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Abstract

Resonance energy transfer (RET) is widely used to detect proximity between biomolecules. In
transparent solution the maximum donor-to-acceptor distance for RET is about 70A. We measured
the effects of metallic silver island films on RET from the intrinsic tryptophan of a protein to a bound
probe as the acceptor. These preliminary experiments revealed a dramatic increase in the apparent
Forster distance increasing from 28.6 to 63 A. These results suggest the use of silver island films for
detecting long range proximity between biomolecules and for biotechnology applications based on
RET.

Fluorescence resonance energy transfer (RET) is a through-space interaction in which a donor
(D) fluorophore transfers energy to an acceptor (A). Because of the well-known dependence
of RET on D-to-A distance, and because the characteristic Forster distances (Rp) are
comparable to the dimensions of proteins, these phenomena have been widely used to measure
distance between sites or macromolecules [1,2]. More recently, there has been a dramatic
increase in the use of RET in biotechnology to develop assays based on molecular proximity.
As example, the phenomena of RET are used to measure DNA hybridization [3,4], detection
of DNA amplification [5,6], advanced dyes for DNA sequencing [7,8], and is the basis of
enhanced fluorescence from molecular beacons and some aptamers [9-12]. RET is also used
as the basis for immunoassay [13,14], physiological indicators and sensors [15-18]. In all these
applications of RET the detection of proximity is limited to distances below 100 A. This
limitation is the result of Férster distances near 50 A and in the most favorable cases near 70
A[19,20].

In the present report we examined RET in the presence of metallic particles, in particular, silver
island films. These films consist of sub-wavelength size silver particles deposited on an inert
non-metallic substrate. It is known that the spectral properties of fluorophores can be changed
when near a metallic surface, typically within 200 A [21-24]. These effects include change in
the quantum yields, lifetimes, and the radiative and non-radiative decay rates. Additionally,
theoretical reports have predicted that proximity to subwavelength metallic particles can also
increase the rates of energy transfer at distances up to 700 A [25,26], or 10-fold larger than
typical Forster distances. Other reports have suggested that placement of donors and acceptors
in microcavities can increase the rate of energy transfer [27-30], and that the transfer rates can
be increased by two orders of magnitude near the tip of a scanning near field microscope with
resonant illumination [31]. A recent report detected an increase in the transfer rate with an

*Abbreviations: A, acceptor; ANS, 8-anilinonaphthalene-1-sulfonic acid; BSA, bovine serum albumin; D, donor; RET, resonance energy
transfer; SIFs, silver island films.
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optical microcavity [32]. This report also stated that the mechanism was not completely
understood.

We tested these predictions of increased RET using a protein-bound donor and acceptor. The
donors were the two intrinsic tryptophan residues of bovine serum albumin (BSA). This protein
spontaneously binds a variety of hydrophobic fluorophores. We used the well-known
fluorophore 1-anilinonapthlene-8-sulfonic acid (ANS) which is essentially non-fluorescent in
water but highly fluorescent when bound to BSA [33]. We found the apparent Forster distance
Rg to be increased by more than twofold near the metal islands.

Materials and methods

Procedure for making silver nanoparticle films

Samples

Silver islands were formed on quartz microscope slides using a published procedure [34]. The
use of quartz provided UV transmission and less autofluorescence than glass. The quartz slides
were soaked in a 10:1 (v/v) mixture of H,SO4 (95-98%) and H,04 (30%) overnight before
the deposition, washed with distilled water, and air-dried prior to use. Silver deposition was
carried out in a clean beaker equipped with a Teflon-coated stir bar. Eight drops of fresh 5%
NaOH solution were added to a fast stirring silver nitrate solution (0.22 g in 26ml of water).
Dark-brownish precipitates were formed immediately. Less than 1ml of ammonium hydroxide
was then added drop by drop to redissolve the precipitate. The clear solution was cooled to 5
°C inan ice bath, followed by placing the clean quartz slides in the solution. At 5 °C, a fresh
solution of D-glucose (0.35 g in 4 ml of water) was added. The mixture was stirred for 2 min
at that temperature. The beaker was removed from the ice bath and allowed to warm up to 30
°C. As the color of the mixture turned from yellow-greenish to yellow-brown the color of the
slides became greenish. The slides were removed and rinsed with water and bath sonicated for
1 min at room temperature. After rinsing with water the slides were stored in water for several
hours prior to the experiments.

BSA and ANS were obtained from Sigma and used without further purification. The
concentration of BSA and ANS in the PBS buffer was calculated using the extinction
coefficient of £(280) = 43, 500M 1 cm™1 and £(360) = 7800M 1 cm™1, respectively. From the
absorption spectra the concentration of BSA was 1.5 x 10-3M and the ANS to BSA molar ratio
was 1.2. Experiments were performed at 20 °C in equilibrium with the atmosphere. The BSA-
ANS solutions were examined in three geometries, a 0.1mm demountable cuvette, between
two unsilvered quartz plates, and between two silver island films (SIFs). These SIFs displayed
a surface plasmon absorption with a maximum near 440 nm, indicating sub-wavelength size
particles. The absorption of the SIFs alone was about 0.095, 0.023, and 0.021 at 450, 350, and
280 nm, respectively. From previous studies with the quartz plates and SIFs, we estimate the
sample thickness to be about 1 um [35].

Emission spectra were obtained using a SLM 8000 spectrofluorometer. Intensity decays were
measured in the frequency-domain using instrumentation described previously [36,37]. The
excitation wavelength of 288nm was obtained from the frequency-doubled output of a
3.80MHz cavity dumped rhodamine 6G dye laser with a 10 ps or less pulse width. For the
frequency-domain measurements the protein emission was observed through a 340nm
interference filter. For all steady-state and frequency-domain measurements the excitation was
vertically polarized and the emission observed through a horizontally oriented polarizer to
minimize scattered light. The FD intensity decay were analyzed in terms of the multi-
exponential model
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1= ciexp(~1/7)),
i (1)

where 7j are the lifetimes with amplitudes aj and Z¢; = 1.0. Fitting to the multi-exponential
model was performed as described previously [38]. The contribution of each component to the
steady-state intensity is given by

QT

I_Z,-(l'jTj' (2)

The mean decay time is given by

?:Z fitie

(3)

We used a phenomenological approach to analyze the frequency-domain intensity decays. We
first analyzed the tryptophan intensity decay of the BSA-ANS complexes in terms of a
distribution of donor-to-acceptor distances [39,40]. The D-to-A distribution is assumed to be
Gaussian with a mean distance of rand standard deviation o

2o @)

The standard deviation o is relative to the full width at half-maximum to hw = 2.354¢. This
distribution was recovered by using the donor-alone intensity decay as a known quantity. The
donor decay in the presence of acceptor was interpreted in terms of the distance distribution,
as described in detail elsewhere [41]. Briefly let Ip(kt) be the multiexponential intensity decay
of the donor in the absence of acceptor,

I,(0=) apexp(-t/1,,).
i (5)

In the presence of acceptor the intensity decay for D—A pair at a distance r is given by

t t (Ro\®
=Yoo -7

Di Di

where the decay times of each component of the donor decay are given by
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Since there is a range of D-to-A distances the observed donor decay is given by
L (0= PO, (r, 1) dr. ®

This expression, along with the usual sine and cosine transforms, is used to analyze the FD
data in terms of an apparent distance distribution. The recovered values of rand hw are only
apparent values because of the presence of two tryptophan donors in BSA and the presence of
a heterogeneous population of bound ANS molecules.

In the present experiments we assume there are two populations of donor-acceptor pairs, one
in the bulk solution and a second adjacent to the silver islands. We further assume that the
Forster distances (Rp;) are different for the two populations. For the bulk solution the value of
Ro1 is known from the spectral properties of the donor and acceptor [41]. For the population
adjacent to the metal island we assumed a different unknown value Rgy. The intensity decay
of the sample is thus given by

IDA(t):glIDAl(t):gzlpf\z(t)s (9)

where g1 and g5 are the fractional steady-state intensities of each population, g1 and g, = 1.0.
Each intensity decay is given by Eq. (8) but with different values of Rp; and Ryy. To decrease
the number of variable parameters we assumed the values of rand hw were the same for both
populations, which is equivalent to assuming that the BSA—-ANS molecules were not perturbed
by contact with the silver islands. For the donor-alone intensity decay we used the ¢; and
values obtained from the multi-exponential analysis of BSA between quartz plates. At present
we cannot justify this assumption. However, it seems that proximity to the silver island films
would shorten the donor decay times and decrease the time for RET. Hence any estimate of
the value of Ry is likely to be an underestimate of the actual value near the silver islands.

The donor intensity decays in the presence of SIFs were also analyzed in terms of a single
apparent Rg value. In this case the previously recovered values of rand hw were held constant

and Ry was a floating parameter. The recovered value Rg*’f’ reflects a weighted value

representative of the two populations.

Fig. 1 shows the emission spectra of BSA and the BSA-ANS complex in a cuvette. Binding
of ANS to BSA resulted in an approximate 60% decrease in the intrinsic tryptophan emission.
We next examined the emission spectra of BSA-ANS between unsilvered quartz plates and
between silver island films (Fig. 2). These results show a decrease in the tryptophan intensity
and an increase in the ANS intensity (top), suggesting increased energy transfer. The spectral
changes is more easily seen in the donor-normalized emission spectra (bottom). We note that
the silver island films absorb more strongly at 450nm than at 288 and 340 nm, so the change
in relative amplitude of the tryptophan and ANS cannot be due to attenuation of the emission
by the SIFs. From the known concentration of the sample and the estimated 1 pm sample
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thickness we estimate the sample absorbance to be below 7 x 1073 from 270 to 450 nm. Hence
the decreased tryptophan emission is not due to an inner filter effect.

We questioned whether the change in the relative intensity of tryptophan and ANS was due to
an effect of the SIFs on these fluorophores. Hence each species was examined separately
between quartz plates between silver island films (Fig. 3). In both cases the SIFs did not affect
the emission intensities. This result agrees with our previous studies which showed that the
intensities of fluorophores with good quantum yields are not strongly altered by the SIFs
[35].

Because of variations in the thickness of the sample between the plates, and variations in the
SIF absorbance, it is difficult to obtain reliable intensity measurements. We examined the donor
intensity decays, which are mostly independent of the overall intensity. The SIFs had only a
small effect on the intrinsic tryptophan decay of BSA (Fig. 4, top). We expected proximity to
the SIFs to decrease the lifetime [42], but only a minor change was observed. In contrast to
BSA alone, the SIFs had a dramatic effect on the tryptophan intensity decay in the BSA-ANS
complex (Fig. 4, bottom). This effect can be seen from the shift to higher frequencies and a
decrease inthe mean lifetime from 3.51t0 2.69 ns (Table 1). We believe the decrease tryptophan
lifetime in the presence of acceptor and SIFs is due to an effect of the metallic particles on the
extent of energy transfer. We analyzed the tryptophan intensity decay data in terms of a distance
distribution. We first recovered the apparent tryptophan-to-ANS distance distribution using
Ro = 28.6 A, which is characteristic of tryptophan-to-ANS energy transfer [41]. We call this
distribution “apparent” because BSA possesses two tryptophan residues and ANS may not be
bound to a unique site on the protein.

We assumed that placing BSA-ANS between quartz plates or silver islands did not perturb the
structure. Hence the same distance distribution should be present when the sample is placed

between the silvered or unsilvered plates. The frequency-domain data were then analyzed for
the samples between quartz plates and SIFs keeping the values of rand hw fixed, yielding an

apparent value of Ry for the entire sample (Fig. 5). There was a modest increase in ;"™ to 30.5

A between the quartz plates, and a more dramatic increase in R;’” to 41.5 A between the SIFs.
This increase in the apparent value of Ry can be seen from the dramatic shift of the tryptophan
intensity decay to higher modulation frequencies. This result indicates that the RET efficiency
increased near the SIFs, in agreement with the emission spectrain Fig. 1. However, the intensity
decays between the SIFs could not be fit to a single Forster distance, as can be seen from the

elevated value of Xﬁ:18.4 (Fig. 5, lower panel) (see Table 2).

We next analyzed the FD data in terms of the two populations expected for our sample, the
bulk samples and the sample near the SIFs. When interpreting the spectral data, it is important
to consider the sample geometry and its 1 um thickness. We expect the SIFs to affect the
fluorophores themselves out to distances of about 200 A from the metallic surface [42]. At
present we do not know if the effects on RET occur over larger distances. A distance of 200
A between two SIFs encompasses 4% of the sample. We analyzed the intensity decay in terms
of two populations, one with the Rq value (Ro; = 28.6 A) know for tryptophan-to-ANS energy
transfer, and a second unknown Ry value (Rg,) for BSA-ANS adjacent to the SIFs (Fig. 6).
We found the data could be fit if we included a second population of D—-A pair with a Forster
distance Roy = 63 A which contributed 10% to the total donor intensity. The resolution of the

second Rgp value was surprisingly good, as can be seen from the Xﬁ surface for this parameter.
Also, there appeared to be little correlation between the values of Ry; and Rgp (see Fig. 7).

The range of distances from the BSA—ANS molecules to the metallic silver surfaces
complicates the data and its interpretation. While we know about 4% of the metal surface, we
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do not know how to decide upon the fraction of the observed emission which is due to this
fraction. The fractional contribution of the bulk sample (g;) and the sample near the metal
(92) is weighted by the effect of the metal on the donor quantum yield and the extent of energy
transfer. It is known that metallic surfaces can increase the local electric field [22—-24] which
can result in selective excitation of fluorophores near the metal. Metallic surfaces can also
guench the emission of fluorophores within 50 A of the surface [43]. Given these considerations
a 10% contribution from molecules near the SIFs seems to be a reasonable result.

Discussion

What are the practical uses of metal-enhanced resonance energy transfer? In the near term most
applications are likely to rely on the qualitative rather than quantitative aspects of this
phenomenon. The effects of the metallic surfaces will be sensitive to the fluorophore-metal
distance and relative orientations. Since it is difficult to fabricate samples with such precise
dimensions, the observed effects will reflect some average populations. Thus metal-enhanced
RET is not likely to be used for structural determinations. However, there are many instances
where the desired information is obtained from the occurrence of energy transfer. Some
examples include association of cell surface antigens, protein—protein interactions and DNA
hybridization. In these cases the use of SIFs may allow such association phenomena to be
detected over distances considerably larger than presently available Forster distances. It is
known that Férster distances for some D—A pairs can be as large as 70 A [44,45]. If the twofold
increases observed here occur for other D-A pairs, then Férster distances as large as 140 A
should be readily achievable.
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Fig. 1.
Emission spectra of BSA and BSA-ANS in a cuvette with no SIFs. The quenching of
tryptophan emission (340 nm) is due to energy transfer to ANS.
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Fig. 2.
Emission spectra of BSA-ANS between quartz plates (—) and SIFs (—). In the lower panel
the spectra are normalized to the tryptophan emission.
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Top: Emission spectrum of BSA between quartz plates (—) and SIFs (—). Bottom: Emission
spectrum of BSA-ANS excited at 308 nm, outside the tryptophan absorption.
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Frequency-domain intensity decays of BSA (top) and BSA-ANS (bottom) between quartz

plates (—) and SIFs (—).
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Fig. 5.
Distance distribution fit for BSA—ANS in free solution (top). The same distribution parameters

were kept in analysis on quartz (middle) and on silver (bottom) while Ry was floating. The
dashed lines represent BSA donor decays in absence of ANS (Table 1).
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Fig. 6.
Energy transfer fit to two populations of BSA-ANS with different Ry values.
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Fig. 7.

The resolution of recovered Forster distances are seen by the Xi surfaces. The value of Ryy (or
Ro2) was kept constant while two other parameters were floating. The distance distribution
parameters were kept constant at the values recovered in the cuvette (Table 2).
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