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INTRODUCTION

Metal nanoparticles (NP) and their ordered nanostructures
are attracting increasing attention in nanotechnological disci-
plines due to their unique optical properties arising from the
collective oscillation of free electrons in the conduction band
upon interaction with external electromagnetic field'. These
optical properties can be tuned by changing size, shape,
surrounding dielectric environment as well as interparticles
gaps within nanoparticles assembly. Tailoring optical properties
of plasmonic nanostructures is important for using them in
practical application such as in optics, bionanotechnology and
analytical chemistry*”.

It is well known that plasmonic metal nanostructures,
exhibiting localized surface plasmon resonances, can be
employed to enhance local electromagnetic field which
modifies the absorption, scattering and emission processes of
near-by dipoles*®. These enhanced local fields are the origin
of surface enhanced Raman scattering (SERS) and surface
enhanced fluorescence (SEF)’. Such optical field enhancing
effects are being widely used in Raman and fluorescence based
measurements in molecular detection, molecular biology and
medical diagnostics®’. Since both SERS and SEF are known
to be localized phenomena, therefore understanding lateral as
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Metal nanoparticles polyelectrolytes nanocomposite substrates consisted of variable number of poly(sodium-4-styrenesulfonate)/ |
poly(diallyldimethylammonium chloride) bilayers deposited on supported 2D assembly of silver nanoparticles were fabricated using |
layer by layer deposition technique. Rhodamine 6G and poly(fluorescein isothiocyanate allylamine hydrochloride) were subsequently
deposited onto these substrates to investigate distance dependent surface enhance Raman scattering and fluorescence of these substrates. |
The as prepared substrates exhibited surface enhanced Raman scattering and fluorescence activities. Even though precise distance control |
between rhodamine 6G and nanoparticles was rather impossible due to the fluorophore diffusion, a 14 fold enhancement of the rhodamine |
6G fluorescence signal was detected. In addition, surface enhanced Raman scattering enhancement of rhodamine 6G containing substrates |
was noticed at a separation distance corresponding one bilayer. On the contrary for poly(fluorescein isothiocyanate allylamine hydrochloride),
a modest 2-fold enhancement of fluorescence was observed for a separation distance corresponds to 30 bilayers. I
|
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well as axial spatial dependence of the Raman and fluorescence
signal enhancement with respect to the enhancing substrates
is critical for their optimal use.

Our research group studied the lateral spatial distribution
of fluorescence enhancement for a system containing
Rhodamine 6G (Rh6G) and a monolayer of silver nanoparticles
with polyelectrolyte multilayer as spacer. The important finding
of this investigation was the inhomogeneous distribution of
fluorescence enhancement in polyelectrolyte-nanoparticle
substrate'®. Therefore it was of further interest to investigate
the axial spatial dependence of both Raman and fluorescence
enhancement in such polyelectrolyte-nanoparticle substrates.

Distance dependent enhancement of Raman and fluore-
scence involve investigation of optical signal enhancement of
probe molecules at various distances from the metal nano-
structures. Various protocols are available for controlling the
distance between metal nanostructure and the photosensitive
molecules i.e., alternating monolayers of biotinylated bovine
serum albumin-avidin, silica coating around the nanoparticles,
sequential deposition of oppositely charged polyelectrolyte
or various spacer groups having different lengths''"*. Layer
by layer (LBL) process has evolved as a facile and simple
technique for fabrication of ordered nanostructures and thin
films for practical purposes'®. One of the advantages of layer
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by layer technique is the ability to incorporate various materials
of interest including dyes, biological agents like proteins, DNA,
antibodies etc."'. Distance control by polyelectrolyte using
layer by layer technique provides the control over the thickness
of the film"’.

A reliable investigation of the distance dependence of
Raman and fluorescence not only depends on how well the
distance is controlled but also on how uniformly the fluorophore
molecules are distributed on the surface of the spacer layer.
Moreover, interactions between probe molecules and spacer
matrix might affect the molecular distribution of the probe
molecule on the substrates. Therefore, interaction of photo-
sensitive molecules with the surface of polyelectrolyte film is
an important issue to precisely investigate distance dependent
nature of SERS and SEF.

In this present work, we engineered nanostructure subs-
trates consisted of silver nanoparticles with polyelectrolyte
i.e., [poly(sodium-4-styrenesulfonate) (PSS)/poly(diallyl-
dimethylammonium chloride) (PDADMAC)] layers of varying
thickness deposited on the top followed by adsorption of two
dyes, Rh6G or poly(fluorescein isothiocyanate allylamine
hydrochloride) (PAH-FITC), on the surface of the polyelectro-
lyte films. Deposition of dyes on the polyelectrolyte films is
because of electrostatic interaction between positively charged
dye molecules and negatively charged polyelectrolyte surface
(outer PSS layer). But hydrophobic interaction, caused by
organic moieties, between the polyelectrolytes and the dye
molecules could not be ignored. In our present study, Rh6G
and PAH-FITC were employed as mobilized and immobilized
(polyelectrolyte bound) probes, respectively to study distance
dependent nature of SERS and SEF. This study will assist to
conduct reliable measurement of fluorescence and Raman
based molecular detection.

EXPERIMENTAL

Poly(diallyldimethylammonium chloride) solution
(PDADMAC; 35 wt % in water, MW < 100,000), poly(so-
dium- 4-styrenesulfonate) (PSS; MW 70,000), rhodamine
6G (Rh6G), poly(fluorescein isothiocyanate allylamine hydro-
chloride) (PAH-FITC; MW ca. 6031) and sodium borohydride
98 % were received from Aldrich. The hydrogen peroxide 30 %,
sodium citrate and silver nitrate were received from Caledon.

Preparation of colloidal metal nanoparticles: A colloidal
solution of silver nanoparticles was synthesized by the well
known chemical reduction method'. In a typical experiment
AgNO;(1 x 10°M) solution was mixed with ice-chilled sodium
borohydride (2 x 10°M) solution in a 1:3 volume ratio with
constant stirring. The resulting silver hydrosols exhibited a
yellow colour.

Preparation of polyelectrolytes solutions: A stock
solution of 1 x 10°M NaCl was prepared using 18.2 Milli-Q
water. This solution was used for preparing 1 mg/mL PSS,
PDADMAC and PAH-FITC solutions.

Modification of quartz slides: The Quartz (CHEMGLASS,
25 mm x 25 mm) slides were rinsed with acetone followed by
sonication in concentrated H,SO, for 0.5 h. After washing
copiously with 18.2 MQ Mili-Q water and then cleaned slides
were heated in piranha solution consisted of 5:1:1 by volume

H,O:NH;:H,0; at 70 °C for 10 min. These slides were
thoroughly rinsed with water and subsequently dried with N,
gas. The slides were then immersed in a freshly prepared
PDADMAC solution for 15 min. All the slides were subjected
to drying in a stream of N, gas prior to the deposition of metal
nanoparticles.

Engineering 2D assembly of nanoparticles on modified
quartz substrate: The substrates prepared in previous steps
were dipped into a colloidal solution of silver nanoparticles
for 24 h followed by rinsing with 18.2 Milli-Q water for 3 min.
Deposition of the nanoparticles on the substrates was monitored
by the surface plasmon resonance (SPR) absorption spectra
of those substrates using CARY 3 UV-visible spectrophotometer.

Deposition of polyelectrolytes multilayer: The polyelec-
trolytes layers were deposited by successively dipping the
substrate (with or without a monolayer of silver nanoparticles)
into the solution containing negatively charged polyelectrolyte
PSS for 15 min, after which the substrates were rinsed with
18.2 Milli-Q water for 2 min and then dipped into the oppo-
sitely charged polyelectrolyte, PDADMAC, solution for another
15 min. This process was repeated until the desired number of
layers was achieved. The growth of the layers was monitored
by UV-visible spectra of polyelectrolyte multilayers after five
bilayers of polyelectrolyte (successive deposition of PSS/
PDADMALC is referred to as one bilayer throughout this
report) had been deposited. The absorption intensity of PSS at
227 nm was used as a reference signal for monitoring the layer
growth. A clean quartz slide treated with piranha solution was
used as a reference for the spectral measurements. All the UV-
visible spectra were processed by GRAMS/AI software.

Deposition of dyes on the substrate: Dyes (Rh6G and
FITC) were deposited on the top of polyelectrolyte multilayers
with negatively charged PSS being the top layer using the
method described by Wang et al.'®. Briefly, the substrates (with
or without nanoparticles) containing different number of poly-
electrolyte bilayers were dipped into the solutions of Rh6G
(pH 2.5, 1 x 10 M) and PAH-FITC (pH 4, 1 mg/mL) for 20
min. However, three layers of PAH-FITC were deposited onto
the polyelectrolyte multilayers instead of one as in the case of
Rh6G. This was done by deposition of PAH-FITC on the top
PSS layer and further deposition of two additional PSS/PAH-
FITC bilayers. After immersion, the substrates were rinsed
thoroughly with 18.2 Milli-Q water for 2 min followed by
drying in a stream of nitrogen.

Raman and fluorescence analysis: Raman and fluore-
scence measurements were performed using a single grating
monochromator (Jobin Yvon, focal length 640 nm) equipped
with a liquid nitrogen cooled CCD camera (Princeton Instru-
ments) and a notch filter to remove the excitation wavelength.
Argon ion laser system (Coherent), operating at 488 nm exci-
tation wavelength with an output power of 0.48 mW was used
for excitation. The spectral resolution of the instrument was
4 cm™. The accumulation time was 60 s. The Raman spectra
were collected by WinSpec/32 software and further processed
by GRAMS/AI software.

Topographic measurements: The topographic image of
the supported metal nanoparticles assembly was taken on a
multimode Nanoscope III (Digital instruments, Santa Barbara,
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CA) or Ntegra (NTMDT, Russia) atomic force microscope
(AFM) in the contact mode in air. A J scanner with maximal
scan area of 120 pm” (Nanoscope) or 100 um x 100 uym
(Ntegra) and 200 um long soft cantilevers with integrated
pyramidal silicon nitride tips having spring constant of 60 mN/
m were used for all topographic measurements. The imaging
force was approximately 2-4 nN and the scan rate was typically
0.5 Hz.

RESULTS AND DISCUSSION

Characterization of 2D assembly of silver nanoparticles:
2D assembly of silver nanoparticles was formed by dipping
quartz substrate, functionalized with PDADMAC, into the
colloidal solution of silver nanoparticles for 24 h. Adhesion
of silver nanoparticles on the substrate is governed by the electro-
static attraction between the negatively charged silver
nanoparticles and positively charged PDADMAC'*'®, Formation
of silver nanoparticles monolayer was confirmed by AFM
topographic image of the substrate (Fig. 1A). The AFM image
shows a monolayer of spherodial shaped silver nanoparticles
having diameter 20 nm with some aggregates. The surface
plasmon resonance (SPR) absorption spectra of the supported
nanoparticle monolayer, shown as solid line in Fig. 1B, exhibits
a characteristic peak centered at 400 nm corresponding to reso-
nance excitation of localized surface plasmon of 20 nm
nanoparticles. However, for the colloidal nanoparticles, the
peak was noticed at 391 nm (shown by dotted line in Fig. 1B).
This red shifting of SPR absorption maxima by 9 nm is attri-
buted to the change of the surrounding dielectric environment".
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Fig. 1. (A) AFM topography image of a substrate containing a monolayer
of silver nanoparticles deposited on modified quartz slide, (B) the
corresponding surface plasmon resonance absorption spectra of the
silver nanoparticle monolayer (solid line) and the spectrum of the
colloidal nanoparticles solution (dotted line)

Growth of polyelectrolyte multilayer films: We prepared
two series of substrates: one series contained Rh6G (Scheme-
IA) and another contained PAH-FITC (Scheme-IB). In each
series variable number (n=1, 5, 10, 20 and 30) of polyelectro-
lytes bilayers (PSS/PDADMAC) was deposited on five different
substrates each containing a monolayer of silver nanoparticles.
Electrostatic interaction between oppositely charged polyelec-
trolytes and subsequent charge reversal are the driving forces
for polyelectrolyte film growth. The evolution of the poly-
electrolyte film thickness was monitored by measuring the
absorption intensity of the phenyl group in PSS at 227 nm
(Figs. 2A and 4A). Plots of PSS absorption intensity as a
function of number of bilayers on both series show a linear
film growth of polyelectrolyte multilayer films. The growth
of films thickness has been presented in Fig. 2B for Rh6G and
Fig. 4B for PAH-FITC. Such linear dependence of thickness
reveals regular deposition of polyelectrolyte in each deposition
cycle which is crutial for distance controlled experiments'®.
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Scheme-I: Schematic representations of typical metal nanoparticle-
polyelectrolyte nanocomposities containing Rh6G and FITC.
Scheme-I(A) shows a monolayer of silver nanoparticles having
different number of PSS/PDADMAC bilayers with Rh6G on
the top. Diffusion of Rh6G through polyelectrolyte film is a
characteristic feature of this substrate. Scheme-I(B) shows a
monolayer of silver nanoparticles having different number of
polyelectrolyte bilayers with three layers of PSS/PAH-FITC on
the top. FITC being bonded to PAH backbone can not diffuse
through polyelectrolyte film in this substrate

Silver nanoparticles

Deposition of Rh6G and PAH-FITC on polyelectrolyte
films: Dyes were deposited on the top of each polyelectrolyte
multilayer films as described. In acidic pH, both Rh6G and
PAH-FITC exist in cationic form because of the protonation
of amino groups. Electrostatic attraction between cationic dyes
and anionic PSS layers of polyelectrolyte films is the driving
force for the adsorption process. To achieve a uniform distri-
bution of dyes on the polyelectrolyte film surface, all the subs-
trates were subjected to the same deposition conditions i.e.;
pH and concentration of the dye solutions, incubation time,
rinsing and drying process.
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(A) UV-visible absorption spectra of the substrates containing
nanoparticles, a variable number (1, 5, 10, 20 and 30) of
polyelectrolyte bilayers (PSS/PDADMAC) and Rh6G. Solution
phase spectrum of Rh6G (1 x 10° M, pH ca. 2.5) is shown to track
the position of Rh6G absorption signal of the substrates. (B)
Absorbance at 227 nm was used to monitor the growth of
polyelectrolyte film. (C) Position of surface plasmon (SP) absorption
maxima shifts as the number of polyelectrolyte bilayers increases

Fig. 2.

Distribution of fluorophores onto the polyelectrolyte
film: Reliable investigations of the lateral and axial dependence
of Raman and fluorescence enhancement depend on the ability
to position the probing molecules at a well defined distance
from the nanoparticles surface. In this work absorption signal
of Rh6G and FITC was used to confirm the homogeneity of
the fluorophores distribution.

Fig. 2A shows the UV-visible absorption spectra of the
substrates containing Rh6G as well as its solution phase
spectrum. The formation of the polyelectrolyte film on nano-
particles monolayer was monitored by PSS absorbance intensity
at 227 nm (Fig. 2B) as well as by the progressive change in the
position of the surface plasmon absorption band (Fig. 2C),
which is known to be sensitive to the near-field change of
dielectric constant®”. In aqueous solution Rh6G shows absorp-
tion peak at 520 nm?'. It can be seen from Fig. 2A that as the
number of polyelectrolyte bilayers increases, the intensity of
the absorption peak around 520 nm and consequently the
amount of Rh6G increased as well. When plotted (Fig. 3) a
linear dependence of the amount of Rh6G on the number of
polyelectrolyte bilayers is obtained. This implies that dye content
of the substrates increases with increasing thickness of bilayers.
Since the dye deposition conditions throughout the experiment,
the only possibility is the diffusion of Rh6G molecules through
the polyelectrolyte film matrix with increasing layer thickness.
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Increase in the amount of Rh6G deposited onto the substrates with
increasing number (1, 5, 10, 20 and 30) of polyelectrolyte bilayers
(PSS/PDADMAC) is monitored by using the absorption band of
Rh6G at 520 nm

Fig. 3.

Same experiment was carried out with PAH-FITC, a poly-
electrolyte loaded with fluorophore (Fig. 4). In aqueous
solution FITC (pH 4) shows an absorption peak at 496
nm, Fig. 4A. Three rather than one layers of PAH-FITC were
deposited on the top of nanocomposite substrates (Scheme-
IB) in order to simplify the detection. However, no detectable
signal from the adsorbed fluorophores was noticed around 496
nm even for 30 polyelectrolyte bilayers. Film thickness
behavoiur (Fig. 4B) and surface plasmon resonance position
(Fig. 4C) were similar to that of Fig. 2 experiment.
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Fig. 4. (A) UV-VIS absorption spectra of the substrates containing
nanoparticles, a variable number (1, 5, 10, 20 and 30) of
polyelectrolyte bilayers (PSS/PDADMAC) and PAH-FITC. Solution
phase spectrum of PAH-FITC (1 x 10® M, pH ca. 4) is shown to
track the position of PAH_FITC absorption signal of the substrates.
(B) Absorbance at 227 nm was used to monitor the growth of
polyelectrolyte film. (C) Position of surface plasmon (SP) absorption

maxima shifts as the number of polyelectrolyte bilayers increases

To detect the absorption signal of FITC, the number of
PAH-FITC layers was increased. However, in this case
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PDADMAC was replaced by PAH-FITC. To eliminate the SPR
absorption signal of nanoparticles, polyelectrolytes layers were
deposited without any nanoparticles. The UV-VIS absorption
spectra of these substrates are shown in Fig. 5. The PSS/PAH-
FITC film growth also follows a linear fashion (Fig. 5, inset
bottom). We noticed a detectable absorption signal of FITC
only after 10 layers of FITC had been deposited and observed
a linear increase of the absorbance with the number of PAH-
FITC layers (Fig. 5).
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Fig. 5. UV-VIS absorption spectra of the substrates without nanoparticle
containing variable number (1, 5, 10, 20 and 30) of polyelectrolyte
bilayers (PSS/PAH-FITC). PSS absorption at 227 nm was observed
only after the deposition of 5 bilayers and a detectable FITC
absorption (at 496 nm) signal was seen after deposition of 10 bilayers.
Growth of PSS/PAH-FITC polyelectrolyte film (absorption @ 227
nm) and variation of FITC absorption intensities (absorption @ 496
nm) with increasing number of polyelectrolyte bilayers are shown

These results suggest that unlike Rh6G, polyelectrolyte
bound fluorophore FITC does not diffuse through the poly-
electrolyte film matrix.

Effect of local environment on surface plasmon reso-
nance absorption: It is known that a change in the dielectric
medium around the nanoparticles brings about a red shift in
plasmon resonance absorption®, In this present study, dielectric
medium was altered by increasing the thickness of the film.
The effect of local environment on the position of plasmon
resonance absorption is presented in Fig. 2C for Rh6G series
and 4C for PAH-FITC series. Plasmon resonance absorption
peak was noticed to increasing steadily up to 20 bilayers (corre-
s-ponds to 20 nm). We assume that local electromagnetic field
associated with 20 nm metal nanoparticles extends to this
distance. Within the region confined by the limiting distance
from the nanoparticle surface, attendance of dielectric mate-
rials reduces the strength of local electromagnetic field around
the nanoparticle which in turn lowers the frequency of plasmon
oscillation®. Once the dielectric function within the limiting
region is established further introduction of polyelectrolyte
layers does not bring any significant change in plasmon reso-
nance shift®*>.

Concentration correction to surface enhanced Raman
scattering and surface enhanced fluorescence of the
nanocomposities: It is important to normalize Raman and
fluorescence intensities of the substrates containing Rh6G to

account for the variation of dye concentration in the substrates as
aresult of diffusion. For concentration correction, we employed
a control substrate which was a modified quartz slide containing
Rh6G (without polyelectrolyte and nanoparticle). We introduced
a term correction factor for normalizing Raman and fluore-
scence intensities of the substrates. Correction factor (CF) is
defined as the ratio of Rh6G absorption intensity in the
nanocomposite substrate (*"“Ixc) to that of in the control sub-
strate (*"“Icon) i.e.; C.F. = MCIx/*"CIcon. Finally, the Raman
and fluorescence intensities of individual substrates were
divided by their corresponding correction factors to obtain the
normalized Raman and fluorescence intensity.

Enhancement factor calculation: Magnitude of optical
signal enhancement in SERS or SEF is estimated by enhance-
ment factor. Enhancement factor (EF) is defined by the
following relation EF = I4,/1o = Isers/Irs (or Iser/Ir) where Ia,
and I, are the intensities of Raman (or fluorescence) signal of
dye molecules adsorbed on silver nanoparticles substrates and
that of on substrates without silver nanoparticles, respectively.
Isers (or Isgr) and Igs (or I) are the Raman (or fluorescence)
intensities of the dyes under SERS (or SEF) and non-SERS
(non-SEF) conditions, respectively.

Surface enhanced Raman scattering activities of
nanocomposities: Metal nanoparticle has long been known
to enhance the Raman scattering of the molecules adsorbed
on their surface as a result of intense EM field, induced by
external EM radiation, around the nanoparticles. The intensity
of EM induced is reported to decrease away from the surface®*.
To investigate distance dependent characteristics of SERS, we
employed the aforementioned substrates containing silver
nanoparticles and dyes (Rh6G and PAH-FITC) and the distance
between them was created by monolayer with variable number
of polyelectrolyte (PDADMAC/PSS) bilayers as spacer
between the silver nanoparticle monolayer and the dyes. A
bare slide containing dye adsorbed on if used as a control for
estimating SERS enhancement factor.

Fig. 6 shows the SERS spectra (with fluorescence back-
ground) of the substrates containing Rh6G. It is evident that
SERS spectrum of the control substrates containing Rh6G
monolayer (indicated by ‘0’) is very week and cannot be
resolved under the experimental conditions used. However,
one can observe a weak background due to the fluorescence
of Rh6G. The addition of the nanoparticles to the substrates
leads to a dramatic increase in the Raman scattering. The bands
observed at 1364, 1513, 1581 and 1665 cm’, assigned to
aromatic C-C stretching vibrations of Rh6G are the character-
istics of Rh6G SERS peaks®-*. Intensities of the band around
1665 cm™ for different substrates were measured and normal-
ized for concentration correction as described earlier. SERS
enhancement factors of different substrates were estimated
from these normalized intensities. Maximum SERS enhance-
ment was observed for the substrate containing Rh6G layer
separated by a single polyelectrolyte bilayer from the nano-
particle monolayer. Moreover, SERS intensity was found to
decrease with increasing number of polyelectrolyte bilayers
(Fig. 7). The enhancement of SERS scattering is caused by
induced local EM field around®'-**. At this vicinity of the nano-
particles surface intensity of EM field is highest and decrease
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Fig. 6. SERS spectra (with fluorescence background) for substrates
containing a monolayer of silver nanoparticles covered with variable
number (1, 5, 10, 20 and 30) of polyelectrolyte bilayers (PSS/
PDADMAC) and Rh6G. ‘0’ refers to a substrate used as control
with Rh6G deposited on bare (without silver nanoparticle and
polyelectrolyte bilayers) quartz slide
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Fig. 7. Distance dependence of the Rh6G SERS signal measured by using

the intensity of the band at 1665 cm™ as a function of the number of
bilayers from the Fig. 6 spectra. Intensity was adjusted by using the
Fig. 3 data for the amount of Rh6G deposited on the substrates

away from it. Therefore, enhancement of SERS decreases with
increasing number of polyelectrolyte bilayers (5, 10, 20 and
30). Such distance dependent behavoiur of SERS has been
previously reported™ *. No detectable SERS signal of FITC
was detected as the SERS peaks were engulfed by its huge
fluorescence background.

Surface enhanced fluorescence activities of nanocom-
posities: Similar to SERS, fluorescence emission of a nearby
dipole is modified by metal nanoparticles. However, both the
fluorescence enhancement and quenching by metal nanoparticles
have been reported in the literatures”. In this present study,
both series of substrates containing Rh6G and FITC exhibited
fluorescence enhancement effect. Fluorescence emission spectra
of the substrates containing Rh6G and FITC with different
number of polyelectrolyte bilayers (1, 5, 10, 20 and 30) are
presented in Fig. 6 (as a background of Raman signal) and 8,
respectively. Fluorescence enhancement factors were calcu-
lated as described earlier. We found a 14 fold enhancement
for Rh6G and a 2 fold enhancement for FITC. Investigation
of distance dependent fluorescence of Rh6G reveals that

maximum enhancement occurs at a separation distance corres-
ponding to one polyelectrolyte bilayer (1 nm) and then decreases
with increasing number of bilayers (Fig. 9). Surprisingly, we
did not observe quenching at the short distances reported in
literature™*, The observed decrease in the fluorescence EF
with higher number of bilayers (5-30) might be due to the
formation of nonfluorescent aggregates as a result of Rh6G
diffusion through the polyelectrolyte matrix as described
earlier”. Distance dependent fluorescence study of PAH-FITC
(Fig. 9) shows that fluorescence intensity increases with
increasing number of bilayer. The observed fluorescence
enhancement is the result of two phenomena: Firstly, the static
quenching of FITC fluorescence by metal nanoparticles
through nonradiative pathways and secondly, increased radia-
tive decay rates induced by the enhanced EM field around the
nanoparticles. Since quenching decays from the surface faster
than the local EM field therefore, fluorescence intensity in-
creases as the distance between the nanoparticles and the dye
increases®. Compared to Rh6G, PAH-FITC exhibits an increas-
ing trend of fluorescence enhancement with increasing num-
ber of bilayers. It is likely that FITC molecules are bonded to
PAH backbone which retards the diffusion of molecules into
the polyelectrolyte matrix which prevents the formation of
any nonfluorescent aggregates. Another important feature is
the lower fluorescence EF compares to the Rh6G which might
be cause by the self quenching of the fluorescence by the
FITC**.

Intensity (a.u.)

1200 1400 1600
Wavenumber (cm™")

1800

Fig. 8. Fluorescence emission spectra of the substrates containing silver
nanoparticle, a variable number (1, 5, 10, 20 and 30) of
polyelectrolyte bilayers (PSS/PDADMAC) with three PSS/PAH-
FITC bilayers adsorbed on the top. ‘0’ refers to a substrate used as
control having PAH-FITC deposited on bare (without silver
nanoparticle and polyelectrolyte bilayers) quartz slide

Conclusion

We fabricated silver nanoparticle-polyelectrolyte nano-
composite substrates having varying thickness and deposited
two different dyes, Rh6G and PAH-FITC, on the top of the
polyelectrolytes film by layer by layer self assembly process
to study the distance dependent nature of SERS and SEF
exhibited by these nanocomposite substrates. We found a signi-
ficant diffusion of Rh6G molecules through polyelectrolyte
film matrix, which subsequently formed nonfluorescent
aggregates. On the contrary, PAH-FITC did not exhibit any
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Fig. 9. Distance dependent fluorescence enhancement of Rh6G (triangle)

and FITC (rectangle) deposited on substrates containing silver and
with increasing number (1, 5, 10, 20 and 30) of polyelectrolyte
bilayers (PSS/PDADMAC). ‘0’ refers to the substrates used as
controls having Rh6G or PAH-FITC deposited on bare (without
nanoparticle and polyelectrolyte bilayers) quartz slides. The
enhancement factors for Rh6G and FITC were estimated from the
emission spectra presented in Figs. 6 and 8, respectively

diffusion as it is bound to the polyelectrolyte chain. Both the
substrates containing Rh6G and PAH-FITC exhibited SERS
and SEF activities. Distance dependent fluorescence studies
showed a maximum of 14-fold enhancement of Rh6G when it
is separated from the nanoparticles by one polyelectrolyte
bilayer (PSS/PDADMAC). A 2-fold fluorescence enhancement
of PAH-FITC was observed when it was separated from the
nanoparticles by 30 polyelectrolyte bilayers. We observed
maximum Raman enhancement at a separation distance of one
polyelectrolyte bilayer for the case of Rh6G. Finally, we
conclude that when performing Raman and fluorescence based
experiments it is best to employ immobilized dyes, such as
PAH-FITC, rather than mobile dyes, Rh6G, to avoid complexity
arising from diffusion of dye molecules through the spacer
film matrix.
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