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a b s t r a c t
In this paper we describe metal-enhanced ﬂuorescence (MEF) of the Ca2+ indicators: Fluo-3 and Fluo4 in close proximity to silver nano-particles, SiFs. When the concentration of Ca2+ increases, the MEF
enhancement factor decreases, which is consistent with our previous ﬁndings that the greatest ﬂuorescence enhancements occur for ﬂuorophores with the lowest free-space quantum yield. Over 100-fold
enhanced ﬂuorescence intensities (signal/noise) were observed. In addition, the photostability of the ﬂuorophore (Fluo-3) is much more prolonged from the SIFs as compared to glass (a control sample). Our
ﬁndings strongly suggest the widespread use and the general approach of nanoparticulate SiFs surfaces
for the enhanced detection of both intra and extra-cellular calcium and indeed other analytes of interest.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Ca2+ functions as a ubiquitous intracellular messenger regulating many different cellular processes including fertilization,
proliferation, secretion, metabolism, contraction and apoptosis
[1,2]. The ability to measure Ca2+ concentration and signal Ca2+
pathways is of importance to build powerful tools for biotechnology settings and in the diagnosis of many diseases, such as
hypoparathyroidism, tumor metastasis and renal failure [3,4].
There are many sensing schemes for calcium detection, such as
lipophilic pH-sensitive indicator dyes based on the ion-exchange
between the measured ion and a proton, or interaction of potential
Ca2+ -sensitive dyes with a neutral ion carrier [3,5,6]. Many of those
methods suffer from inherent pH-dependencies and instabilities
associated with the leaching of critical components in intracellular
studies.
About thirty years ago the design of ﬂuorescent Ca2+ indicators,
such as Quin-2 by Roger Tsien, enabled the ﬁrst quantitative measurements of Ca2+ concentrations inside cells [7]. Today, dozens
of different ﬂuorescent probes have been created based on this
approach [8]. These ﬂuorescent indicators have been used to detect
Ca2+ signals and to map the molecular mechanisms that are underlying cellular Ca2+ using microscopy. Although Quin-2 has revealed
much important biological information, it has severe and acknowl-
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edged limitations [8]: UV range excitation (339 nm), which could
damage tissue/living cells as well as a shallow penetration depth,
and very low free-space quantum yield (0.03).
In this regard, Fluo-3 and Fluo-4, which are the derivatives
of 1,2-bis-(2-aminophenoxyethane) N,N,N ,N -tetraacetic acid, are
today among the most widely used Ca2+ indicators because of their
longer wavelength excitation, which invariably alleviates biological
autoﬂuorescence [9]. However, the detection limit is still underpinned by the quantum yield of the ﬂuorophore (Fluo-3/Fluo-4),
the autoﬂuorescence of the sample and the photostability of the
ﬂuorophores, classical constraints of ﬂuorophores, when used in
the far-ﬁeld condition.
In this regard, metallic nanostructures have been used to
favorably modify the spectral properties of ﬂuorophores and to
alleviate some of their more classical photophysical constraints,
such as increasing system quantum yield and decreased lifetimes, which lends to an increased photostability and ﬂuorophore
cyclic rate. The use of ﬂuorophore–metal interactions has been
termed metal-enhanced ﬂuorescence (MEF) by Geddes and coworkers [10], whereby large ﬂuorescence enhancements can be
obtained from ﬂuorophores that are in the near-ﬁeld vicinity
of metal nanoparticles. Owing to these advantages, there has
been a signiﬁcant interest in the uses of metal enhanced ﬂuorescence. Many applications of metal-enhanced ﬂuorescence (MEF)
have been demonstrated [11–13], which have included improved
DNA [14] and protein detection [15], the release of self-quenched
ﬂuorescence of over labeled proteins [16], enhanced wavelengthratiometric sensing [17] and ultra fast and ultra sensitive target
analyte detection [18], to name but just a few.
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Fig. 1. Photograph of 90-s preparation time SiFs (top) and the respective plasmon absorbance spectrum of the 90-s SiFs and AFM (bottom).

In this paper, we have studied metal-enhanced ﬂuorescence of
the Ca2+ indicators: Fluo-3 and Fluo-4 in proximity to silver nanoparticles. We observed that Fluo-3 and Fluo-4 in the presence of
silver nanoparticles without Ca2+ binding, enhances the far-ﬁeld
ﬂuorescence about 400-fold and becomes dramatically more photostable. The enhancement factor was determined as the ratio of the
ﬂuorescence intensity from the silver island ﬁlms as compared to
a glass control surface, where no near-ﬁeld Plasmon enhancement
is observed. Our approach of using silver nanoparticles to enhance
analyte indicator luminescence is of signiﬁcant beneﬁt to workers wishing to quantify lower levels of biological calcium and the
detection scheme is also likely applicable to other sensing schemes
and other analytes of interest as well.

2. Experimental
2.1. Materials
Silver nitrate (99.9%), sodium hydroxide (99.996%), ammonium
hydroxide (30%), d-glucose and premium quality silane-prep glass
slides (75 mm × 25 mm) were purchased from Sigma–Aldrich. The
calcium calibration buffer kit with 11 calcium concentrations ranging from 0 to 39 M (0, 0.017, 0.038, 0.065, 0.100, 0.150, 0.225,
0.351, 0.602, 1.35, and 39 M), Fluo-3 (pentaammonium salt,
MW = 854.7 g) and Fluo-4 (pentapotassium salt, MW = 1055.26 g)
were purchased from Invitrogen. All chemicals were used as
received.
2.2. Preparation of silver island ﬁlms (SiFs)
Silver island ﬁlms were prepared in accordance with previously
established procedures [19]. In said procedures, d-glucose is used to
reduce silver nitrate to form silver islands on one surface of the glass
slide. The thickness of the SiFs and indeed nanoparticle size can be
varied depending on the length of time silver is allowed to deposit
on the slides [20]. The SiFs used for MEF of Fluo-3 and Fluo-4 in this
study had a deposition time of 90 s. The SIFs were characterized
by their absorbance spectrum and atomic force microscopy (AFM)
images as shown in Fig. 2. A photograph of the SiFs is also shown
in Fig. 1.

2.3. Preparation of the sandwich format sample
1 mg of Fluo-3 was dissolved in 500 L of water to form a
2.34 mM stock solution, and 500 G of Fluo-4 were dissolved in
500 L of water to form a 948 M stock solution. 2 L of Fluo-3 in
water was trapped in a sandwich format along with calcium buffer
between the glass slides and the silver island ﬁlms, respectively. The
ﬁnal concentration of the indicator probe was 47 M. For Fluo-4,
3 L of dye in water was used, for a ﬁnal concentration of 28 M.
2.4. Absorption and ﬂuorescence measurements
To measure the absorbance and emission spectra of Fluo-3 in
solution, 3 L of stock solution was added to 1 mL of each of the
concentrations of calcium buffers in a quartz cuvette. The ﬁnal concentration of Fluo-3 was 7 M. A similar procedure was followed
to obtain the emission spectra of Fluo-4, except that a ﬁnal concentration of 6 M was obtained. Absorbance spectra were taken using
a Varian Cary 50 UV–Vis Spectrophotometer. Fluorescence spectra
were collected with a Varian Eclipse spectroﬂuorometer with an
excitation of 473 nm.
2.5. Emission of Fluo-3 and Fluo-4 on SiFs and glass slides
A 100 L solution of Fluo-3 and 1 of 11 calcium concentration
buffers was sandwiched between two glass slides and then SiFs
with a glass slide on top, to measure the ﬂuorescence emission.
The same SiFs slide was washed between samples with de-ionized
water and then dried with nitrogen gas. Samples were excited using
a 473 nm laser, and emission spectra were collected with an Ocean
Optics HR2000 Fluorometer and a RazorEdgeTM 473 nm ﬁlter. An
integration time of 300 ms was kept constant for all measurements.
The intensity at 526 nm for each calcium concentration was ﬁtted
to a power function. Similarly, for Fluo-4, the intensity at 518 nm
for each calcium concentration was collected and also ﬁtted to a
power function.
2.6. Fluorescence lifetime measurements and analysis
Lifetime measurements for Fluo-3 were undertaken using a
TemPro Fluorescence Lifetime System (Horiba Jobin Yvon), with
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Fig. 2. Emission spectra of 7 M Fluo-3 in 1 mL of CaEGTA, [Ca2+ ] ranging from 0 to 39 M, with samples excited at 473 nm in a quartz cuvette (left). Molecular structure of
Fluo-3 (right).

samples excited at 454 nm. The lifetime of Fluo-3 in 39 M calcium buffer was measured in a quartz cuvette, with the probe’s
ﬁnal concentration being 21 M. A sandwich of glass slides and
one sandwich of SiFs and a glass slide were then measured, with
100 L of the described solution trapped between the slides. Biexponential models were ﬁtted to the data utilizing DAS6 software
(Horiba Jobin Yvon).
The intensity decays were analyzed in terms of the multiexponential model:
I(t) = ˙ ˛i exp
i

 −t 
i

where ˛i are the amplitudes and i are the decay times,

(1)



˛i = 1.0.

i

The fractional contribution of each component to the steady state
intensity is given by
fi =

˛ i

i
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The mean lifetime of the excited state is given by
¯ =
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and the amplitude-weighted lifetime is given by
 =



˛i i
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i

The values of ˛i and  i were determined by a nonlinear least
squares impulse reconvolution analysis with a goodness-of-ﬁt 2
criterion.
2.7. Photostability
The steady-state ﬂuorescence intensity decay of Fluo-3 was
measured using the sandwich format with an Ocean Optics HR2000
Fluorometer and a RazorEdgeTM 473 nm ﬁlter. Glass slides functioned as a control sample by which to compare with a SiFs
sandwich, with the probe in 39 M calcium buffer. The initial intensity on SiFs was adjusted to that observed on glass using a 0.40
neutral density ﬁlter (Edmund Optics) in order to compare ﬂuorescence intensity decays. The ﬁnal concentration of Fluo-3 was
178 M. The photon ﬂux yield was also calculated, comparing that
from SiFs with that observed from glass.

3. Results and discussion
Fluo-3 is synthesized from 1,2-bis-(2-aminophenoxyethane)
N,N,N ,N -tetraacetic acid (BAPTA) by combination with a
ﬂuorescein-like structure (Fig. 2 right) [7,9]. Emission spectra
of Fluo-3 in solution when excited at 473 nm are shown in Fig. 2.
It was observed that there is no bathochromic shift after Ca2+
binding with Fluo-3, the ﬂuorescence increasing with [Ca2+ ] from
0 to 39 M. Tsien and co-workers explained the lack of shift of
the dye, as due to the severe steric hindrance between the rigidly
planar xanthene chromophore and the benzene ring of the BAPTA
[7], where these dyes are typically shown to have blue or red shifts
upon electron donation and withdrawal from the corresponding
position on the chromophores backbone. Tsien also reported how
the Ca2+ binding increases the quantum efﬁciency, and explained
how it is due to a signiﬁcant resonance formation which increases
bond orders from the amino nitrogen to the benzene ring and
subsequently to the xanthene chromophore. Such an increased
double-bond character results in less nonradiationtive deactivation from the excited state, and hence higher free-space quantum
yields and lifetimes are observed.
When the ﬂuorophores are in close proximity to silver nanoparticles in the SiFs ﬁlm geometry, the ﬂuorescence emission
intensities of Fluo-3 can be increased dramatically. From Fig. 3,
the ﬂuorescence enhancement factor was over 400-fold in solution without any Ca2+ binding, as compared to the control sample
on glass/glass. The real color photograph (Fig. 3 top) also shows
that the emission intensity is much more clearly detectable from
the SiFs/glass as compared to the glass/glass control sample wells.
With the concentration of Ca2+ increasing, the enhancement factor
is decreased. Our laboratories mechanistic interpretation of MEF
is underpinned by a model whereby non-radiative energy transfer
occurs from excited distal ﬂuorophores to surface plasmons in noncontinuous ﬁlms, in essence a ﬂuorophore induced mirror dipole in
the metal. The surface plasmons, in turn, radiate the photophysical
characteristics of the coupling ﬂuorophores. In essence, the system
radiates as a whole. As a result, the system exhibits modiﬁed overall radiative rates, in contrast to the ﬂuorophore itself whose rate
is thought unchanged. Ultimately, the increased radiative rate for
the system lends to enhanced ﬂuorescence signals for ﬂuorophores
in close proximity to metallic structures. The important factors
which could affect the magnitude of the ﬂuorescence enhancement via the localized surface plasmon resonance (LSPR) are the
size and shape of the nanoparticles, the degree of overlap between
the LSPR and the emission band of the dye, as well as the far-ﬁeld
free-space value of the quantum yield. The greatest enhancements
are typically observed for ﬂuorophores with the lowest free space
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Fig. 3. Fluorescence enhancement factor for 47 M Fluo-3 in CaEGTA.
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is 2log10 higher and most importantly, the response curve to [Ca2+ ]
remains the same linear function on SiFs as compared to glass.
Almost all ﬂuorophores are photobleached with continuous
light illumination. Photobleaching is a ubiquitous problem in the
application of ﬂuorescence. In this regard, the photostability of
Fluo-3 on SIFs and glass was also studied. Fig. 6 shows Fluo-3
emission as a function of time, excited at 473 nm and observed
through a 473 nm razor edge ﬁlter. The relative intensities of the
plots reﬂect that more detectable photons can be observed per unit
time from the SIFs ﬁlm, as compared to glass (a control sample),
where the integrated areas under the plots are proportional to the
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Fig. 5. Comparison of the intensity of Fluo-3 emission at 526 nm in CaEGTA, [Ca2+ ]
ranging from 0.017 to 1.35 M on SiFs and glass slides, a control sample. Plot of
intensity vs. [Ca2+ ] (top) and plot of log (intensity) vs. Log [Ca2+ ] (bottom).
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quantum yield, which we also observed here (Fig. 3). The shape
and full width at half maximum of Fluo-3 spectra on glass and SIFs
were also compared. Fig. 4 shows the full width at half maximum
(FWHM) for the ﬂuorescence spectral data for Fluo-3 in different
Ca2+ concentration solution on glass and on SIFs, where the FWHM
on SiFs are very similar to that of the spectra measured on glass
bottomed wells, demonstrating the mirrored quanta in the MEF
effect.
We have summarized the ﬂuorescence intensity of Fluo-3 with
various [Ca2+ ] from glass/glass and glass/SiFs wells, respectively in
Fig. 5. Fig. 5 top shows the comparison of the intensity of Fluo3 emission at 526 nm in Ca2+ from 0.017 to 1.35 M on SiFs and
glass slides. In Fig. 5 bottom, we show the log intensity vs. log Ca
concentration, which shows a linear relation which can be used as
calibration plot to measure [Ca2+ ]. From the plots, we can see the
detection limit is signiﬁcantly extended when using SIFs as compared to glass. Most notably, the overall emission intensity on SiFs
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intensity to match that observed on glass.
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Table 1
Fluo-3 lifetime analysis in 39 M Ca2+ on glass and on SIFs, measured using time-domain ﬂuorometry.  mean lifetime, -amplitude-weighted lifetime. Excitation: 454 nm.
The lifetime on SiFs was too short to be measured.
T1 (ns)
Fluo-3 in 39 M Ca
On glass/glass
On SiFs/glass

2+

in a cuvette

0.79
0.54
–

A1 (%)
94.03
30
–

photon ﬂux from the respective samples. By additionally adjusting
the laser power to match the same initial steady-state intensities of
the samples, the Fluo-3 on SIFs can be seen to be more photostable
compared with that on glass/glass. This ﬁnding suggests that the
lifetime on the SIFs is also shorter than on the glass ﬁlm, the Fluo-3
in essence spending less time on average in an excited state due to
the fast non-radiative energy transfer to the SIFs and therefore is
less prone to photo destruction, i.e. is more photostable.
In this regard, we have also measured the time-resolved intensity decays of Fluo-3 in 39 M Ca2+ (ﬂuorescence lifetimes) in close
proximity to SIFs, data shown in Table 1. The respective lifetimes
were calculated from those decays, using non-linear least squares
impulse reconvolution analysis. We see both a reduced amplitudeweighted lifetime ( on SIFs < 0.2 ns) and mean lifetime ( mean
on SIFs < 0.2 ns) as compared to the glass control sample ( mean on
glass = 0.81 ns and  on glass = 0.78 ns), which also supports the
enhanced observed photostabilities.
Finally, we have also studied Fluo-4 in proximity to silver
nanoparticles. It shows very similar metal-enhanced ﬂuorescence
characteristics as Fluo-3. The ﬂuorescence spectra and real color
photographs are shown in Fig. 7, where very similar photophysics
was observed for Fluo-3 and -4 near-to the SiFs.

T2 (ns)
2.67
0.89

A2 (%)
5.97
70
–

 (ns)

¯ (ns)

2

0.74
0.78
<0.2

0.78
0.81
<0.2

1.50
1.33
–

3.1. Enhancement factor trend
For ﬂuorophores in the far-ﬁeld condition (i.e. greater than 1
wavelength away from any surface support or structure), the ﬂuorescence quantum yield and lifetime are described by the familiar
rate equations:
Q0 =


 + knr

(5)

0 =

1
 + knr

(6)

where  is the far-ﬁeld ﬂuorophore radiative rate, knr are the none
radiative rates, Q0 the quantum yield and  0 is the free-space ﬂuorophore lifetime.
For Fluo-3 in the presence of calcium in the far-ﬁeld condition
(i.e. glass bottomed wells), we see that both the lifetime and quantum yield change in unison, i.e. both proportionately increase with
increased calcium (Fig. 2).
However, for ﬂuorophores in the near-ﬁeld condition closeto metallic nanoparticles (i.e. SiFs bottomed wells), one typically
observes an increased system quantum yield, Qm , coupled with
a decreased system lifetime,  m , described by the following

Fig. 7. (A) Emission spectra of 6 M Fluo-4 in 1 mL of CaEGTA, [Ca2+ ] ranging from 0 to 39 M, with samples excited at 473 nm in a cuvette. (B) Plot of log (intensity) vs. log
[Ca2+ ] (M). (C) Real-color photographs of Fluo-4 on glass slides and SIFs, visually demonstrating the enhanced ﬂuorescence observed from the SiFs surface.

Author's personal copy
N. Bondre et al. / Sensors and Actuators B 152 (2011) 82–87

ﬂuorophore-metallic particle system rate equations:
Qm =

 + m
 + m + knr

(7)

m =

1
 + m + knr

(8)

where  m , Qm and  m are the metal-modiﬁed system lifetimes,
quantum yield and radiative rate, respectively. From Eqs. (7) and
(8), we can readily see that as the coupled system radiative rate
increases, the quantum yield increases, while the lifetime subsequently drops, a notable change from the ﬂuorescence far-ﬁeld
condition.
Subsequently, for Fluo-3 near-to SiFs, the greatest enhancement factors are obtained for the lowest calcium concentrations
(Fig. 3), i.e. where the free-space quantum yield is the lowest, consistent with Eqs. (7) and (8). Similarly, for ﬂuorophores near-to the
metal, the system radiative lifetime is reduced, a ﬂuorophore therefore spending less time on average in an excited state prior to its
return to the ground state, and is thus statistically more photostable
(Fig. 6). In terms of overall sensing and the detectability of calcium
concentrations, the increased photostability lends to a greater photon ﬂux (more photons per unit time) and when accompanied by an
increased net system quantum yield leads to a substantial overall
increase in calcium detectability (greater than 100-fold). A detailed
description of the wavelength dependence of the MEF effect, which
outlines the enhancement mechanism in more detail can be found
in a recent report by us [21].
4. Conclusions
For the ﬂuorophores (Fluo-3 and Fluo-4) in close proximity
to silver nanoparticles, the ﬂuorescence emission intensities can
be increased dramatically. For Fluo-3, the ﬂuorescence enhancement factor was over 100-fold in solution with 0.017 m Ca2+ as
compared with the control sample on glass/glass. With the concentration of Ca2+ increasing, the enhancement factor decreased
(total brightness increased) which is consistent with our previously
observed trends that the greatest enhancements are observed for
the ﬂuorophores with the lowest free-space quantum yield. The
photostability of the Fluorophore (Fluo-3) is signiﬁcantly improved
on the SIFs ﬁlm as compared to glass (a control sample). In addition, a shorter metal-modiﬁed lifetime of Fluo-3 was also observed,
which supports the trend in the enhanced photostability. Given the
widespread use of both Fluo-3 and Fluo-4 for calcium detection,
then our ﬁndings suggest that SiFs surfaces can be employed for
the enhanced S/N detection of [Ca2+ ] in biological applications, particularly in 96-well formats and for coated glass microscope slides.
Further, the SiFs surfaces and the use of low free-space quantum
yield ﬂuorophores in the indicator-unbound form, is likely to be a
general approach for the MEF sensing of other analytes as well. Further studies are underway and will be reported by our laboratory
in due course.
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