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Abstract

Most of the applications of fluorescence require the use of labeled drugs and labeled biomolecules.
Due to the need of labeling biomolecules with extrinsic fluorophores, there is a rapidly growing
interest in methods which provide label-free detection (LFD). Proteins are highly fluorescent, which
is due primarily to tryptophan residues. However, since most proteins contain tryptophan, this
emission is not specific for proteins of interest in a biological sample. This is one of the reasons of
not utilizing intrinsic tryptophan emission from proteins to detect specific proteins. Here, we present
the intrinsic fluorescence for several proteins bound to the silver or aluminum metal nanostructured
surfaces. We demonstrate the metal enhanced fluorescence (MEF) of proteins with different numbers
of tryptophan residues. Large increases in fluorescence intensity and decreases in lifetime provide
the means of direct detection of bound protein without separation from the unbound. We present
specific detection of individual types of proteins and measure the binding kinetics of proteins such
as 1gG and streptavidin. Additionally, specific detection of 1gG and streptavidin has been
accomplished in the presence of large concentrations of other proteins in sample solutions. These
results will allow design of surface-based assays with biorecognitive layer that specifically bind the
protein of interest and thus enhance its intrinsic fluorescence. The present study demonstrates the
occurrence of MEF in the UV region and thus opens new possibilities to study tryptophan-containing
proteins without labeling with longer wavelength fluorophores and provides an approach to label-
free detection of biomolecules.

Keywords
plasmonics; metal enhanced fluorescence; aluminum nanostructures; label free detection

1. INTRODUCTION

Fluorescence detection is a central technology in biological research and medical practice.
Fluorescence detection presently is a central technology in the biosciences. The applications
of fluorescence include cell imaging, medical diagnostics and biophysical research. Another
growing use of fluorescence is for measurements of a large number of samples as occur on
DNA arrays, protein arrays and high throughput screening (HTS). HTS typically includes
testing of a large number of small molecules for biological activity, most often drug-receptor
interactions. Almost all the applications of fluorescence require the use of labeled drugs and
labeled biomolecules, which becomes increasingly inconvenient as the number of compounds
to be tested have increased.
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The need for labeling with fluorophore has resulted in a dramatic increase in methods which
do not require labeling, label-free detection. A variety of approaches have been used for label-
free detection. Perhaps the most widely used and known is surface plasmon resonance (SPR).
The method of SPR depends on the resonance absorption of light by a gold film illuminated
through a glass prism [1-2]. The sample is located on the distal side of the gold film which is
in contact with the metal. A decrease in reflection is observed at a certain angle of incidence,
which is due to the creation of plasmon on the sample side of the gold film. The angle of
minimum reflection is called the surface plasmon angle Ogp. The angle is sensitive to the
refractive index of the sample immediately above the gold film. Binding of biomolecules to
the surface results in small changes in the refractive index, which in turn result in a measurable
changes in the surface plasmon angle. While SPR is a sensitive method measuring the changes
in Ogp, requires rather precise optics and careful control of the temperature and correction for
changes in refractive index upon addition of the solvents containing the compound to be
detected [3]. Asaresult there is a growing interest in method to increase the sensitivity of SPR.
These methods typically use metal nanostructures such as colloids [4-5] or periodic structures
[6-7]. Because of its importance a number of other approaches are being developed for label-
free detection [8-9]. These methods include interferometry [10], infrared absorption [11],
oblique-incidence reflectivity [12], and photonic crystals [13] to name a few. Most methods
for label-free detection share a similar property with SPR, which is a dependence on the change
in biomolecular mass at the interface between sample and sensing surface and use of the
resulting changes in measurements of the refractive index at the interface.

We have demonstrated the fluorescence of visible and NIR fluorophores can be increased by
proximity to metal particles [14]. We observed a variety of favorable effects due to metal
particles, such as increased fluorescence intensities, decrease lifetime, increased photostability
and increased distances for fluorescence resonance energy transfer (FRET). We refer to these
favorable effects as metal-enhanced fluorescence (MEF). MEF is increasingly finding
applications in various fields including chemistry and biology. MEF is a complex phenomenon.
Knowing more about MEF at the single molecule level will help implementing this
phenomenon in versatile applications.

Here, we present the intrinsic fluorescence for several proteins bound to the metal
nanostructured surfaces. Large increases in fluorescence intensity and decreases in lifetime
provide the means of direct detection of bound protein without separation from the unbound.
We present specific detection of individual types of proteins and measure the binding kinetics
of proteins such as 1gG and streptavidin. These results will allow design of surface-based assays
with biorecognitive layer that specifically bind the protein of interest and thus enhance its
intrinsic fluorescence.

2. EXPERIMENTAL SECTION

Aluminum slugs and silicon monoxide, were purchased from Sigma-Aldrich and used as
received. 10 nm thick aluminum was deposited on quartz slides using an Edwards Auto 306
Vacuum Evaporation chamber under high vacuum (<5x10~7 Torr). In each case, the metal
deposition step was followed by the deposition of 5 nm of silica via evaporation without
breaking vacuum. This step served to protect the metal surface as well as it adds a spacer layer
between the metal surface and fluorophore. The deposition rate was adjusted by the filament
current and the thickness of film was measured with a quartz crystal microbalance. A portion
of the sample was cut and mounted on an Al stub with conductive tape, and then observed in
an Hitachi SU-70 scanning electron microscope (SEM) directly, i.e., without any further
treatment of the sample. Due to the nonconductive substrate (SiO»), ultra-low voltage was
employed for high resolution shallow surface observation and imaging using beam deceleration
technology. Samples were surveyed at low magnifications to see the general features and the
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homogeneity. Representative areas were selected for higher magnification investigation. An
Oxford Energy-dispersive X-ray spectrometer (EDS) with silicon drift detector (SSD) attached
on the SEM was also used for micro-chemical analysis.

Bovine serum albumin (BSA), biotinylated bovine serum albumin (BSA-bt), streptavidin (SA),
goat and rabbit immunoglobulins (IgG), were purchased from Sigma Aldrich (St. Louis, MO).
Distilled water (with a resistivity of 18.2 MQ-cm) purified using Millipore Milli-Q gradient
system was used for sample preparation. We have directly deposited proteins on the aluminum
nanostructured surfaces and bare quartz substrates, by non-covalent electrostatic
immobilization. The biochemical procedures of protein immobilization, incubation for binding
and measurements were performed in phosphate buffer saline (PBS) at pH 7.4 and room
temperature.

Fluorescence spectra of probes on solid substrates were recorded using a Varian Cary Eclipse
Fluorescence Spectrophotometer. Both the steady-state and time-domain lifetime
measurements were carried out using front face illumination. Time-domain lifetime
measurements were obtained on a PicoQuant lifetime fluorescence spectrophotometer
(Fluotime 100). The excitation source was a pulsed laser diode (PicoQuant PDL800-B) with
a 20 MHz repetition rate. The Instrument Response Function (IRF) is about 60 ps. Intensity
decays were measured through bandpass interference filters. Emission lifetimes were measured
with vertically polarized excitation. Magic angle observation was used in the emission path
for the time-domain measurements. This optical configuration reduced scattered light of the
excitation wavelength without significant distortion of the spectra or lifetimes.

The fluorescence intensity decays were analyzed in terms of the multi-exponential model as
the sum of individual single exponential decays [15]:

10=) aiexp(~t/T)
i=1 (1)

a;=1.0
In this expression tj are the decay times and o; are the amplitudes and Z ' . The fractional

i

contribution of each component to the steady-state intensity is described by:

;T

Z(YJTJ'

i (2)

fi=

The average lifetime is represented by:

=) fit;
i

(3)

The values of a; and tj were determined using the PicoQuant Symphotime software with
nonlinear least squares fitting. The goodness-of-fit was determined by the 2 value.

3. RESULTS AND DISCUSSION

Figure 1 shows the scanning electron microscope (SEM) image of the aluminum nanostructure
substrates that have been used for this study. The deposition of 10 nm of aluminum (determined
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with the crystal microbalance) resulted in highly packed heterogeneous nanstructures of 50—
100 nm size.

First we studied immunoglobulins, which contain six tryptophan residues. Quartz and
aluminum nanostructured substrates were incubated in buffer solution of IgG (10 pg/ml) for
2 hour at room temperature in a humid chamber. Slides were then rinsed with buffer, washing
solution (0.05% Tween 20), and placed in buffer for measurements. Figure 2 shows that goat
IgG bound on aluminum nanostructured substrate gives an emission intensity enhancement of
approximately 5 — 6 fold when compared to the quartz. The intensity decays of tryptophan
residues in IgG are faster on aluminum substrate compared to that on bare quartz (Figure 3).
The average emission lifetime of IgG was decreased by approximately 6-fold on aluminum.
The shorter lifetime and increased intensity on the aluminum nanostructures indicate that there
is an interaction between excited tryptophan residues and plasmons created due to the presence
of aluminum nanoparticles/nanostructures.

The most important aspect of using intrinsic fluorescence of proteins would be ability to detect
the analyte in the presence of bulk concentrations of other biomolecules in the sample. Usually,
the expected concentrations are high; e.g. human serum or blood is dominated with human

serum albumin with about a 1 mg/ml concentration. The high concentration of biomolecules
in the sample may cause that the signal from bulk proteins can be very high compared to that
of specifically bound analytes. Since the effect of plasmons on fluorescence is diven by near-
field effect, one can design a MEF-based assay where the signal from bulk proteins can be

significantly reduced. We have performed experiments where we used high concentration of
BSA (bulk protein) and temporally studied binding of streptavidin to activated surface coated
with biotinylated BSA. In Figure 4 are shown schematics of our approach to MEF-based label-
free sensing with comparison to non-MEF (bare quartz) and control non-sensing substrate.

Figure 5illustrates our results of binding of streptavidin to the sensing surface. After contacting
sensing surface with sample that contained of 1560 nM of BSA and 157 nM SA we observed
substantial increase in intensity over the time for MEF sensing surface. Despite large
concentration of bulk proteins (both BSA and SA) the bound form of SA generated an easy
measurable intensity signal. It should be noted that generated additional signal is on top of that
MEF signal from immobilized capture BSA-Bt layer. The non-binding layer with BSA (b)
resulted in small increase in signal which is due to non specific binding of SA. The conrol
configuration on bare quartz does not show a reasonable change in intensity. This is because
the bound SA does not generate more signal from that unbound, thus there is no differentiation
between bound and unbound. These studies clearly indicate that MEF-based approach allow
for direct detection of bound analyte in the presence of bulk sample.

In general, the detectability of a fluorophore is determined by two factors: the extent of
background emission from the sample and the photostability of the fluorophore. Accordingly,
we have made a comparison between the photostability of the BSA-biotin-streptavidin on
quartz and aluminum substrates (Figure 6). It must be noted that in Figure 6, the incident
excitation power on the aluminum nanostructured films have been attenuated to give the similar
initial emission intensity on the aluminum (at time = 0 min) as observed on the quartz substrate.
It is apparent from Figure 6 that BSA-biotin-streptavidin are more photostable on the 10 nm
thick particulate aluminum substrate than on the quartz substrate.

4. CONCLUSION

We have observed aluminum nanostructure enhanced intrinsic fluorescence from proteins
containing different number of tryptophan residues. Our measurements suggested the
occurrence of MEF with tryptophan-containing proteins in the ultraviolet spectral region. Our
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preliminary results suggest that aluminum nanostructures can potentially be employed in the
ultra-violet region in various plasmon-controlled fluorescence applications to enhance the
intrinsic emission of biomolecules and increase biomolecule detectability, thereby negating
the need for externally tagging biomolecules and overcoming the problems associated with it.
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Figure 1.
SEM image of deposited 10nm thick aluminum on quartz substrate.
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Figure 2.

Emission spectra of goat 1gG on quartz and aluminum nanostructured surfaces.
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Figure 3.
Intensity decays of 1gG on quartz and aluminum nanostructured surfaces.
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Schematic configurations of MEF-based bioassay for detection of streptavidin (a), control non-
binding MEF surface (b) and streptavidin bioassay using non-MEF substrate (d). The sample

thickness was 160 um for reduction of signal from free bulk proteins.
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Figure 5.
Temporal changes in relative intensity after exposing surfaces (see Figure 4) to the sample
containing large concentration of BSA.
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Figure 6.
Photostability studies of BSA-biotin-Streptavidin on quartz and aluminum nanostructured
surfaces.
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