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Fluorescence: Enhanced Fluorescence Intensities
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Substantial increases in ﬂuorescence emission from ﬂuorophore-protein–coated fractal-like silver
structures have been observed. We review two methods for silver fractal structure preparation, which
have been employed and studied. The ﬁrst, a roughened silver electrode, typically yielded a 100fold increase in ﬂuorophore emission, and the second, silver fractal-like structures grown on glass
between two silver electrodes, produced a ⬇500-fold increase. In addition, signiﬁcant increases in
probe photostability were observed for probes coated on the silver fractal like structures. These
results further serve to compliment our recent work on the effects of nobel metal particles with
ﬂuorophores, a relatively new phenomenon in ﬂuorescence we have termed both “metal-enhanced
fluorescence” [1] and “radiative decay engineering” [2,3]. These results are explained by the metallic surfaces modifying the radiative decay rate () of the ﬂuorescent labels. We believe that this
new silver-surface preparation, which results in ultrabright and photostable ﬂuorophores, offers a
new generic technology platform for increased ﬂuorescence signal levels, with widespread potential applications to the analytical sciences, imaging, and medical diagnostics.

KEY WORDS: Metal-enhanced ﬂuorescence; radiative decay engineering; fractal silver structures; increased
photostabilities.

INTRODUCTION

bility, and increased energy transfer. These effects are
due to the interactions of excited-state ﬂuorophores with
the surface plasmon resonance (the oscillations of free
electrons) on a metals surface [1,2,6,7]. These interactions result in increased rates of excitation, quenching,
increased intensities, or quantum yield (Fig. 1). For the
most favorable effect of enhanced ﬂuorescence, we are
mostly concerned with the important prospect of
increasing the radiative decay rate () for ﬂuorophores,
which typically occurs when a ﬂuorophore is positioned
some ⬇50–100 Å from an appropriately sized and shaped
metallic particle. We have recently reviewed these criteria [1,2] and refer to the use of ﬂuorophore-metal interactions as radiative decay engineering (RDE) [2,3] or
metal-enhanced fluorescence (MEF) [1]. Interestingly,
from Fig. 1 and Eqs. (1–4), when the radiative decay rate

We have recently reported the favorable effects
obtained for ﬂuorophores in close proximity to metallic
particles and islands [1–9]. These effects include increased
quantum yields, decreased lifetimes, increased photosta1
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Fig. 1. Top, Classical Jablonski diagram for the free space condition
and the modiﬁed form in the presence of metallic particles, islands or
colloids. E-excitation. Em, Metal enhanced excitation rate; m, radiative
rate in the presence of metal. Bottom, Predicted distance dependencies for
a metallic surface on the transitions of a ﬂuorophore. The metallic surface can cause Förster-like quenching with a rate (km) can concentrate
the incident ﬁeld (Em) and can increase the radiative decay rate (m).

(the spontaneous rate at which a ﬂuorophore emits photons) is increased, the quantum yield increases while the
lifetime decreases Eqs. (3,4). This is in stark contrast to
the usual nonradiative rate modiﬁcation observed in most
ﬂuorescence experiments, which typically results in the
quantum yield and lifetime changing in unison.
For a typical ﬂuorophore radiating into free space,
the lifetime (0) and quantum yield (Q0) are given by:
1
knr ⌫
⌫
Q0 
knr  ⌫
0 

(1)
(2)

However, in the presence of metal (m) the lifetime (m)
and quantum yield (Qm) can be given by
m 

1
knr  ⌫ ⌫m

(3)

Qm 

⌫  ⌫m
knr  ⌫  ⌫m

(4)

In our previous work we considered several different silver surfaces for use in MEF. We considered silver

island ﬁlms, which are subwavelength-size silver particles
deposited on glass by the citrate reduction of silver nitrate
[3,4]. We also considered the immobilization of silver
colloids onto a glass surface [5], as well as light-deposited
silver [8], and the electroplating of silver from a pure
water medium onto different substrates [9]. In all of our
experiments to date we have considered both the method
of silver deposition and the resultant effects on MEF. In
these previous works it became apparent that for MEF to
occur, there is a need to localize the fluorophore (or
species of interest) in regions in close proximity to the
silver surface. However, in many applications of fluorescence, it would be advantageous to have localized
silver deposition for spatially selective analysis, such as
for lab-on-a-chip technologies [10,11]. Localized silver
colloid formation has been accomplished with reagents
in laminar flow [12], by nanolithography [13,14], and by
electroplating on insulators [15]. Given the extensive use
of roughened silver electrodes for surface-enhanced
Raman scattering (SERS) [16,17], we investigated their
use for spatially selective MEF, given the typically high
surface areas of fractal-like structures.
In our recent studies, we used two methods for producing silver fractal-like structures [18,19], but have not
compared their respective merits for MEF. The ﬁrst method
involves using roughened silver electrodes, roughened by
the passage of electrical current through the electrode [18].
This treatment resulted in the rapid formation of fractallike structures on the surface of the electrode. The second
method resulted in the fractal-like growth of silver structures
on glass [19]. This was achieved by passing an electrical
current between two electrodes, sandwiched between SnCl2treated glass slides. These freshly generated surfaces were
allowed to bind a protein, human serum albumin (HSA),
which had been labeled with indocyanine green (ICG) and
ﬂuorescein isothiocyanate (FITC). Indocyanine green and
ﬂuorescein were used because of their widespread use in
medical testing, imaging, and sensing. We found dramatic
increases in ﬂuorescence emission intensities (100 fold)
using both procedures, which was accompanied by a substantial reduction in probe ﬂuorescence lifetime. An increase
in ﬂuorescence quantum yield accompanied by a reduction in lifetime can only be explained by an increase in the
radiate decay rate [Eqs. (3, 4)].
Finally, we investigated the potential use of chloridedipped electrodes in MEF, which are widely used in SERS
to enhance signal intensities [16,17]. Our ﬁndings show
no enhancement in ﬂuorescence emission after chloride
dipping, which is consistent with MEF being a throughspace phenomenon as compared to SERS, which
conversely is thought to be a contact (or near contact)
interaction with a metallic surface [20,21].
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EXPERIMENTAL
ICG and HSA were obtained from Sigma (St. Louis,
MO, USA) and used without further purification.
Concentrations of ICG and HSA were determined using
extinction coefﬁcients of  (780)  130,000 cm1 and 
(278) nm  37,000 cm1, respectively.
For covalently labeling the FITC to HSA, 2 mg of
HSA was dissolved in 1 ml of 0.1 M bicarbonate buffer
(pH 9.2) and was mixed with 70 L of fluorescein5-isothiocyanate (FITC; Molecular Probes) solution in
DMSO (2 mg FITC/200 L DMSO). The reaction
mixture was incubated for 2 h at room temperature, and
the labeled protein was separated from the unreacted probe
by passing over a Sephadex G-25 column equilibrated
with 0.1 PBS. The ratio of FITC-HSA in stock solution
of labeled protein was determined by independent measurements of dye and protein concentrations, respectively.
The amount of FITC was calculated using absorbance
of FITC-HSA conjugates in 0.1 M bicarbonate buffer (pH
9.2) at 495 nm and molecular extinction coefficient of
FITC (495 nm)  76,000 M1 cm1. The HSA concentration was determined by using Coommassie plus
protein assay reagent (Pierce, IL, USA). For ﬂuorescence
measurements we used a sample with an average FITCHSA ratio of 7. The advantages of an overlabeled protein for use in metal-enhanced ﬂuorescence have recently
been discussed [22].
Roughened Silver Electrodes
The silver electrodes (Aldrich) had dimensions of
9 35 0.1 mm. A constant current generator circuit
(Fig. 2) was used to supply 60 A across the two electrodes for 10 min. The electrodes were separated by
⬇10 mm. The space between the electrodes was ﬁlled
with distilled water. Figure 3 shows the growth of the
silver structures on the cathode.
Glass slides (Aldrich) were cleaned before use by
immersion in 30% v/v H2O2 and 70% v/v H2SO4 for 48 h
and then washed in distilled water. The glass slides were
then used to sandwich the roughened silvered electrodes so
as to keep the surfaces wet during measurements (Fig. 4).
Binding the ICG-HSA to the both the silver anode
and cathode after electrolysis was accomplished by soaking the electrodes in a 30 m ICG, 60 M HSA solution overnight, followed by rinsing with water to remove
the unbound material. As a control sample, an unused silver electrode was also coated with ICG-HSA.
A roughened silver cathode was also dipped in
104 M NaCl for 1 h before being washed and then coated
with ICG-HSA, so as to place our findings in context

Fig. 2. Constant current circuit apparatus for silver fractal growth.

with the huge enhancements in Raman signals, typically
obtained after chloride dipping the electrodes [16,17].
Silver Fractal-like Structures on Glass
Fractal-like silver structures were also generated on
glass using two silver electrodes held between two glass
microscope slides, Fig. 5. The electrodes were 10 35
0.1 mm, with about 20 mm between the two electrodes.
Deionized water was placed between the slides. A direct
current of 10 A was passed between the electrodes
for about 10 min, during which the voltage started near
5 V and decreased to 2 V. During the current ﬂow, fractal silver structures grew on the cathode and then on
the glass near the cathode (Fig. 5), thus producing silver structures on glass, compared to those described
above on the silver electrodes. Similarly to the silver
electrodes, the structures grew rapidly but appeared to
twist as they grew. These structures are similar to those
reported recently during electroplating of insulators [15].
In addition we found that dipping the slides in 0.001
mg/dl SnCl2 for 30 min, before electrolysis, resulted in
structures that were firmly bound to the glass during
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Fig. 3. Silver growth on the silver cathode as a function of time, visualized using transmitted light. This structure was characteristic of the whole
electrode.

working. Without the SnCl2, similar structures were
formed but were partially removed during washing.
Following passage of the current, the silver structures on glass were soaked in 10 M FITC-HSA overnight
at 4°C, which is thought to result in a monolayer of surface bound HSA [22,23].
Methods
Excitation and observation of the ICG-HSA coated
roughened silver electrodes were made by the front face
conﬁguration (Fig. 4). Steady-state emission spectra were
recorded using a SLM 8000 spectrofluorometer with
excitation using a Spectra Physics Tsunami Ti:Sapphire

laser in the CW (nonpulsed) mode, which was attenuated
as required ⬇200 mW 760 nm output.
The fractal-like silver structures on glass were
observed using the apparatus shown in Fig. 5 (bottom).
Bright-ﬁeld and ﬂuorescence images were obtained with
a roper RLX-37 CCD camera. For fluorescence the
442 nm excitation was obtained from a HeCd laser, using
about 2 mW. Emission was isolated with a 540 nm
interference filter and a liquid cut-off filter at 525 nm.
The liquid ﬁlter was an aqueous solution of CrO42 and
Cr2O72, which completely eliminated scattered light and
did not display autoﬂuorescence.
Time-resolved intensity decays were measured in both
the frequency domain (FD) and time-domain (TD—using
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Fig. 4. Top, ICG molecular structure. Bottom, Experimental geometry used to study the roughened silver electrode.

reverse start-stop time-correlated single-photon counting).
For the FD measurements, excitation was at 514 nm from
an argon ion laser, repetition rate of 78 MHz. For TD
measurements, vertically polarized excitation at ⬇760 nm
was obtained using a mode-locked argon-ion pumped,
cavity-dumped pyridine 2 dye laser with a 3.77-MHz repetition rate. The instrumental response function, determined using the experimental geometry in Fig. 4 and a
glass microscope slide, was typically 50 ps fwhm. The
emission was collected at the magic angle (54.7 degrees),
using a long pass ﬁlter (Edmund Scientiﬁc), which cut off
wavelengths below 830 nm. This had the effect of showing ICG emission spectra with emission maxima at ⬇830
instead of the solution maxima centered near 800 nm. This
filter was necessary for roughened silver electrodes so
as to discriminate against a highly scattering (reﬂective)
background.
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Fig. 5. Top, Configuration for creation of fractal silver surfaces on
glass. Right, Silver fractal-like structures on or near the silver cathode.
Bright-ﬁeld image. Bottom, Instrumentation used for observation of silver surfaces and FITC-HSA ﬂuorescence.

where 1 are the amplitudes and 1 the decay times,
⌺ 1  1.0. The fractional contribution of each component to the steady-state intensity is given by
f i

␣ii
a ␣jj

(2)

j

The mean lifetime of the excited state is given by
  a fii

(3)

i

and the amplitude-weighted lifetime is given by
  a ␣ii.

(4)

i

The values of 1 and 1 are shown in Table 1. For all
the measurements described here, the background was
less than 1% from an equivalent sample of silver coating with unlabeled HSA.

Data Analysis
Both the TD and FD intensity decays were analyzed
in terms of the multiexponential model:
l(t)  ⌺ ␣i exp(t/1)
i

(1)

RESULTS
Two procedures to produce fractal-like structures were
used for metal-enhanced ﬂuorescence, roughened silver
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Fig. 6. Top, Fluorescence intensity of HSA-ICG-coated roughened
silver electrodes and an unused silver electrode, Ag; Ex  760 nm.
Bottom, Fluorescence intensities normalized to the intensity of the ICGHSA-coated silver cathode. It should be noted that the normal ﬂuorescence emission maximum (H2O, pH 7) of 810 nm is shifted in this
regard because of the choice of ﬁlters that were required to discriminate against a highly scattering silver surface.

time-for-roughening to over 1 h, the intensities of both electrodes after coating with ICG-HSA were essentially the
same, but still 50-fold more ﬂuorescent than the unroughened Ag control. The emission spectra on the two electrodes probably had the same emission maximum, where
the slight shift seen in Fig. 6 (bottom) is thought to be due
to the ﬁlters used to reject the scattered light. It should be
noted that the amount of material coated on both surfaces
was approximately the same, and the effect was not due to
an increased surface area and therefore protein coverage on
the roughened surface.
The dramatic and favorable increase in ﬂuorescence
intensities shown in Fig. 6 could have several explanations. Two possibilities include an increased rate of
excitation, due to the enhanced incident fields around
the metal [1,2], or increased amounts of protein bound to
the fractal structure. For both eventualities the ﬂuorescence
lifetimes are expected to remain the same. Examining
the intensity decay of ICG-HSA for the cathode we found
that the lifetime was dramatically shortened to 10 ps,
(Fig. 7), in fact, so short that it was difﬁcult to determine
the absolute values with a system time-resolution of
⬇50 ps fwhm. However, a decreased lifetime with an
increased fluorescence intensity strongly supports an
increase in the radiative decay rate [cf. Eq. (3, 4)]. In all
our control experiments, scattered light was rejected. For
comparison, in buffer the amplitude-weighted lifetime of
ICG-HSA was found to be ⬇550 ps (Table 1).
ICG is well-known to rapidly degrade in solution
because of chemical or photochemical processes. The
observed 50–100-fold increases in ﬂuorescence intensity
of ICG-HSA seen in Fig. 6 would not be analytically
useful if the sample degraded 50–100 times faster. We subsequently examined the steady-state intensity of ICG-HSA

electrodes, and the growth of the silver fractal-like structures on glass. Both ICG-and FTIC-labeled protein were
used to coat the two structures respectively. We report our
ﬁndings and compare the merits of both.
Roughened Silver Electrodes
Three electrodes were coated with ICG-HSA and studied, the roughened cathode, the anode, and an unroughened
electrode. Essentially no emission was seen from ICG-HSA
on an unroughened, bright silver surface (Ag in Fig. 6, the
control). However, a dramatically larger signal was observed
on the roughened cathode and a somewhat smaller signal
was observed on the anode. In all our experiments we typically found that the roughened silver cathode was ⬇20–100
fold more ﬂuorescent than the unroughened control Ag electrode. In comparison the Ag anode was 5–50 times more
ﬂuorescent than the Ag control. When we increased the

Fig. 7. Complex intensity decays of ICG-HSA in a cuvette (buffer) (C) and
on roughed silver electrodes (RSE). RF, Instrumental response function.
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gests that ICG will display higher intensities for longer
times when bound to fractal silver electrodes. Such effects
are most desirable in many analytical applications such
as in high-sensitivity surface assays.
Silver Fractal-like Structures on Glass

Fig. 8. Top, Photostability of ICG-HSA on a roughened silver electrode
and on an unused silver electrode, measured using the same excitation
power at 760 nm and (bottom) with the laser power adjusted to give the
same initial fluorescence intensities. In all measurements, vertically
polarized excitation was used, whilst ﬂuorescence emission was observed
at the magic angle, that is 54.7°. It should be noted there is a background
of about 40 cps that has not been subtracted in these intensity plots.

with continuous illumination (Fig. 8). At the onset of
illumination the relative intensity of ICG-HSA decays
more rapidly on the fractal structure than on the control
sample (Fig. 8, top). However the effect is small and rates
become comparable after 2 min. Interestingly, if the illumination intensity is adjusted so that both samples yield
the same steady-state emission intensity at the onset of
illumination, then the ICG-HSA on the fractal-like silver
cathode photobleaches at a much slower rate (Fig. 8, bottom). Given that the detectable signal from the ICG-HSA
is given by the area under these photobleaching curves,
then substantially more emission can be obtained from the
roughened electrodes compared to the control sample.
Intuitively, the ICG intensity remains higher even after
the initial decrease in intensity (Fig. 8, top), which sug-

For the FITC-HSA-coated fractal-silver surfaces on
glass, we were able to measure a ﬂuorescence image very
similar to that of the fractal silver surface alone (bright
ﬁeld image) using the same apparatus (Fig. 9 and 10).
Interestingly, regions of high and low fluorescence
intensity were observed (Fig. 10). This result is roughly
consistent with recent SERS data, which showed the presence of intense signals that appeared to be located between
clusters of particles [20,21]. Emission spectra were collected from eight selected regions of varying brightness.
In all cases, the emission spectra appeared to be that of
ﬂuorescein (Fig 10, bottom), where the blue edge of the
ﬂuorescein emission is cut off by the emission ﬁlter. As
a blank control the silver structures were coated with
unlabeled HSA. The resulting signal was lower than any
of the silvered areas and lower than regions of the
unsilvered glass treated with FITC-HSA.
Similarly to the roughened silvered electrodes,
we investigated the nature of the enhanced ﬂuorescence
intensities observed in Fig. 10 (bottom). If the radiative decay rate is increased, then the lifetime should
decrease [1,2]. We measured the frequency-domain
intensity decays of FITC-HSA bound to unsilvered glass
and fractal silver on glass (Table I). The amplitudeweighted lifetime of FITC-HSA bound to glass is ⬇80
ps, which is in agreement with previous measurements
of self-quenched fluorescein on HSA [22]. The FITCHSA sample contained approximately 7 ﬂuorescein molecules per HSA molecule, so that the ﬂuorescein emission
was partially quenched by resonance energy transfer
(RET) between the ﬂuorophores [22]. On fractal silver,
the weighted lifetime is dramatically reduced to about
3 ps. We carefully considered whether this decrease was
due to the detection of scattered light. The background
signal from unlabeled HSA on fractal silver was less than
1%. The emission ﬁlter combination of a 540-nm interference filter and a solution of CrO42/Cr2O72 were
selected for low emission from the ﬁlter when exposed
to scattered light from the sample. However, we do believe
a small part of the increased intensity is due to the release
of ﬂuorescein self-quenching because of the silver surfaces, but this is estimated to be very small in comparison to the 500-fold increases shown in Fig. 10.
We also studied the photostability of FITC on the
fractal silver surface, silver island films (SiFs), and
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Fig. 9. Silver nanostructures deposited on glass during electroplating (A). Panels B and C are consecutive magniﬁcation of the marked area on
panel A. Bright-ﬁeld image.

uncoated quartz. Although the relative photobleaching
is higher on fractal silver, the increased rate of photobleaching is less than the increase in intensity (Fig. 11).
From the areas under these curves we estimate 16-fold
and 160-fold more photons can be detected from the
FITC-HSA on SiFs or fractal silver, respectively, relative to quartz, before photobleaching.

on metal-enhanced fluorescence. Our results therefore
support current thinking in that SERS is a consequence
of surface (near-surface) interactions as compared to
metal-enhanced fluorescence, which is considered to be
a through-space phenomenon [1,2].

DISCUSSION
Chloride Dipped Electrodes
Finally, to place our work in context with the
analytical use of roughened silver electrodes in SERS,
we dipped our roughened silver cathode in 104M chloride for 1 h before coating with ICG-HSA. Such a treatment of the electrode typically results in significantly
large enhancements in the surface Raman intensities
[16,17]. We questioned what would be observed for the
fluorescence intensities. Figure 12 shows the fluorescence intensity of ICG-HSA-coated roughened silver
electrode and a chloride-dipped silver electrode under
otherwise identical conditions. We generally observed
a decrease in the maximum fluorescence intensity of the
chloride-dipped electrode compared to the non–chlorideroughened silver electrode. However, the ICG-HSA
emission on the chloride-dipped electrode was substantially more fluorescent than on the unroughened
electrode. These results therefore suggest that the chloride treatment of the electrodes has no obvious effect

In previous papers we have shown that silver particles formed by chemical reduction were effective in
increasing ﬂuorescence [1–9]. We have also shown that
silver deposited by laser irradiation of a solution of silver
nitrate can also enhance ﬂuorescence [8] and the irradiation
of electrically produced colloids [9]. The present observation of enhanced ﬂuorescence via fractal structures has
some unique advantages not seen with other deposition
methods as of yet. One important advantage is the absence
of solution reagents such as sodium borohydride or citrate to reduce silver ions to metallic islands. Silver
deposition is accomplished in pure water, whilst localization is accomplished by placement of the silver electrodes.
Another advantage is that silver can be freshly generated
on demand by an electrical current. Producing fractal
structures via roughening an electrode requires no
preparation of the electrode and no chemical modiﬁcations
to bind the structures to a surface. Equally as attractive,
our second method of silver fractal preparation (see the
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Table I. Analysis of ICG-HSA Measured Using Both the Reverse
Start-Stop Time-Correlated Single-Photon Counting (TD) and
Frequency Domain Techniques (FD) and the Multiexponential Model
Sample
ICG In buffer,
(TD)

i

I (ns)

fi

 (ns)
–

0.158

0.190

0.05

0.842
ICG-HSA Ag
1.0
cathode* (TD)
FITC-HSA
0.907
Glass (FD)
0.085
0.008
FITC-HSA Ag
0.993
fractals (FD)
0.007

0.615
0.010

0.95
1.0

0.048

0.569

0.242
1.570
0.003
0.066

 (ns)

2

R

–

0.592
0.010

0.548
0.010

1.4
–

0.270
0.161
0.854

0.345

0.078

1.5

0.146

0.012

0.003

1.7

* The roughened Ag cathode had ICG lifetimes 10 ps. With the
time-resolution of the system ⬇50 ps fwhm, the discrete lifetimes
could not be so easily obtained. TD, Time domain; FD, frequency
domain.

immunoassays or DNA arrays. We envisage that these
methods will contribute to the use of metal-enhanced
ﬂuorescence in medical diagnostics, biotechnology, and
microﬂuidic and lab-on-a-chip based sensing.
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Fig. 10. Top, Fluorescence image of FITC-HSA deposited on the silver structure shown in Fig. 9C. Bottom, Emission spectra of the numbered areas shown above.
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these structures with proteins and DNA, which are heavily labeled with ﬂuorophores, as ultra bright reagents for
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Fig. 11. Photostability of FITC-HSA deposited on glass (····), a silver
island ﬁlm (-----), and fractal silver structures on SnCl2-treated glass
(—). The samples were excited at 514 nm.
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Fig. 12. Top, Fluorescence intensity of ICG-HSA-coated roughened
silver electrode and a chloride-dipped silver electrode, Ag, Ex 
760 nm. Bottom, Fluorescence intensities normalized to the intensity
of the ICG-HSA-coated silver cathode (no chloride). It should be
noted that the normal fluorescence emission maximum (H2O, pH 7)
of 810 nm is shifted in this regard because the choice of filters than
were required to discriminate against a highly scattering surface.
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