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Fluorescence Enhancements on Silver Colloid Coated Surfaces
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We observed a strong, more than 16-fold, enhancement of Texas Red-labeled BSA fluorescence
emission when deposited on silver colloid coated surfaces (SCCS). The same labeled protein deposited
on silver island films (SIFs) showed an approximate 8-fold fluorescence enhancement. The lifetimes
of Texas Red-BSA fluorescence are significantly shorter on silvered surfaces than on uncoated quartz
substrate indicating a strong change in radiative decay rate of the dyes. We also observed a 36-
fold increased brightness of overlabeled fluorescein-HSA deposited on silver colloid coated surface.
Stronger enhancement observed for overlabeled Fl-HSA protein indicates that presence of silver
particles partially decreased self-quenching. Our results indicate that surfaces coated with silver
colloids are valuable substrates for metal-enhanced fluorescence.
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INTRODUCTION

The influence of metallic surfaces on a dye emission
has been already reported three decade ago by Drexhage
[1]. The observed oscillations of lifetimes with distance in
front of a mirror can be explained by changes in the phase
of the reflected light field with distance [2]. The decreased
emission rate of fluorophores between closely spaced mir-
rors was observed and interpreted as effects in cavity
quantum electrodynamics [3–5]. The effects of metallic
surfaces on optical properties of molecules depend on
the nature of the metal surface. Much stronger effects
are observed for roughened than smooth surfaces. The
Raman signals, for example, are many orders of magni-
tude enhanced by metallic colloid or islands [6,7] which
resulted in a new technology called surface enhanced
Raman spectroscopy (SERS). The effects of silver is-
lands on fluorescence were studied experimentally [8–
10] and theoretically [11,12] in the 1980’s. More recent
studies include two-photon excitation near metallic par-
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ticles [13–15], emission near roughened electrods [16],
light deposited silver [17], deposited colloids [18] and sil-
ver fractals [19,20]. The increased brightness of the dyes
near silver islands enables the measurements of the DNA
hybridization kinetics [21]. In several systems improve-
ments in the fluorophore photostability near silver parti-
cles have been reported [16,22,23]. The combination of
increased brightness, shorter lifetime and better photosta-
bility makes the metal enhanced emission an attractive
tool in miniaturized sensing devices development. There-
fore there is a constant need for a development and char-
acterization of metallic surfaces which provide the largest
enhancement in fluorescence. In this manuscript we com-
pare the enhancements observed for silver island films
(SIFs) and silver colloid coated surfaces (SCCS).

MATERIALS AND METHODS

Silver Films Preparation

Silver Island Film (SIF)

The quartz slides used for silver deposition were first
cleaned overnight by soaking in 10:1 (v/v) mixture of
H2SO4 (95–98%) and H2O2 (30%). Use of this cleaning
solution requires extreme caution to avoid organic materi-
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als. After washing with ultrapure water, the quartz surface
was coated with amino groups by dipping the slides in
a 1% aqueous solution of 3-aminopropyltriethoxysilane
(APS) for 30 min at room temperature. The slides were
washed extensively with water and air-dried. Silver is-
land film (SIF) deposition was accomplished as described
previously [13–15]. Briefly, ten drops of fresh 5% NaOH
solution were added to a stirring silver nitrate solution
(0.25 g in 35 mL of water). 1 mL of ammonium hydrox-
ide was added drop by drop to redissolved the dark-brown
precipitate. The solution was cooled to 5◦C in an ice bath
and a fresh solution of D-glucose (0.36 g in 10 mL of
water) was added, followed by placing two pairs of APS-
coated quartz slides into the solution. The mixture was
stirred for 2 min in ice bath and then allowed to warm up
to 30◦C for the next 5 min. As the color of the mixture
turned from yellow-greenish to yellow-brown the color
of the slides became greenish. The slides were removed
from the beaker, rinsed with water and bath sonicated for
1 min at room temperature. Only one side of each slide
was coated with silver islands.

Silver Colloid Coated Surfaces (SCCS) [24]

To a stirred solution of AgNO3 (36 mg in 200 mL
H2O) at 60◦C 4 mL trisodium citrate (34 nM) was added
dropwise. The reaction mixture was warmed to 87–90◦C
and stirring was continued for 1 hr (until color of reaction
mixture turned to an orange-greenish). Resulting mixture
was then cooled in ice-water bath for 20 min. The colloid
was purified by centrifugation 9000 rpm for 8 min and the
precipitate (residue) was dissolved in 1 mM trisodium cit-
rate (10 mL). Finally, two APS-coated quartz slides were
immersed in colloid and allowed to stay in darkness at 4◦C
for 18 hr. After taking of quartz slides from tube with col-
loid we observed two types of surfaces. First layer, which
was immersed deeper, had yellow color, and second above
the yellow one had grey. In this paper SCCS is applied to
the grey part.

Comparison of SIFs and SCCs

In order to compare the enhancement properties of
SIFs and SCCS we deposited a similar densities of both
on the quartz slides. Figure 1 shows absorption spectra
of SIFs (top), yellow type (middle) and SCCS (bottom).
A broad absorption spectrum of SIFs has a maximum
at about 450 nm characteristic for silver particles with
a widely distributed size (20–80 nm) as has been shown in
AFM images [22,23,25,26]. The absorption spectrum of
SCCS shows irregular shape and indicates the presence of

Fig. 1. Absorption spectra of silver island film, SIFs (top), yellow part
(middle) and silver colloid coated surface, SCCS (bottom).

rod-like particles, probably aggregates of few individual
colloids. This particular absorption shape was achieved
for the described above preparation which we found to
be highly reproducible. There is also possible to deposit
“thinner” colloids without elongated particles which show
more regular absorption [18]. A strong enhancement prop-
erty we believe are attributed to SCCS with preparation
described above.

Labeled-Protein Deposition

700 µL of 10 µM FITC-HSA (L = 9, Sigma-
Aldrich) or Texas Red-BSA (L = 3.5, Molecular Probes;
where L is the molar ratio of fluorophore to protein
molecule) solution in 0.01× PBS was deposited on each
quartz slide (45× 12.5 mm, half coated with SIF or SCCS)
and placed in humid chamber at 5◦C overnight. Next,
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slides were washed 3 times with 0.01× PBS and covered
with one part of 0.5 mm demountable cuvette filled up
with 0.01× PBS. In this procedure the homogenous pro-
tein monolayer, covered equally silvered and unsilvered
area was obtained [27].

Fluorescence Measurements

All measurements were performed using front-face
geometry in a 0.5 mm demountable cuvettes. Emission
spectra were measured using an SLM 8000 spectroflu-
orometer. For the time-resolved frequency-domain mea-
surements, the 514 nm excitation was obtained from a
mode-locked argon ion laser, 76 MHz repetition rate. The
emission was observed through a combination of holo-
graphic super-notch plus (Kaiser Optical System, Inc.
Ann Arbor, MI) filter and a 540 nm interference filter for
fluorescein or 620 nm interference filter for Texas Red,
which reduced scattered and/or background to less than
1% of the sample signal. Excitation and emission polar-
izers were oriented vertically and 54.7◦ from the vertical,
respectively.

The FD intensity decay were measured using 10 GHz
fluorometer [28] and analyzed in terms of the multi-
exponential model

I (t) =
∑

i

αi exp(−t/τi ) (1)

whereτi are the lifetimes with amplitudesαi and
∑
αi =

1.0. The contribution of each component to the steady
state intensity is given by

fi = αi τi∑
j
α j τ j

(2)

where the sum in the denominator is over all the decay
times and amplitudes. The mean decay time is given by

τ =
∑

i

fi τi (3)

The amplitude-weighted lifetime is given by

〈τ 〉 =
∑

i

αi τi (4)

RESULTS AND DISCUSSION

Emission Spectra of TR-BSA

Emission spectra of Texas Red labeled bovine serum
albumin,L = 3.5 (TR-BSA) deposited on SCCS and SIFs
are presented in Fig. 2. The spectra were measured at

Fig. 2. Emission spectra of Texas Red labeled BSA (TR-BSA) measu-
red for SIFs (top), yellow part (middle) and SCCS (bottom).

the same illumination and detection conditions which al-
lows a direct comparison. Whereas the intensities mea-
sured on unsilvered areas of slides were similar, the emis-
sion on SCCS (Fig. 2, bottom) was about twice stronger
than on SIFs (Fig. 2, top). For comparison we present
also the emission spectrum of the yellow part of the col-
loid coated slide (Fig. 2, middle). The fluorescence en-
hancement, defined as a ratio of intensities detected on
silvered/unsilvered slides, was in the case of SCCS about
16 and the observed emission is visually brighter than on
SIFs.

The increase of the brightness observed on silvered
part of the slides is a result of two possible processes: 1)
an increase of a local field near the metal particles and
2) an increase of radiative decay rate0 [25,26,29,30].
The local field enhancement provides a higher excitation
rate but does not alter the lifetime of fluorophore. This
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Scheme 1.Simplified Jablonski diagram for free (left) and metal affected
molecules (right). Due to the coupling of fluorophore excited dipole to
the metal particle the radiative decay rate increases (0m À 0). In the
case of significant self-quenching the non-radiative rate can decrease in
presence of metal (k′nr < knr). The enhanced local field is indicated as a
thicker excitation (right).

effect of metal particles on fluorophores is equivalent to
the use of stronger illumination for the excitation process
(Scheme 1). The second effect increases the quantum yield
of the fluorophore. According to the Scheme 1, in absence
of metal, the quantum yield (8) equals:

8 = 0m

knr+ 0 (5)

whereas in presence of metal

8m = 0m

k′nr+ 0m
(6)

A higher value of radiative decay rate (0m) results in a
higher quantum efficiency. Of course,8m can not ex-
ceed 1.0, therefore the increase in brightness due to in-
crease of radiative decay rate can be maximally 1.0/8.
The quantum yield of TR-BSA (L = 3.5) is about 0.2,
therefore the increase of radiative decay and eventual de-
quenching can be responsible only for a factor of 5 in
increased brightness. The remaining factor of about 3 is
due to enhanced local field. However, there is not signif-
icant self-quenching in TR-BSA at labeling 3.5. Stronger
self-quenching for highly labeled protein will be discussed
later in the section Fluorescence Enhancement of Highly
Labeled Fl-HSA.

Lifetimes of TR-BSA

Usually, an increase in quantum yield corresponds to
the increase of lifetime. This is because in most conven-
tional experiments the non-radiative decay rate is being
manipulated and often the changes in lifetimes can be
replaced with changes in quantum yields (Stern-Volmer
quenching or energy transfer for example). Simultaneous
observation of increased quantum yield and decreased life-
times is possible only if there is an increase in the radiative
decay rate. For the lifetimes, according to Scheme 1 in ab-

sence of metal we have:

τ = 1

knr+ 0 (7)

and in the presence of metal particles:

τ = 1

k′nr+ 0m
(8)

We measured the intensity decays of TR-BSA when
deposited on unsilvered and silvered slides (Fig. 3). The
amplitude averaged lifetime of TR-BSA on SIFs (Fig. 3,
bottom) is about 5-fold shorter than on quartz (Fig. 3, top).
Still shorter lifetime has been observed on SCCS (Fig. 3,
middle). This indicates that on SCCS there is a stronger
increase in radiative decay rate then on SIFs. The analysis
of intensity decays (Table I) shows the presence of a long
component in the case of SIFs (Table I,τ3) which is ab-
sent for SCCS. The long component in the intensity decay
can originate from the not affected species e.a. proteins

Fig. 3. Frequency-domain lifetimes for TR-BSA deposited on quartz
(top), colloid coated surface (middle) and SIFs (bottom). The amplitude
averaged lifetimes are 2–3 fold shorter on colloid coated surface than on
SIFs.
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Table I. Multi-exponential Analysis of TR-BSA Intensity Decays

Compound/conditions 〈τ 〉 (ns) τ (ns) α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) χ2
R

TR-BSA, in buffer 2.44 3.59 0.428 0.490 0.572 3.89 — — 2.0
TR-BSA, on quartz 0.397 1.69 0.595 0.083 0.345 0.46 0.060 3.15 1.4
TR-BSA, on SCCS 0.020 0.054 0.959 0.015 0.041 0.125 — — 1.3
TR-BSA, on SIFs 0.075 0.293 0.836 0.036 0.117 0.128 0.047 0.64 2.6
Fl-HSA, in buffer 0.67 1.24 0.285 0.189 0.611 0.593 0.104 2.40 1.4
Fl-HSA, on quartz 0.169 0.394 0.007 0.031 0.876 0.206 0.117 1.61 1.7
Fl-HSA, on SCCS 0.019 0.019 1.0 0.019 — — — — 1.2
Fl-HSA, on SIFs 0.077 0.035 0.948 0.026 0.052 0.199 — — 2.5

deposited outside of effective enhancement distance from
silver particles.

Photostability of TR-BSA

We observed a time dependent emission of TR-BSA
deposited on unsilvered and silvered slides upon a contin-
uous illumination from argon ion laser (∼20 mW, 514 nm
focused to a spot with diameter of about 50µm) (Fig. 4.).
The excitation intensity was held constant. At these con-
ditions the photodegradation ratio is about the same for
SIFs, SCCS and unsilvered quartz slides. However, the
amount of photons (proportional to the area under curve)
detected within 5 min from silvered slides is much higher
than from unsilvered slides. In order to obtain the same
amount of photons from silvered slide as from unsilvered,
the excitation intensity can be many fold reduced. We al-
ready have shown that the comparison of photostabilities
when normalized to the same initial intensity always fa-
vored silvered slides [13,15–22].

There are two opposite factors affecting the photo-
stability. First, the enhanced local field will result in in-

Fig. 4. Photostabilities of TR-BSA on quartz (· · ·), SIFs (---) and
SCCS (—) measured at the same excitation and observation conditions.

creased photobleaching. Second, the decreased lifetime of
the fluorophore will increase the photostability since the
molecules will spend less time in the excited state. The
observed dependence (Fig. 4) is a composition of all these
factors.

Fluorescence Enhancement of Highly
Labeled Fl-HSA

Next, we extended the comparison of SIFs and SCCS
on highly labeled protein where self-quenching is sig-
nificant. The fluorescein intensity and lifetime of highly
labeled HSA is strongly quenched, which make such
probes less useful in microscopy, spectroscopy, and diag-
nostics. The interaction of excited fluorescein molecules
with silver particles appears to compete with the inter-
action between fluoresceins, resulting in the release of
self-quenching. The measured enhancements on silvered
slides are larger from the highly labeled system (Fig. 5).
For Fl-HSA (L = 9) the measured enhancements are 12.8
and 36-fold for SIFs and SCCS, respectively. The enhance-
ment on SIFs is slightly lower than reported previously

Fig. 5. Emission spectra of Fl-HSA (L = 9) measured on quartz (· · ·),
SIFs (---) and SCCS (—). The experimental conditions were kept
constant.
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Fig. 6. Frequency-domain lifetimes of fluorescein in highly labeled
HSA deposited on quartz (top), colloid coated surface (middle) and SIFs
(bottom).

[30] for Fl-HSA (L = 9). This small discrepancy can be
due to SIFs preparation. The observed enhancement of 36-
fold for highly labeled Fl-HSA (L = 9) is more than twice
higher than for low labeled TR-BSA. Assuming similar lo-
cal field enhancement and a similar increase in radiative
rate, the nonradiative rate (Scheme 1) appear to decrease
two fold on SCCS, comparing to the quartz. In fact, the
amplitude averaged lifetime changes stronger in absence
of self-quenching (Fig. 6, Table I). The ratio of〈τ 〉 in the
presence of SCCS for TR-BSA is about 20 and for Fl-HSA
is only 9.

CONCLUSIONS

The presence of silver particles significantly in-
creases the brightness of deposited labeled proteins. The
enhancement is stronger for highly labeled system due to
a partial release of self-quenching. The lifetimes of the
labeled proteins are much shorter on silver particles than
on quartz substrate. The comparison of enhancements ob-

served on SIFs and SCCS favors the latter. In addition
to two-fold higher enhancements the intensity decays ob-
served on SCCS do not contain a long component. Both,
SIFs and SCCS are relatively easy to prepare and the
preparation is highly reproducible. We believe that sil-
vered surfaces will find use in modern sensing technolo-
gies such as immunoassays and DNA arrays.
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