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ABSTRACT
Nano-sculptured thin films (STF) are prepared by the glancing angle deposition technique and take different forms of
nano columnar structures. Varieties of STFs are investigated to find the optimum structure for biosensing based on the
surface enhanced fluourescence (SEF). The highest amplification of fluorescent signal is found for Ag based STFs on
fused silica giving an enhancement factor of x23, where h=400nm, d=75nm, α=23o relative to Ag dense film using
fluorescent dye Rhodamine 123. Based on this, a demonstration of monitoring of antibodies and even confirmation of
successful immobilization of the receptors presented. Bound antibody to the thiol self assembly monolayer on sample
surface is then quantified by means of the fluorescent signal. Upon excitation of the fluorophore by Hg source light, a
CCD camera with a controlled exposure time detects the pattern of fluorescent antibody/E-coli bacteria colonies on the
STF surface. A fiber optic holder attached to the microscope allowed quantitative measurement of the fluorescence
spectrum on a microspot.
Keywords: Surface Enhanced Fluorescence (SEF), Sculptured Thin Films (STF), biosensing, self assembly monolayer
(SAM).

1. INTRODUCTION
Fluorescence is one of the optical phenomena which can be used to detect biopathogens on surfaces1. However
fluorescent emission from analytes especially from biological assays is weak. In order to increase the fluorescent signal,
attempts have been made to increase the number of dye molecules bound to the surface but this produces concentration
quenching, reducing first the quantum efficiency and then the total emission. Field enhancement and therefore
fluorescence can be achieved due to special morphology of the metal nano-sculptured surfaces, while the mechanism for
surface enhanced processes is predominantly electromagnetic in nature. Metal nanoparticles and nanostructured metal
films possess localized surface plasmon resonances (LSPRs) that imbue these materials with a number of unique and
useful optical properties. A clear evidence for the role of local plasmon resonances in the excitation and emission
processes has been presented2. LSPRs are responsible for the size and shape3 dependent optical spectra that have led to
the use of metal nanoparticles in a variety of bio-diagnostic applications4, 5 and plasmon modes have been implicated in
the surface plasmon imaging based sensors6, 7, extraordinary transmission (EOT) of light through nanoscale hole8 and
slit9-11 arrays. It was shown recently, that the reason for resonances in EOT spectra from periodic nanoslits with very thin
metal < 100nm is the excitation of classic surface plasmon resonance at the boarders of metal above and below the
dialectric11. The highly confined local electric field enhancements that accompany the excitation of LSPRs are used in a
variety of near-field enhanced spectroscopy and imaging modes, from near-field scanning optical microscopy12, 13 to
surface-enhanced Raman spectroscopy (SERS)14-17. Although SERS applications have motivated much of the research
into surface-enhanced spectroscopy in the past decade, the widespread use of fluorescence-based sensing in biology and
the importance of radiative decay near metal electrodes in organic optoelectronics18, 19 are two factors that have led to a
great deal of new interest in the study of simple fluorescence near metal nanostructures20. Although planar metal films
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generally quench the emission from nearby fluorophores21, 22, the effects of metal nanostructures are more complicated.
Depending on the details of the system under investigation, fluorescence quenching23-25, enhancement1, 3, 26, 27, or both28
have been reported in experimental studies of fluorescent dyes and quantum dots near nanostructured metals. Sculptured
thin films (STFs)29, 30 are nanostructured materials with unidirectionally varying properties that can be designed and
realized in a controllable manner using variants of physical vapor deposition techniques. The growth mechanism is based
on self-organized nucleation during deposition and subsequent highly directional growth due to atomic shadowing
mechanism. A particle flux, incident to the substrate at an angle β (usually β ≥ 80°, as measured to the substrate normal),
enables preparation of columnar thin films under glancing angle deposition (GLAD)30. The ability to instantaneously
change the growth direction of their columnar morphology, through simple variations in the direction of the incident
vapor flux, leads to a wide spectrum of columnar forms such as spiral, screws, vertical columns, chevrons etc. By
immobilizing fluorescent antibody to the thiol self assembly monolayer on surfaces we show in this study the
applications of the STF as a sensor for control of antibodies immobilization.

2. EXPERIMENTAL
STFs were prepared using the glancing angle deposition technique (GLAD)31. STFs of different materials, such as Si,
Ag, Au, and Cu on different substrates, were prepared by methods including sputter deposition and e-beam evaporation.
The deposition angle was adjusted to α = 85° (deposition angle α as measured with respect to the substrate normal as it
is demonstrated in Figure 1) to form nanostructures of manifold shapes (spirals, screws, vertical columns)30 using
appropriate substrate rotation scheme. Subsequently, dense films of each material were also deposited, with the
deposition angle α = 0°, as reference samples. Pre-patterned substrates, comprising of monolayers of SiO2 nanospheres
prepared a self-assembly32 method, and Au dot honeycomb-like array gained by evaporating Au through the voids of
such self-assembled nanospheres33, were used to form periodic nanostructure arrays. A schematic illustration for the
GLAD setup is demonstrated in Figure 1.
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Figure 1. Schematic of the GLAD setup. One stepper motor controls deposition angle α, and a second stepper motor is used for
substrate rotation ϕ about the substrate normal. CTM abbreviates crystal-thickness monitor.

For fluorescence measurements, first the samples were spin coated at 4000 RPM with a fluorescent dye Rhodamine 123
diluted in methanol at 0.6%wt. The thickness of the spun dye layer was estimated by atomic force microscope
measurements to be approximately 50nm. Care was taken in selecting the spinning conditions to obtain uniform dye
films and similar thicknesses both on the sample and its reference. After comparison between the structures prepared for
the study using fluorescence dye, fluorescent receptor Anti-Rabbit IgG (whole molecule) - FITC catalog number from
Sigma Aldrich: F7512 was immobilized on the structure which gave highest fluorescent signal using Rhodamine 123
fluorescent dye compared to the dense film of the same material (Figure 2). We immersed our samples in long chain
thiol 11-murcaptonoic acid for 24h to prevent silver from oxidation and mainly to attach the receptor to the surfaces. Due
to the chemical basis of the functionalization of gold/silver surfaces a self assembled monolayer (SAM) of thiol was used
to cover the surface. In this study we show the existence of the receptor in SEF images on nano-STFs versus the flat
silver substrates. An enhancement in the fluorescence signal is observed due to the localized surface plasmon resonance
(LSPR) effect in nanorods.
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Figure 2. SEM micrographs of the side views of Ag STF (left) structure with h ≈ 400 nm , d ≈ 75 nm, α ≈ 23° compared to the
dense silver film (right) with α ≈ 85°-90° both structures are on fused silica substrate.

Fluorescence measurements were performed using an Olympus fluorescence upright microscope BX51 with an Hg arc
lamp as excitation light source having three fluorescence filter cubes with the following excitation-emission wavelengths
and dichroic filter (DF) wavelengths: (λex,λem,λDF) = f. The green Hg line at 546nm was used for excitation in all of the
experiments and the emission was detected using the red filter at 590nm (Figure 3).
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Figure 3. A Transmittance vs. wavelength of filters used in the study, B Filter cubes.

The detection of the image/signal obtained in the intermediate image plane were performed: 1) using a high sensitivity
cooled CCD camera with a controlled exposure time, the acquired images were then analyzed using Matlab and the
average intensity was compared between the sample and its reference; and 2) the measurements were also performed
using fluorescence spectrometer. Due to integration of the microscope with spectrometer the fluorescence emission
spectrum was grabbed simultaneously with the image grab. Optical fiber holder was designed (Figure 4) to fit in place of
the standard microscopic eyepiece with possible XY and focus adjustments. The distal end of the fiber is connected to
the spectrometer and the strongest signal is obtained when the fiber is placed in the plane of the primary image of the
microscope. The microspot diameter Dspot, being inspected is determined by the microscope primary magnification M
and the diameter of the fiber Dfiber (Dspot= Dfiber /M). Hence in our case using a 1mm diameter fiber and x50
magnification the micropot diameter is 20μm. Enhancement factor was calculated as a relation between fluorescent
signal F(λ)STF from STF vs. fluorescent signal from dense film F(λ)ref :

Enhancement Factor =

F (λ ) STF
F (λ )ref

(1)

Fluorescent signals F(λ) were achieved by reducing the background: F(λ) = F(λ) – min{ F(λ) }. Other enhancement
factors were calculated according to the fluorescence images.
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Figure 4. Design of the Fiber optic housing: A side view, B back view and C intersection.

3. RESULTS AND DISCUSSION
Figure 5A shows fluorescence spectra taken from microspot with diameter of 20μm while Ag-nanorod STF and Ag
dense film on fused silica were spin coated at 4000 RPM with Rhodamine 123 diluted in methanol at 0.6%wt. The
pattern of Ag-nanorod STF and Ag dense film on fused silica were shown on SEM micrographs on Figure 2. To apply
STFs as biosensors we immobilized fluorescent receptor Anti-Rabit IgG on the Ag STF and Ag dens films to
demonstrate the STF as a biosensor. Figure 5B shows an experimental results of two fluorescence images, one for a Ag
STF (h=400 nm) deposited by e-beam evaporation on fused silica. The STF consists of rod-like nanostructures with rod
diameter d ≈ 75 nm, inclined at an angle α ≈ 23° with respect to the substrate plane. The left image corresponds to the
continuous Ag film used as a reference, which has thickness of approximately 415 nm (deposited on fused silica).
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Figure 5. A: Fluorescence spectra taken from microspot with diameter of 20μm while Ag-nanorod STF and Ag dense film on fused
silica were spin coated by Rhodamine 123. B: Fluorescence images from: dense Ag film and Ag-nanorod STF on fused silica.
Both slides were immersed in diluted 1/100 (antibody to PBS) Anti-Rabbit IgG (whole molecule).
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For fluorescent dye Rhodamine 123 on the STF (Figure 5A) the enhancement factor was only 20 while with receptor
molecules immobilized on the STF (Figure 5B) the enhancement factor is more than 32. In contrast to SERS, maximal
enhancement of fluorescence does not occur from molecules adsorbed directly on the metal surface. Emission from
fluorescent dyes adsorbed directly on the metal surfaces is quenched due to rapid nonradiative energy transfer to the
metal. The ratio of the fluorescence intensity observed from molecules near a roughened silver surface to that from
molecules adsorbed on a reference glass substrate can be described by the product of two terms:
Y = L ( λexc ) Z ( λ flu )
2

(2)

The term |L(λexc)|2 is the enhancement of local electromagnetic field intensity near the STFs at the excitation wavelength
λexc. It is representative of the ability of the metal to concentrate the electromagnetic energy when the excitation
wavelength is coincident with the surface plasmon resonance of the metal. The second factor Z(λflu) describes the relative
radiative yield of the excited molecules on the two substrates. The radiative decay rate of the coupled system consisting
of the metal particles and adsorbed molecules is proportional to the square of the local field enhancement factor |L(λexc)|2
at the fluorescence excitation wavelength λexc 34. Because of the coupling between the molecular dipole and the metal,
the latter can radiate a photon before the excitation is dissipated by nonradiative pathways within the fluorescent
molecule. This effect increases the relative radiative yield because the factor Z can be as large as 1/Q0, where Q0 is the
fluorescence quantum yield of the molecules35. Obviously, the factor Z does not provide significant enhancement for
fluorophores with high quantum yields. A maximum enhancement of 1/Q0 can be obtained only when the fluorophore is
at an optimum distance from the metal surface, and the value of Z decreases rapidly as the distance is decreased below
this value. The quenching is a result of a very strong nonradiative energy transfer from fluorophore molecules to the
metal substrates. The radiationless transfer is a short-range effect relative to the enhancement of the local
electromagnetic field. As a consequence, a maximum of fluorescence intensity is predicted for dye molecules spaced at
some optimal distance from the metal surface. Maximal fluorescence amplification is observed only from molecules at
certain distances from the surface 36 while here, receptor molecules were immobilized on functionalized films with thiol
layer of 2-4nm.

4. CONCLUSIONS
Surface Enhanced Fluorescence from metallic nano Sculptured Thin Films (STFs) is investigated for biosensing
applications. Fluorescent signals were captured by camera. Emission spectra of the samples were collected using
fluorescence spectroscopy which enables to investigate the effects of amplification of the fluorescent signal from STFs
and dens films in more quantitative fashion. For this purpose, we designed and manufactured a fiber housing which is a
compact adjustable mechanical module that connects to the microscope in place of its eyepiece. This enabled collection
of the light from the primary image plane of the Olympus BX51 light microscope guiding it to the spectrometer. Highest
fluorescent enhancement factor of ~20 was obtained from the silver nanocolumns deposited by 23o with respect to the
fused silica substrate. By using this nanostructure we have demonstrated that the STF can serve as a thin film platform
for biosensing. The combination of column like pattern of the sensing element and fluorescence detection schemes which
is fluorescence microscopy with the resonant coupling of surface plasmons as the excitation ‘light source’ at a
metal/dielectric interface, i.e. of the sensor surface in contact with the analyte media, allows monitoring of antibodies
and even confirmation of successful immobilization of the receptors on the silver surfaces.
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