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We demonstrate that photobleaching can be significantly suppressed in fluorescent-
labeled polyelectrolyte layer-by-layer (LbL) films by efficient spatial isolation of the
dye molecules using multilayered architecture. The films exhibited excellent
temporal stability under high excitation power where the bulk films suffered a signifi-
cant photobleaching. Quenching of the fluorescence caused by the resonant energy
transfer between the dye molecules and gold nanoparticles exhibited a weak
distance dependence with significant quenching extending beyond 20 nm distance.
The robust, freely suspended, fluorescent LbL films exhibited stable fluorescence
response under deformation which can make them attractive for sensitive
Sfluoroimmunoassays.
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Introduction

Fluoroimmunoassay detection based on controlled energy transfer has been very success-
ful over the last decade due to the relative ease in read-out process and unique optical
signature.''?! Such techniques have been applied for the detection of DNA,P*
proteins,'”’ and specific antigens.'>”! The same phenomenon is also employed to
monitor biological processes such as protein folding'®! and conformational changes."’
Quenching of fluorescence of dye molecules adsorbed on the surface of metal due to
non-radiative energy transfer mechanism is one of the key techniques for biological
detection.!'”! Particularly, Forster resonant energy transfer'''! (FRET) between
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the excited dye molecule acting as donor and the acceptor species is exploited for the
non-radiative energy transfer and controlled quenching of the fluorescence of the dye
molecules. Compared to organic acceptor molecules, gold nanoparticles have been
proven to be much stronger quenchers of molecular excitation of fluorophore. However,
the quenching of the fluorescence of the chromophore near the surface of a metal nanopar-
ticle is not only due to energy transfer between the chromophore and the metal nanopar-
ticle but is also caused by alternation in the radiative and non-radiative rates of the
chromophore’s de-excitation process.!'>'*! The energy transfer rates, which are one of
the primary factors of the quenching mechanism, depend significantly on the size and
shape of the nanoparticles and distance between the dye molecule and the metal
nanoparticle.!' %4

Photobleaching is one of the most important issues in applications involving low con-
centration fluoroimmunoassay techniques and single molecule fluorescence spectroscopy.
Photobleaching is an irreversible photochemical process making a fluorophore perma-
nently loose the ability to fluoresce.!'™ It is a complex photochemical process,
involving dye-dye and dye-ambient interactions. In the studies involving the tracking of
a biological process over extended time, photobleaching can make it impossible to
complete the experiment. On the other hand, fluorescence recovery after photobleaching
(FRAP) can be used to study the dynamics of diffusion of various species.!'®

Several chemical and physical approaches have been suggested to minimize the photo-
bleaching effect, such as adding antifading agents''®! and increasing the laser intensity at the
same rate as the photobleaching to compensate for the lost fluorescence.!'”! All these methods
rely on either an additional constituent in the fluorescent system or on a tedious procedure to
establish the experimental routine to overcome the photobleaching problem. The fluor-
escence behavior of the molecules in solution is known to be significantly different from
that in the solid state.!*” This is related to a high degree of interaction between the closely
packed molecules in the solid causing intermolecular energy transfer. This interaction
leads to several different effects such as homo-resonance energy transfer (RET),*!! shifts
in the absorption and emission spectra,’*?! and photobleaching. A solid state system with
isolated molecules, resembling the solution state, could minimize the unwanted effects
(homo RET and photobleaching) inherent in a conventional bulk counterpart.

In this communication, we report a novel method for the partial suppression of the
photobleaching effect in ultrathin films by separating fluorescent labels confined within
a nanoscale layer (about 1.5 nm thick) with another nanoscale (1.5 nm) neutral
polymeric layer (bilayer structures), thus significantly reducing non-radiative energy
transfer due to dye-dye interactions. We investigate the resonant energy transfer
mechanism in such multilayered structures with a controlled number of bilayers by
using micropatterned gold nanoparticle arrays. The quenching efficiency of gold nanopar-
ticles on differently positioned bilayer (dye/non-dye) structures was studied as a function
of the number of bilayers and less dramatic distance dependence than that predicted by
the theory for uniform medium was observed. The stability of the fluorescent response
against mechanical perturbations was demonstrated by deforming the freely suspended
fluorescent nanomembrane under hydrostatic pressure.

Layer-by-layer (LbL) assembly, which provides a precise control over the position of
the components along the thickness of the structure, was chosen to build such a system
because of its unique ability to control the placement of different species in a regular
manner.'**** Thus, we employed LbL assembly which involves the alternate adsorption
of oppositely charged polyelectrolytes for the fabrication of ultra thin polymer films with
precise control over geometry down to a single nanometer.”>~2*! The multilayered
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polyelectrolyte films can be highly robust and exhibit exceptional mechanical stability,
optical activity, bio-compatibility, and electrical conductivity.?*3%!

Experimental

Poly (sodium 4-styrenesulfonate) (PSS) was purchased from Aldrich and used without
further purification. Poly (allylamine hydrochloride) (PAH) was purchased from
Aldrich and labeled with rhodamine B isothiocyanate (RITC) (1% labeling) according
to the known procedure.m] In brief, PAH solution (60 mg/ml) in 0.1 M NaHCO; was
added to RITC in DMF (0.25 g/ml) and stirred for 1 h at room temperature. Subsequently,
RITC-PAH conjugate, called PAH* hereafter, was precipitated and re-suspended in Tris
buffer. Chemical structure of the PAH* is shown in Fig. la and the RITC/PAH ratio
was 1/100. Gold nanoparticles of diameter 13 nm were synthesized by the reduction of
tetrachloroauric acid using sodium citrate.*® The UV-vis absorption of the PAH*
solution and the gold nanoparticle solution was obtained using a Shimadzu UV 1601
spectrophotometer.

Multilayer films of oppositely charged polyelectrolytes with a structure of (PAH*/
PSS),, were fabricated using spin assisted LbL in a class 100 clean room as reported in
detail elsewhere.®”*®! LbL films with a surface-patterned gold nanoparticle array,
(PAH*/PSS), PAH*/Au, designated as n*G, where n (1 to 9) is the number of bilayers,
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Figure 1. (a) Chemical structure of fluorescent labeled (Rhodamine B isothiocynate) PAH*.
(b) UV-vis absorption spectra of bulk PAH*. (c) Fluorescence emission spectra of PAH* solution
under an excitation of 365 nm. (d) UV-vis of gold nanoparticles solution showing the surface
plasmon absorption.
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were fabricated for FRET experiments according to the known procedure.** In the case of
the free standing films, additional polyelectrolyte multilayers were deposited on the gold
nanoparticles completely encapsulating them in the membranes making the resulting
structure to be n*Gn*. Water from a Nanopure system (18 M{) cm) was used for pre-
paration. The cast sample was prepared by drop casting the PAH* solution (0.2% v/v)
on a glass slide and drying the sample under vacuum (10> Torr) for 24 h.

The morphology of the LbL films was studied with a Dimension 3000 Atomic Force
Microscope (AFM) according to the procedure adapted in our lab.%*"! The micropat-
terned array of gold nanoparticles on the LbL films was inspected with an optical micro-
scope (DM 4000M, Leica) in reflection mode. Fluorescence spectra and images of the
membranes with gold nanoparticles were obtained with the DM 4000M microscope
equipped with a Craic single-spot fluorescence spectrometer. Time-dependent fluor-
escence was studied using a custom-designed confocal Raman-fluorescence instrument
based on an Aurora-IIl near-field scanning optical microscope with a Nd:YAG laser
(532 nm wavelength) as the excitation source as described elsewhere.'*"

Results and Discussion

Fluorescence of bulk and LbL films. The absorption maxima of the PAH* solution was
found to be at 557 nm (see UV absorption spectra in Fig. 1b). The fluorescence spectra
of PAH* solution obtained with an excitation wavelength of 365 nm displays a strong
peak at 581 nm (Fig. 1c). These spectra completely agree with the data reported in the
literature.'**! Finally, the plasmon absorption with a peak at 520 nm was observed for
the solution of 13 nm gold nanoparticles used in the FRET experiments (Fig. 1d). It is
worth mentioning that there is a significant overlap between the fluorescence emission
of the PAH* and gold nanoparticle plasmon adsorption, which is one of the primary
requirements for the efficient energy transfer for the donor-acceptor pair."'*!

The microlayered structure of LbL films designed here includes PAH* layers with the
fluorescent labels separated by interlacing PSS layers (Fig. 2a). The thickness of the LbL.
assembled films, as determined from topographical cross-sections of AFM scanning along
the edge of the film, increased linearly with the number of bilayers with an increment of
3.1 nm for each bilayer, thus giving a thickness of a single layer of about 1.5 nm. All

1.0

0.8+

0.6+

0.44

0.24

Normalized intensity (a.u.)

0.0+ —————— T — |

540 560 580 600 620 640 660 680 700
Wavelength (nm)

Figure 2. (a) Schematic representation of the LbL structure of alternating PAH* and PSS layers.

(b) Fluorescence spectra of cast PAH* film and 9-bilayer LbL film depicting the blue shift in the
cast film.
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values are fairly close to that well-known in the literature.'”®! The 9-bilayer LbL film
which was used as a representative sample in the photobleaching experiments had a
thickness of 28 nm and a smooth surface with microroughness for the surface area of
1 x 1 wm? below 1.7 nm.

Fig. 2b shows the fluorescence spectra of the cast PAH* film (thickness about 3 pm)
and (PAH*PSS)y LbL film. A small red-shift in the fluorescence peak was observed if
PAH* layers were separated by PSS layers. The peak position for the LBL film closely
matched (difference of less than 1.5 nm) that in the solution. The 7 nm blue shift for
bulk PAH* film can be attributed to the aggregation of the dye molecules resulting in
increased interaction between them.!**! It is known that H-aggregates exhibit a blue
shift while J-aggregation results in red shift of the emission spectra.'**! The blue shift
of the H-aggregates is due to the exciton splitting where the lower energy level is
opticazliy forbidden and the transition can only occur from the upper level to the ground
state.*!

Photobleaching in bulk and LBL films. Temporal decay of the fluorescent intensity due to
the photobleaching of the fluorophores under laser excitation was studied for cast PAH*
films and multilayered LbL films. Fig. 3a shows the time resolved (collected with 1s
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Figure 3. (a) Time resolved fluorescence spectra (excitation power 4 x 10* W/cmz) of the cast
PAH* film depicting the decaying intensity due to photobleaching. (b) Photobleaching phenomenon
for cast PAH* film for various powers of the excitation source. (c) Photobleaching phenomenon for
9-bilayer LbL films for various powers of the excitation source. (d) Fluorescence intensity retained
vs. the excitation power after 20 s for cast and LbL films.



12 S. Singamaneni et al.

interval) fluorescence spectra of the cast film with an excitation power of 50 wWW over a
400 nm diameter area (4 x 10*'W / cm?® power). It is worth noting that the initial
intensity of the fluorescent peak for cast PAH* film was nearly eight times higher than
that for LBL film if obtained under identical experimental conditions. This difference is
caused by the larger thickness of the cast film and different composition (e.g., PSS
presence in the LbL film).

The normalized fluorescence intensity of the cast film and the LBL film as a function
of time for various laser powers is shown Figs. 3b and 3c, respectively. Apparently, in
both cases the rate of photobleaching increases with the increasing laser power.
However, the photobleaching in the case of the LbL films is much smaller as compared
to that of the cast films. Fig. 3d shows that the fluorescence intensity retained after 20 s
for different laser powers is much higher for the LbL films. For instance, for 50 pW
power the cast bulk film suffers from a rapid photobleaching with an intensity decay of
90% in the first 120 s. On the other hand, under the same illumination intensity the
LBL film shows a decay of less than 25%. For 50 wW laser intensity the LBL films
exhibit nearly 40% higher fluorescence intensity retention compared to the cast film indi-
cating much higher photobleaching stability of the LbL films as compared to bulk PAH*
material.

Such a difference can be understood considering that several concurrent processes can
contribute to the photobleaching phenomenon which include dye-dye (D-D), dye-oxygen
(D-0), and dye-photon (D-P) interactions.!'>*! One of the important processes of the non-
radiative energy transfer mechanism is where the electron in the excited singlet state
transfers to the excited triplet state and returns to the ground state in a non-radiative
manner. This process can occur due to the resonant intermediate states of the oxygen
from the ambient and the neighboring dye molecules. In the bulk film the state crossing
is promoted by the aggregation of the fluorescent molecules. However, in the LbL multi-
layered structures the fluorescent molecules are separated by 1.5 nm thick PSS layers,
thereby decreasing the possible interactions across layers (Fig. 2a). Thus, the layered
LbL architecture partially suppresses the cross-talks in the vertical direction. One
should note that such non-radiative mechanism might still persist to some extent in
LbL films due to the proximity (average separation of 15 nm estimated from the
labeling percentage) of the molecules within the same layer.

RET between labeled layers and gold nanoparticles. Quenching of fluorescence due to
RET between the excited dye molecule and a proximal metal surface is one of the most
common sensing mechanisms in fluoroimmunoassays. To investigate the quenching
behavior of these multilayered structures, we designed micropatterned LbL films with
selectively placed gold nanoparticles (Fig. 4a). In this design, the PAH* layer closer to
the gold nanoparticles is highly sensitive to the RET but controlled distance of separation
occurs for increasing number of bilayers. On the other hand, the micropatterned samples
offer the unique advantage of obtaining the fluorescence signal simultaneously from the
areas with and without gold nanoparticles making the quantitative comparison
unambiguous.

The optical image of Fig. 4b shows the 9*G film with a uniform pattern of gold nano-
particles deposited on the LbL film surface and extending over large distances. The
brighter stripes on the image correspond to a monolayer of gold nanoparticles with
higher reflectivity as was proved by cross-sectional analysis as discussed in our
previous publication.®”) The micropatterned morphology is confirmed with AFM
(Fig. 4c). The elevated stripes from LbL films with encapsulated gold nanoparticles are
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Figure 4. (a) Schematic representation of the LbL film with gold nanoparticles on the surface of the
film. (b) Optical micrograph of the 9*G film showing uniform micropattern over large surface area.
(c) AFM image depicting the high selectivity of the micropatterned gold nanoparticles and the cor-
responding cross-sectional height profile showing the alternating regions with and without gold
nanoparticles. (d) Fluorescence image of the 9*G film with the dark and bright areas representing
the areas with and without gold nanoparticles, respectively.

3 micron wide and 43 nm thick. This is 13 nm thicker than that of the area without gold
nanoparticles, indicating a monolayer of gold nanoparticles with diameter close to
13 nm. The gold nanoparticle with modest negative charge under normal pH conditions
were stable in solution state and readily adsorbed on the positively charged PAH termi-
nated surface making relatively densely packed monolayers. In the final assembly, alter-
nating layers of negatively charged nanoparticles and positively charged polyelectrolytes
made LbL films very stable due to strong Coulombic interactions. Fig. 4d shows the
fluorescence image of the LbL film with the dark stripes of the image representing low
fluorescent intensity areas corresponding to the gold nanoparticle areas and the brighter
areas corresponding to the surface areas without gold nanoparticles. The presence of
gold nanoparticles efficiently quenches the fluorescence of the PAH resulting in a pro-
nounced contrast in the intensity, with the reversed contrast if compared with the
optical image. The fluorescence spectral mapping obtained from the areas with and
without gold nanoparticles for LbL films shows a clearly defined micropattern as well
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(Fig. 5a). Fluorescence spectra from the film areas with and without gold nanoparticles
differ significantly in the intensity of their main peaks with overall intensity changing
periodically as can be seen from corresponding cross-section (Fig. 5b).

Figs. 6a and 6b show the fluorescence spectra of the LbL films with different numbers of
bilayers. Significant increase in the fluorescence intensity with the increasing numbers of
bilayers is observed as expected for LbL film with a linear growth mode. Similarly, the flu-
orescence intensity increases with increasing film thickness for LbL areas covered with gold
nanoparticles, their overall intensity remaining much (three times) lower (Fig. 6b). Fig. 6¢
shows the linear variations of the fluorescence peak intensity with the number of bilayers for
LbL films with and without gold nanoparticles on top. Apparently, the fluorescence intensity
grows linearly in both cases with the overall intensity for LbL films covered with gold nano-
particles staying well below that for the rest of the LbL film due to significant quenching
caused by the presence of the gold nanoparticles on top of growing LbL films (Fig. 4a).
However, the overall slope of the intensity variation vs. the number of bilayers is
different for the surface areas covered or not covered by gold nanoparticles.

For quantitative characterization of the quenching phenomenon, we calculated the
fluorescence quenching efficiency 7 as

n= 100<1 — <va—GG>) 1)

where I is the intensity in the film areas covered by gold nanoparticles, I is the intensity
in the surface areas of the purely polymeric LbL film. The value of the n quantifies the
percentage of the fluorescence intensity lost due to the non-radiative energy transfer
between the membrane and the gold nanoparticles. The quenching efficiency of the
gold nanoparticle for nanomembranes with different number of bilayers is shown in
Fig. 6d. Apparently, for the first five bilayers (within 15 nm distance from gold nanopar-
ticles), the quenching efficiency rapidly decreases by 40% followed by a very low rate of
decay for higher number of bilayers. It is worth noting that the quenching efficiency

remains constant for different laser powers.
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Figure 5. (a) Confocal fluorescence mapping of 6*G film under 532 nm excitation. (b) Fluorescence
spectra of the 6*G film from selected areas (400 x 400 nm) with and without gold nanoparticles.
Inset shows the variation of fluorescence intensity profile of the dotted line shown in the fluorescence
map.
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Figure 6. Fluorescence spectra of the LbL films with different of bilayers from the surface areas
without (a) and with (b) gold nanoparticles. (c) The corresponding peak intensity vs. the number
of bilayers. (d) The quenching efficiency vs. the number of bilayers from the experiment and calcu-
lated from theories.

Although the overall decrease of the quenching efficiency with the increasing distance
is expected, its relatively high value (55%) even for larger distances is puzzling. As is
known, the distance decay of the quenching efficiency is highly sensitive to the distance
only in close proximity (2—10 nm) to the metal surfaces with quenching virtually disap-
pearing for distance higher than 10 nm."®! According to the FRET theory, the energy
transfer efficiency near a metal nanoparticle scales to the inverse sixth power of the
distance if the nanoparticle is assumed to be a single dipole.!''*”! However, in our
case, a single dipole approximation is not valid due to dimension factors (nanoparticle
diameter 13 nm in comparison with bilayer thickness 3.1 nm). Thus, if the nanoparticle
is approximated as a dipole array (surface energy transfer (SET) theory), the distance
dependence of the energy transfer efficiency should decrease as inverse fourth

power: [10,48,49]

1

T 1+ (R/Ry) @

where Ry is the characteristic distance at which the non-radiative energy transfer efficiency
equals the radiative decay and R is the distance of separation between the gold nanopar-
ticle and the fluorophore.

Theoretical quenching efficiency m; for LbL films with i bilayers can be computed as
7= Z;:O 71;/i+ 1 where 7, is the quenching factor of PAH* layer separated by (j — 1)
bilayers from the quenching surface. The theoretical estimations of the quenching factor
in accordance with the FRET and SET theories show a fast decay with the number of
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bilayers (distance from the quenching surface) with a 80% reduction of the quenching effi-
ciency predicted for 28 nm thick LbL films (Fig. 6d).

However, the experimentally observed quenching efficiency remains much higher
(close to 55%) for the larger number of bilayers than that predicted by theoretical esti-
mation. This high quenching efficiency can be associated with such important factors as
orientation distribution of the choromophore groups confined within the PAH*
monolayer with 1.5 nm thickness which can lead to additional coupling with the gold
nanoparticles and affect the radiative or non-radiative transfer rates. It has been previously
suggested that if the excitation of the donor is delocalized over large distances, the
distance dependence of the non-radiative energy transfer is significantly weaker
reaching quadratic dependence.”” Even more recently, it has been shown that a high
quenching efficiency (45%) exists even when the fluorescent dye and the metal nanopar-
ticles are separated by a distance of 8 nm." In their study the nanoparticles and the dye
molecules were separated by polyelectrolyte bilayers. In our study, the presence of fluor-
escent monolayers spaced from the metal nanoparticles with bilayers makes it an interest-
ing system in terms of a competitive non-radiative energy transfer between the gold
surface and bilayers close to the nanoparticles and those located at the increasing distance.

Our results show that although fast reduction of the quenching occurred over the
initial few bilayers (~10 nm distance), the quenching efficiency remains very high
(several times higher than that predicted by theory) for larger distance. Although this
phenomenon requires additional investigation, here we can speculate that our peculiar
microlayered structure with alternating oppositely charged ionic species offers an
efficient pathway for the energy transfer between the fluorophores and the metal
surface. An extrapolation of the experimental data suggests that the very strong fluor-
escence quenching extends over several tens of nanometers, well-beyond usual
distances below 10 nm. This intriguing phenomenon offers a new possibility for the
detection of fluorescent markers at a much more expanded spatial scale than that
exploited in current sensing arrays.

Free standing nanomembranes with robust fluorescence. To test whether the fluorescent
properties of these LbL films can be retained in the free-suspended state which is important
for prospective sensing applications, we transferred the fluorescent 9*G 9* LbL film with
encapsulated gold nanoparticles across a 150 wm opening (Fig. 7a2).°>7>* These freely
suspended LbL films were mechanically robust, sustained large deformations, and
retained high fluorescence contrast. The fluorescent properties of the LbL film were
tested by collecting the fluorescence spectra while mechanically deforming film by
applying air pressure (bulging test).[2%->3~%71

The fluorescence spectra obtained from the nanomembrane under increasing pressure
is depicted in Fig. 7b with the inset showing the peak position for different pressures.
Apparently, except for minor changes in the intensity due to minor photobleaching and
changing film position (several micron deflection) during deformation, a very stable flu-
orescence signature is preserved for widely deformed freely suspended LbL films. This
robust optical signature of fluorescent LbL films under significant mechanical deformation
can be important for prospective chemical sensing applications in which the fluorescence
response can be monitored in the course of interaction with the active environment. The
micropatterned, freely-suspended LbL membranes demonstrated in the current study
can be critical for a wide variety of experiments involving fluorescent labels such as
diffusion kinetics, transport, binding, and trace analysis over large distances. The
reported LbL architecture with partially suppressed photobleaching, efficient fluorescent
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Figure 7. (a) Fluorescence image of the 9*G 9* LbL film freely suspended over 150 wm opening.
(b) Fluorescence spectra of this LbL films under hydrostatic pressures ranging from 0 to 4 K Pa (inset
displays the peak position variation vs. pressure).

quenching extending over distances of 20—50 nm, and stable fluorescent signature can
be applied to layered spherical microparticles to produce highly stable and long-range
fluorescent beads potentially replacing the conventional fluorescent tags which suffer
from fast bleaching and short-range quenching phenomenon.
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