints and the costs of the associated filters.

Fig. 9 shows the fluorescence emission spectra of FITC-
avidin on silver colloids (high loading) measured at 225 and
340u as a function of concentration. One can see that the
emission intensities (at 517 nm) for all FITC-avidin concen-
trations measured at 225u are approximately three-fold larger
than those measured at 340u, as also seen in Fig. 4(bottom).
When the concentration-dependent emission intensity of
FITC-avidin at 517 nm measured at 225 and 340u is plotted
in a semi-logarithmic manner [Fig. 10(top)], it reveals that the

Fig. 8 Photostability of FITC-HSA from glass and silver colloids with OD = 0.075 (low loading), 0.150 (medium loading) and 0.420 (high
loading). Excitation light was at an angle of 90u. Emission intensity (p-polarized) was measured at 517 nm and collected at 225 and 340u.
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