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Abstract

The green fluorescent protein (GFP) has emerged as a powerful reporter molecule for monitoring
gene expression, protein localization and protein-protein interaction. However, the detection of low
concentrations of GFPs is limited by the weakness of the fluorescent signal and the low photostability.
In this report, we observed the proximity of single GFPs to metallic silver nanoparticles increases
its fluorescence intensity approximately 6-fold and decreases the decay time. Single protein
molecules on the silvered surfaces emitted 10-fold more photons as compared to glass prior to
photobleaching. The photostability of single GFP has increased to some extent. Accordingly, we
observed longer duration time and suppressed blinking. The single-molecule lifetime histograms
indicate the relatively heterogeneous distributions of protein mutants inside the structure.
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Introduction

The green fluorescent proteins (GFPs) originated from the bioluminescent jellyfish Aequorea
victoria, were discovered by Shimomura in the early 1960s(1). In the last few years, green
fluorescent protein (GFP) has become one of the most widely used tools in molecular and cell
biology(2-6). As a noninvasive fluorescent marker in living cells, GFP allows for numerous
applications where it functions as a probe of gene expression, intercellular tracer or as a measure
of protein-protein interactions. Furthermore, the mutation of the amino acid sequence of wild-
type GFP has resulted in new fluorescent proteins like blue, cyan, or yellow-green GFP. The
development of GFP fluorescent probes has also generated increased interest in single molecule
spectroscopy(7-16). Single molecule studies of individual green fluorescent protein molecules
have yielded the first example of single molecule optical switch at room temperature(11). GFP
is a large intrinsically-fluorescent protein which consists of 238 amino acids. The fluorophore
confers the typical green color and fluorescent group is contained within a compact barrel
structure, which is influenced by the three dimensional structure in the immediate environment.
Small changes to individual amino acids can yield large changes in photophysical behavior.
Hereby single molecule spectroscopy of GFP can give insight into its photophysics and thereby
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contribute to the development of new mutants with improved properties. Additionally, single
molecule imaging experiments have shown the principle possibility to detect individual GFP
molecules(12,17-19). To achieve the ultimate goal of detecting single GFP molecules in
vivo, the experimental setup and conditions for imaging have to be optimized. Single-molecule
experiments are performed by investigating molecules either diffusing in and out of the
observation volume or fixed in a space by different immobilization procedures(14,17,18,20-
23).

Discovery of GFP constitutes an important improvement for living cell studies on submicron
resolution allowing in vivo fluorescence labeling. Due to the fast photobleaching of the
molecules and the resulting poor statistics, these experiments do not appear appropriate for
studies of dynamic processes of the different GFP mutants. In case where extremely low
expression levels are of interest, the emission properties of single copies of GFP can be
important. The short obtainable fluorescence time traces prohibit any resolution of
heterogeneities between individual molecules. Typically only 10° photons are emitted before
photobleaching. This remains to be a major problem. For the blinking effect, a reversible
transition between the on state and another dark state with unknown identity has been suggested
(11). This complex photophysical or photochemical behaviors makes the use of GFP as single-
molecule fluorescent probe challenging.

We now know it is possible to modify the radiative decay rates of fluorophores by proximity
of fluorophores to metallic particles such as silver colloids(24-30). The effects of metals on
fluorescence have been subject to prior reports. Using intrinsic(24), visible(25,26,28,29) and
NIR(27) fluorophores we have shown that the incident light-induced fields around the metallic
nanoparticles can result in locally enhanced excitation, and the excited state fluorophores can
crease plasmons in the particles, resulting in increased emission from the system of
fluorophores and particles. We have shown proximity of fluorophores to metallic surfaces can
increase the total radiative decay rate(31). Fluorophores can become more photostable, less
prone to optical saturation, have higher maximum emission rates, and dramatically decreased
fluorescence lifetimes. Most of metal-enhanced fluorescence (MEF) effects were
experimentally performed on ensemble samples and demonstrated with visible or NIR
fluorophores. This is because it is widely believed that MEF cannot occur with proteins and
that their emission would be quenched by the silver. Our single molecule studies of GFP
immobilized on silvered surfaces (silver island films, SIFs) indicated that this is not necessarily
the case and show that fluorescence characteristics of GFP change in terms of brightness, photo-
stability, and lifetime. One effect that makes a substantial contribution to the enhancement is
the through-space electromagnetic interactions among the optical fields, the nearby molecules
and the electronic plasma resonances localized on the roughness features of the metal surface.
The enhanced brightness highlights interesting applications in the design of fluorescent hybrid
systems and in biological applications.

Materials and Methods

Samples were prepared by immobilizing the proteins in water-filled nanopores of
polyacrylamide gels. The investigated Green Fluorescent Protein (rGFP) is a 27 kDa
recombinant protein purified from E.Coli (Roche Diagnostics) with Ex/Em = 488/508 nm.
Proteins were diluted at 1 mg/mL in phosphate-buffered saline (PBS) containing 1 mg/mL
bovine serum albumin and embedded in nondenaturing polyacrylamide gels prepared in PBS
buffer (polyacrylamide 15%, N,N'-methylenebisacrylamide 3%), the aqueous solution was
well mixed and protein was included in the mixture to a final concentration of 1 nM. A 10uL
aliquot was added to a precleaned glass coverslip and spincast at 4000 rpm for 30 seconds.
Each sample consisted of that polymerized rapidly on the cover slip. The gel preparation
provides pore sizes small enough for convenientimmobilization of each protein molecule while
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maintaining its naturally fluorescent and native conformation. Silver island films (SIFs) were
deposited on cleaned glass coverslips by reduction of silver nitrate as reported previously
(31). The formed silver island films are greenish and non-continuous. Only one side of each
slide was coated with SIF. The particles are typically 100-500 nm across and 70 nm high
covering about 20% of the surface(32).

Single-molecule measurements were performed using a confocal microscopy system
(MicroTime 200, Picoquant, Germany) with an excitation line at 470 nm. Narrow band clean-
up filters ensured that no parasitic light reached the sample GFP fluorescence emission was
separated from the excitation light by a filter set (dichroic mirror, Z476RDZ, Chroma; emission
filter 535RDF45, Omega). Images were recorded by raster scanning (in a bidirectional fashion)
the sample over the focused spot of the incident laser with a pixel integration of 0.6 ms. The
excitation power into the microscope was maintained less than 0.1 pW. Time-dependent
fluorescence data were collected with a dwell time of 50 ms. The fluorescence lifetimes of
single molecules were measured by time-correlated single photon counting (TCSPC) with the
TimeHarp 200 PClI-board (PicoQuant)

Results and Discussion

Figure 1A illustrates typical fluorescence images of the previously described sample,
embedded in the gel and spincast on bare glass coverslips. Imaging of blank PAA gels on glass
and SIF, respectively, using PBS instead of protein solution, show no fluorescence signals,
confirming that the images in Figure 1(b, d) show specific GFP fluorescence. SIF film itself
typically generates relatively weak scattering light, which were invisible in such images under
similar circumstance. The representative images show well-defined fluorescent spots over
background. The evidence that the observed spots are single GFP molecules is also based on
some other arguments. One evidence is that the number of identified spots is in the proportional
to the corresponding dilutions from the stock solution. Gel matrix does not alter the protein
conformation and dynamics. It is worth noting that the fluorescence level of different single
GFP molecules deposited on bare glass is remarkable similar. The proteins are assumed to be
spatially confined in the gel and rotational diffusion is negligible. One can clearly observe that
molecules emit nearly continuously when excited. Emission intensity of single GFP molecules
on silvered varies. The observed heterogeneity of brightness is likely due to site-to-site
variations in local electromagnetic field between the fluorophore and the metallic nanoparticle.

Furthermore, strong evidence for single molecule detection is also given by the time transients
(Figure 1B). The time transients show sudden drop of fluorescence down to background level.
This clear onestep photobleaching behavior corresponds to the typical behavior expected for
asingle molecule(8, 10, 12). In some cases, a switching “on/off” behavior is observed, the time
trace clearly displays fast emission intensity fluctuations with several long “off” durations,
which is related to internal photodynamcis of individual GFP molecules(11, 33). Intensity
variations are also related to different characteristic local nanoenvironments of the probes,
which could also affect their fluorescence lifetime(19). In contrast, it is well noticed that much
higher and fairly constant emission rates are observed from the time profiles in the presence
of silver nanostructure, which are generally more than 6-fold from those observed in the
absence of SIF. “On/off” blinking appears to be significantly suppressed for GFP molecules
deposited on SIF. In addition to increased emission rates on silver nanostructure, GFP
molecules appear to emit for longer periods of time prior to photobleaching. As depicted in
Figure 1B, the molecules display nearly constant emission intensity more than 30 seconds
before undergoing irreversible photobleaching. The longer survival time occurs on a higher
frequent basis for GFP near silvered surfaces compared to those on glass.
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In comparison to GFP immobilized on bare glass coverslip, GFP on silvered surfaces show
another clear advantage. The total number of photons emitted before photobleaching is
particular interesting. Hence we observed more than 60 different GFP molecules on glass and
the SIF until the proteins were photobleached. This was done by taking as many 10 x10 pm?
fluorescence images as necessary. These traces revealed the total number of photons observed
for each fluorophore until it stopped emitting. The total number of detected photons was
determined by integrating of individual single-molecule time transients as illustrated in Figure
1B. The histograms of these results are shown in Figure 2. It is obvious from these histograms
that the protein molecules on glass are prone to fast photobleaching and emitting total photons
in the range of 10°. In the presence of SIF, proteins emit significantly more total photons of a
maximum value of 5x10° before photobleaching. The approximately 10-fold increase in total
emitted photons on silvered surfaces suggest a possible increase in the fluorescence quantum
yield of the protein molecules and also an improvement in photostability as frequently
manifested by the reduced “on/off” blinking.

The single molecule fluorescence lifetime measurement is implemented using Time-Correlated
Single Photon Counting (TCSPC) by plotting a histogram of time lags between the excitation
pulses and the detected fluorescence photons. Fluorescence lifetime decay profiles are
constructed by binning all of the arrived photons within a defined time-interval produces. The
exponential fit to the observed decay profile gives the fluorescence lifetime. The average
lifetime t,, shown in the experiment is the amplitude-weighted averaged lifetime calculated
from the fit result. In Figure 3A, the fluorescence decay of specific single GFP on silvered
surfaces (red line) is compared with that of GFP on bare glass (green line). A bioexponential
decay model best fits the GFP fluorescence decay deconvoleved from the instrument response
function (IRF), as evaluated by the residuals and values of y2. The analysis of the fluorescence
signal of GFP on glass yields an averaged lifetime t = 3.63 ns. The curve decays exponentially
with two lifetime components of t; = 4.35 ns and 1, = 1.34 ns, with relative amplitudes of 54%
and 46%, respectively (x2=1.031). The relative amplitudes of bioexponential fits to the GFP
fluorescence decays are found to be relatively constant upon deposited on bare glass substrates,
which suggest that most of the molecules adsorbed on glass are in a relatively homogeneous
environment. Histograms of averaged lifetimes are illustrated in Figure 3B. The two lifetimes
can be assigned to two different emitting species identified in the absorption spectrum(22,
34). In contrast, the fluorescence of protein deposited on SIF decay much faster and yields a
much shorter averaged lifetime of 0.84 ns. Moreover, the intensity amplitudes differ
considerably. Two lifetime components of t1 = 3.12 ns and t2 = 0.18 ns were obtained with
relative amplitudes of 1.6% and 98.4 %, respectively (x2=1.087). In the presence of SIF, we
observed a predominant intensity contribution (> 90%) from the faster lifetime component (<
0.3 ns) for the investigated single molecules (Figure 5). Such detailed information related to
the bioexponential fits of the decay curves can lead to the results presented in Figure 4. The
histograms provide a means for evaluating the lifetime components of the single molecule data.
On bare glass surfaces, the intensity decays of proteins can be seen from two major populations,
in the ranges of decay time from 800ps to 2.3 ns and from 3 to 6 ns, respectively. Different
kinds of ensemble spectroscopic measurements on GFP and some of its mutants have revealed
that the protein system exhibits complex excited-state dynamics. The breadth of these
distributions may also arise from variations in local polymer matrix environment, or they may
result from variations in a number of other physical and chemical parameters associated with
the nanopore environment in which each protein molecule is entrapped. Significant shifts to
shorter values of the lifetime distributions are observed for the samples bound to SIF. In the
presence of silver nanoparticles, the distributions of lifetime components become relatively
narrow and symmetric; the intensity decay is dominated by a short decay time around 200 ps.
The minor component is also observed around 2.4 + 0.75 ns. It seems reasonable therefore to
assume that the longer lifetime component arises from protein molecules exposed to the glass
substrate and its contribution decreases dramatically where the surface becomes occupied by
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metallic nanostructure. Recent studies indicate that GFP tertiary structure resembles a barrel.
It consists of 11 antiparallel  sheets and a single central o helix surrounded by the B sheets
(3, 6). The chromophore resides in the center of the barrel, completely shielded from the
external environment. The compact structure of GFP most likely contributes to the spectral
properties of GFP. The pocket containing the fluorophore has a large number of charged
residues in the immediate environment. The positive charge distribution forms a “rim” around
the fluorophore inside the barrel(35).The interaction between these charges and the plasmon
from the metallic nanostructure might induce a compression to the  cylinder structure near
the chromophore. As a result, we observe relatively homogeneous lifetime component
distributions in the presence of SIF. Furthermore, this more rigid environment would lead to
an increased quantum yield and also to a protection of protein against bleaching.

The strong energy transfer from the excited molecules to a nearby metallic nano-objective or
an increase in the radiative decay rate of the fluorophore can dramatically shorten the lifetime
of the excited state, leading to a fast de-excitation, which is consistent with our recorded data
in this experiment. Considering the usual definition of lifetime (z):

1

= r+km‘ (1)

Where I is the radiative decay rate and ky, Is the sum of the nonradiative decay rates. The
expression for the radiative decay rate is in the form of(36):
4f%n 2
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Where n is the refractive index of the medium, f is a factor which relates the local electric field.
It is assumed that the excited state decay rate is an intrinsic property of the molecule. Increased
excitation rates will not affect I or k.. However, Equation (2) shows that it depends profoundly
on the dielectric properties of the surrounding environment through f. Proximity to metal
nanostructures could induce changes in local electromagnetic field. Unusual effects are
expected and the increase in the radiative decay results in a decrease in lifetime. This effect
increases the number of excitation cycles a molecule can survive until photobleaching. As a
result, a dramatic increase in the number of photons is observed from a single fluorophore as
described above.

In conclusion, GFP has found extensity use as a fluorophore in single molecule experiments
for varying purposes. Single molecule imaging experiments have shown the principle
possibility to detect individual GFP molecule. However, GFP photobleaches and blinks like
most organic fluorophore. The intrinsic emission rate of a GFP molecule is not changed in
most fluorescence experiments. The short obtainable fluorescence time traces prohibit any
resolution of heterogeneities between individual molecules. This situation is changed near
metal nanoparticles, which can increase the intrinsic radiative rates of nearby fluorophores.
The metal particle fluorophore interaction is through-space, with maximum brightness
enhancement factor more than 100-fold at distance of about 10nm(31). The increase in
brightness is accompanied by a shortening of lifetimes and often by higher photostability. In
this report, we illustrated the proximity of single GFPs to silver island films increases the
fluorescence intensity approximately 6-fold. Single protein molecules on the silvered surfaces
emitted 10-fold more photons as compared to glass prior to photobleaching. Additionally, we
observed longer duration time and reduced blinking. The single-molecule lifetime histograms
indicate the relatively heterogeneous distributions of protein mutants inside the protein.
However, in addition to the shortened lifetimes, relatively homogeneous lifetime component
distributions were identified in the presence of SIF. In closing, the ability to detect and track
single labeled biomolecules within cells is severely limited by the brightness of the probes and
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their photostability. The detection of metal-surface enhanced fluorescence from GFP suggests
the more extensive use of metallic nanostructures in imaging and single molecule detection.
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Figure 1.

(A) Typical 10x10 pum fluorescence images. The fluorescence intensity is displayed in a
colorized scale, ranging from dark to light. a) PAA PBS gel spin-cast on a glass coverslip; b)
GFP molecules in PAA gel spin-cast on a glass coverslip with incubation concentration of 0.5
nM; ¢) PAA PBS gel spin-cast on silver island film; d) GFP molecules in PAA gel spin-cast
on silver island film with incubation concentration of 0.5 nM. (B) Representative time traces
of single GFP molecules immobilized on a glass coverslip (left, gray lines) and silver island
films (right, dark lines).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 November 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Fuetal. Page 9

6 x10°

Occurrence

0 2 4 6 x 1086
Total number of photons emitted

Figure 2.
Histograms of total number of photons detected before photobleaching. Top: GFP molecules
on glass(green bars) ; Bottom: GFP molecules on silver island films (red bars).
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Figure 3.

(A) Typical TCSPC decay curves of single GFP molecules embedded in gel on glass (green)
and on silver island film (red). (B) Histograms of averaged lifetimes of single GFP molecules
on (a) glass and (b) silver island films, the histograms were constructed from more than 60
single molecules, respectively.
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Histograms of lifetime components analyzed by bioexponential fitting to TCSPC decay curves.
Left: on glass (gray bars); right: on silver island films (dark bars).
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