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Abstract In this paper, we describe a novel technique for
depositing metal nanoparticles (NPs) on a planar substrate
whereby the NPs are micro-patterned on the surface by a
simple stamp-printing procedure. The method exploits the
attractive force between negatively charged colloidal
metal NPs and positively-charged polyelectrolyte layers
which have been selectively deposited on the surface.
Using this technique, large uniform areas of patterned
metal NPs, with different plasmonic properties, were
achieved by optimisation of the stamping process. We
report the observation of unusual fluorescence emission
from these structures. The emission was measured using
epifluorescence microscopy. Fluorescence lifetime behav-
iour was also measured. Furthermore, the p-patterned NPs
exhibited blinking behaviour under 469 nm excitation and
the fluorescence spectrum was multi-peaked. It has been
established that the fluorescence is independent of the
plasmon resonance properties of the NPs. As well as
optimising the novel NP p-patterning technique, this work
discusses the origin and characteristics of the anomalous
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fluorescence behaviour in order to characterise and
minimise this unwanted background contribution in the
use of metal NPs for plasmonic enhancement of fluores-
cence for optical biochip applications.
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Fluorescence - Plasmonics

Introduction

Metal nanostructures are of significant interest because they
can confine light into the sub-wavelength area at their
interfaces and this strongly localised light can be used in a
variety of optical and sensing applications [1]. A special
subclass of these structures are metal nanoparticles (NPs),
typically made from silver and gold, the noble metals. These
nanoparticles exhibit strong absorption of visible light, which
arises from the localised surface plasmon resonance (LSPR)
properties of the NPs [2]. LSPR is strongly dependent on
several parameters such as NP size, shape and composition.
This gives rise to many useful applications for metal NPs,
particularly in the area of biosensing. [3—6]. NPs are used to
enhance optical processes such as Raman, fluorescence or
scattering [7-10]. In recent years, there has been much
published work in the area of plasmonic enhancement of
fluorescence. For optical biochip applications, it is relevant
to examine the enhancement behaviour in planar experimen-
tal configurations where monolayers of NPs and fluorescent
dye labels are deposited.

The preparation of large numbers of monodispersed
metal NPs is still a challenging issue. Using wet chemistry,
the size and the shape can be partially controlled and the
resulting NPs form a colloidal suspension. In this process,
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the metal ions undergo chemical reduction in the presence
of stabilizing agents [11]. In another technique, NPs are
formed on a substrate using templating/metal deposition.
Several methods such as e-beam lithography, dip-pen
lithography, nanosphere lithography [12—14] are currently
used. In general, these techniques have good nanostructure
resolution and reproducibility, but suffer from low through-
put and high equipment cost. Previous work in this
laboratory has established a reproducible technique for
depositing NPs on charged polyelectrolyte layers on a
planar substrate and substantial plasmonic enhancement has
been demonstrated for a model assay [15].

Here, we report on the development of a simpler
technique which also yields reproducible NP layers.
Firstly, silver nanoparticles of different sizes were synthe-
sized by reducing silver nitrate with sodium citrate in the
presence of aniline. NPs were then patterned onto a
substrate using a stamp-printing method. The process of
selective deposition of metal NPs onto a surface uses
polyelectrolytes (PELs), which are water-soluble charged
polymers. They are either positively or negatively charged
and are able to form nm-thin uniform layers based on
electrostatic interaction. [16, 17]. Moreover, PEL layers
can be selectively transferred onto a surface using a
stamp-printing method [18, 19].

As well as the development and characterisation of the
novel NP stamp-printing technique, we also characterised the
intrinsic fluorescence and blinking behaviour of the NPs.
This effect has not been widely observed and we propose
some mechanisms in order to explain the phenomenon.

The motivation for this work is two-fold: (i) to develop a
facile and reproducible method of metal NP deposition on
planar substrates for optical biochip applications and (ii) to
elucidate the intrinsic NP fluorescence and blinking
behaviour in order to minimise the NP background in
plasmonic enhancement measurements.

Experimental
Synthesis of silver nanoparticles

NPs of 60 nm+10 nm in diameter were prepared by
reducing silver nitrate with sodium citrate in the presence of
aniline [20]. Briefly, 4 ml of AgNO; (0-02 M) and 4 mL of
aniline (0-02 M) were dissolved in 104 mL of deionised
water (dH,0) and purged with nitrogen. The solution was
heated to boiling and 8 mL of 1 wt % sodium citrate added
with rapid stirring. The solution was refluxed for 30 min
during which time the solution changed color from clear to
dark brown. The solution was centrifuged at 13,000 rpm for
5 min and doubly concentrated in deionised water. The
colloid was stored in a polystyrene bottle at 4 °C. The final
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concentration of colloid was estimated to be 1-6x10"
particles per mL and the suspension exhibited a plasmon
absorption peak at 425 nm (see Fig. 3). Larger NPs (149+
16 nm) were prepared under the same conditions without
stirring.

Fabrication of NP-patterned substrates

Standard glass microscope cover slips (Menzel Glaser)
were used as substrates. Prior to the PEL layer attachment
the slips were cleaned by 15 min sonication in a solution of
1% wt KOH in ethanol/water (3:2), 15 min sonication in
dH,0, dried under stream of N,. The slides were then
exposed to air plasma in a plasma chamber (Harrick) for
5 min to create a charged surface. Our protocol for creating
PEL stamp printed patterns was based on the method
described in reference [21] and was optimized for our
application (see later). The multilayers of PEL were
constructed on cover slips in the following way. The slides
were immersed for 5 min in a solution of 0.05 M (based on
polymer repeat unit) poly(diallyldimethylammonium chlo-
ride) of 400,000 molecular weight (PDAC) and 0.1 M
NaCl. After cleaning with deionised H,0 the slides were
immersed for 5 min in a solution of 0.05 M (based on
polymer repeat unit) poly(sodium 4-styrene sulfonate) of
70,000 molecular weight (PSS) and 0.1 M NaCl and again
rinsed with dH,O. These two immersions were repeated to
form at the surface a uniform layer of negatively charged
PEL. This stage in the process is shown schematically in
Fig. la.

Stamps for selective transfer of PEL were made from
Poly(dimethylsiloxane) (PDMS) using a “two-ingredient”
elastomer kit Sylguard 184. The PDMS was cured on
top of a silicon master, which has parallel lines 10um
wide, 10 um high with 10 wm spacing. The resultant
stamp was exposed to air plasma in a plasma chamber
(Harrick) for 5 min to render the surface hydrophilic.
Then it was immersed in a solution of 0.25 M PDAC of
400,000 molecular weight in ethanol/water (1:1) for
5 min. The stamp was washed with dH,O and dried with
a stream of N, (Fig. 1b). The stamp was applied to a cover
slip with PEL layers. After 1 h of contact, the stamp was
removed and the substrate was washed with H,O and
dried with N, (Fig. Ic) In the final stage, the cover slip
was immersed in a solution of NPs and left to incubate for
1 h, followed by washing with H,O and drying with N,
(Fig. 1d).

Widefield microscopy
Prepared solutions of NPs were diluted with dH,O in a

cuvette and their absorption spectra were measured using
a uv-vis spectrometer (Tecan, Inc). The transmission
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Fig. 1 Steps in preparation of
metal nanoparticles p-patterned
structures. a formation of PEL
layers b stamp-printing of posi-
tively charged PEL ¢ electro-
static adsorption of NPs d
washing of unbound NPs

images of samples with micro patterned NPs were
recorded on an inverted microscope (Olympus IX 71).
The fluorescence images were recorded using an epifluor-
escence inverted microscope (Olympus IX 71) equipped
with a CCD camera (F-view II, Olympus). The filter cube
included an excitation filter 447/60 nm, dichroic 510 nm
and emission filter 625/26 nm (Semrock). The recorded
sequence of fluorescence images had exposure time 200

us.
Fluorescence lifetime imaging

Fluorescence lifetime measurements were carried out on a
scanning confocal fluorescence microscope (MicroTime

Fig. 2 TEM images of synthe-
sized metal nanoparticles a
small NPs 60+£10 nm in size b
large NPs 149+16 nm in size

200, PicoQuant GmbH.) equipped with a XY piezoelectric
scanning stage (P-733-2CL, Physik Instrumente GmbH.).
System operation was controlled by a dedicated software
package (SymPhoTime 4.7 software, PicoQuant GmbH.).
The output of a 469 nm pulsed picosecond laser diode
(20 Mhz; 70 ps pulse direction; LDH-P-C-470, PicoQuant
GmbH) was coupled into the main confocal unit using
a polarization maintaining single mode optical fiber,
collimated, and spectrally filtered using a 467 nm band
pass filter (z467/10X, Chroma Technology Corp.). The
horizontally polarized laser light was then converted
to circularly polarized light using a wedge polariser
(WDPOL, Thorlabs Inc.). The collimated laser beam
was then directed into the entrance port of an inverted

e ©
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Fig. 3 Absorption spectra of 149 nm (black) and 60 nm (grey)
nanoparticles (dashed lines are theoretical fits)

microscope (IX 71, Olympus Corp.) using a dichroic
mirror (480dcxr, Chroma Technology Corp.) and direct-
ed onto the sample using 100X oil immersion objective
(1.4 NA, UPlan SAPO, Olympus). Fluorescence was
collected by the same objective, passed through the
dichroic mirror, spatially filtered by focusing onto a
50 mm diameter pinhole to reject out-of-focus signals,
re-collimated, and directed onto an avalanche photodi-
ode (APD; SPCM-AQR-14, Perkin-Elmer Inc.). Back-
scattered excitation light was blocked with a 500 nm
long-pass filter placed in the collection path (HQS00LP,
Chroma Technology Corp.).

Scanning confocal emission images were recorded by
raster scanning the sample through the laser focus spot
and recording the resulting fluorescence at the APD.
Following image acquisition, fluorescence lifetime tran-
sients were recorded using a time correlated single
photon counting (TCSPC) technique with a TimeHarp
200 board (PicoQuant GmbH). The excitation power
was adjusted to maintain a count rate of <10* counts/s at
the APD in order to preserve single photon counting
statistics. All emission lifetimes were fitted with a multi-
exponential and experimentally measured instrumental
response function reconvolution model using FluoFit 4.2
software (PicoQuant GmbH).

Emission spectra were recorded by directing the photo-
luminescence onto the entrance slit of a 0.3 m monochro-
mator (SP-2356, 300 g/mm grating, 500 nm blaze, Acton
Research) equipped with a thermoelectrically cooled, back
illuminated CCD (Specl0:100B, Princeton Instruments).
Spectra were recorded using an integration time of 60 s and
a slit width of 500 pum.
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Results and discussion
NP characterisation and spectral properties

Solutions of silver nanoparticles of two different sizes were
synthesised. The TEM images of the colloids are shown in
Fig. 2. The shapes of the NPs are in both cases quasi-
spherical with average diameter 60 nm=+10 nm for smaller
NP (Fig. 2a) and 149+16 nm for large NPs (Fig. 2b). These
diameters were determined from TEM measurements.
These NPs exhibit characteristic absorption caused by
LSPR. Their normalised absorption spectra are presented
in Fig. 3. The spectrum of the smaller NPs consists of a
single peak centred at 420 nm with small peak at 354 nm.
The spectrum of the larger NPs consists of the superposi-
tion of a main peak at 440 nm and additional peaks at
650 nm and 350 nm. The spectra in Fig. 3 were overlapped
with a theoretical fit (dashed line) based on Mie theory
[22]. From the simulation we measured the diameters of the
NPs to be 68 nm and 160 nm for the smaller and the larger
NPs respectively which agrees well with the experimentally
measured values within the measurement error. The multi-
peaked spectrum for the larger NPs is caused by higher
order multi-pole LSPR excitation.

p-patterning of NPs

The colloidal silver NPs were selectively attached onto
substrates using the method described earlier. The proce-
dure was optimised to achieve high NP surface coverage.
Two key optimisation steps were: (i) washing the stamp
with dH,O after incubation with inking PEL solution and
drying with N,. This step left only an ultra thin layer of
PEL on the stamp and PEL on the protruded part of the
stamp was then transferred onto a cover slip achieving high
resolution of the patterning and (ii) leaving the stamp in

"““l”!l HEtHHL .,:ii_i
Fig. 4 Transmission image of metal nanoparticle patterned structures.
The width of the lines is 10 um and spacing is 10 pm

Immmm
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Fig. 5 Contrast (/eft) and fluo-
rescence (right) image of

149 nm size metal nanoparticle
patterned structures

contact with a cover slip for a sufficiently long time
(generally 1 h) allowing complete transfer of the inking
PEL on a substrate.

In our samples, patterns of 10 um wide and 10 pum-
spaced lines were used, and both types of NPs were used
for the attachment. In both cases, we were able to reproduce
the patterns almost over the whole stamp area (0.5 cmx
0.5 cm) with high NP coverage and high NP contrast
between the patterned and non-patterned area. Figure 4
shows a transmission image of a patterned substrate with
60 nm silver NPs.

Fluorescence response of p-patterned NPs

The fluorescence properties were investigated using a range
of techniques including wide field microscopy, time-
correlated single photon counting and lifetime measure-
ments. The samples were excited at 449 nm (central
wavelength) and the emission was collected at 625 nm
(central wavelength). Under such conditions, fluorescence
from samples with both types of silver NPs was observed.
An example of the transmission (left) and fluorescence
(right) of a p-patterned sample with 149 nm diameter silver
NPs is shown in Fig. 5. The patterns are identical in both
cases indicating that the fluorescence is originating from the

Fig. 6 Fluorescence intensity

image (FLIM system) of metal .
(left—149 nm size, right— 4 « =
60 nm) nanoparticles patterned * = ”
structures = *

. -

NPs. The striking observation was that the fluorescence
exhibits blinking behaviour. The duration of the blinking
was variable ranging from sub-second range up to several
seconds, and the ratio of on-state and off-state varied also.
A sequence of images recording this blinking fluorescence
behaviour is shown in Movie 1 (Supplementary informa-
tion). Because the speed of recording was limited to 3
frame per seconds, a blinking frequency higher ~3 Hz is not
distinguishable.

An attempt was made to measure the fluorescence from
a pure solution of NPs using a standard spectrofluorometer.
However, we did not resolve any fluorescence signal from
either types of NPs and the measurement curves just
exhibited a strong background signal caused by high
scattering efficiency of the NPs.

The fluorescence was further investigated by a time
correlated single photon counting technique on a scanning
laser confocal microscope. This allowed us to obtain
information about the fluorescence lifetime of the silver
NPs. The fluorescence was excited with a 469 nm laser line
and the emission was collected above 500 nm. The
fluorescence intensity images from samples with patterned
60 nm (right) and 149 nm (left) silver NPs are shown in
Fig. 6. The fluorescence intensity is not homogenous, with
some areas being much brighter than others (Fig. 7).
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large mNP
small mNP

Table 1 Table summarising values of fluorescence life times in two
exponential decay fits and their weighted average presented in Fig. §
and 10

norm. fluorescence

600
wavelength [nm]

650

Fig. 7 Fluorescence emission spectra from metal nanoparticles. Black
offset curves—from five different spots on a substrate with 149 nm
size NPs. Red curves—from five different spots on a substrate with
60 nm size NPs

Histograms of the photon emission can be constructed from
the measurements and the data are presented in Fig. 8. In
order to obtain the fluorescence lifetime, the data were
fitted to a double exponential decay (solid lines) together
with the instrument response function to account for the
finite duration of the laser pulse. The fitted average
fluorescence lifetime was 0.26 ns and 0.16 ns for the
60 nm and 149 nm silver NPs respectively. The fitted two
exponential decay times are summarized in Table 1. These

Fig. 8 Fluorescence decays
from an ensemble of metal

(black dots—60 nm size, red 10000
dots—149 nm size) nanopar- ]
ticles at states of high and low
fluorescence emission. Solid ]
lines represent two exponential 1000 3
decay fits with values shown in ry ]
Table 1. Residual distributions S
are presented at the bottom b=
graph 3 1007
] ]
10 A
1
& 20
= 10
g 0
@ .10
@ -
=20

05 106 107 10

T T2 Tavg
60 nm NPs 0.227 ns 2.113 ns 0.26 ns
149 nm NPs 0.036 ns 2.392 ns 0.16 ns
High emission 69 nm NP 0.192 ns 2.117 ns 0.22 ns
Low emission 69 nm NP 0.203 ns 2.001 ns 0.31 ns

fluorescence lifetimes represent the average from many NPs
in both states of high emission intensity and low emission
intensity.

We also investigated if there is a difference in the
fluorescence lifetime of a NP for the case of high emission
and low emission intensities. The blinking behaviour of
fluorescence was recorded by fluorescence time tracing
from a single spot. In this case the data are binned into
100 ms segment and each segment is plotted against the
time axis. Due to the unpredictability of the blinking
behaviour, several time traces were taken until a clear signal
with blinking behaviour was recorded. The recorded
blinking behaviour of a 60 nm silver NP is presented in
Fig. 9. The fluorescence was increased several fold for the
high emission state. The emission fluctuates at the high
emission rate as indicated in the circled area in the figure.
Due to the high photon counts in the measurement, it was
possible to extract the fluorescence lifetimes of the NPs in
both emission states. The fluorescence decays, together

= |arge mNPs
Tave =0.16ns
small mNPs

Y = 0.26ns

LI D e e T T T T

T T T T
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Fig. 9 Fluorescence time trace from 60 nm size nanoparticle. The
circles represents area of high and low emission state, which were
used in analysis in Fig. 10

with their fits (double exponential) are shown in Fig. 10.
The average decay is 0.22 ns and 0.31 ns for NP in the
higher and lower emission state respectively. The fitted two
exponential decay times are summarized in Table 1.

The fluorescence emission spectra from samples were
also measured when illuminated by 469 nm. Fluorescence
spectra from several spots on the surface with NP-coverage
were measured for each NP type. As referred to previously,
the normalised emission spectra are presented in Fig. 7. The
emission spectra taken from different areas of the same

sample are similar in profile. Also, the emission spectra
from different NPs do not differ substantially. The spectra
consist of four emission peaks at 538 nm, 566 nm, 647 nm
and 703 nm from an averaged spectrum. Multicolour
blinking has been observed by Geddes et al also for silver
nanostructures [23].

Proposed mechanisms for NP fluorescence

The fluorescence behaviour of the patterned NPs can be
summarised as being independent of the NP plasmonic
properties, having an absorption of ~450 nm, and having
multi-peaked emission with sub-ns lifetime. The fluores-
cence also exhibits a blinking behaviour. Generally, unlike
molecular fluorescence, where photon emission is caused
by an electron transition between discrete energetic levels
[24], bulk metals are almost non-fluorescent, because the
electrons in the bulk metal have continuous energy levels
and de-excite through thermal processes. Only a very weak
fluorescence from metals has been measured with quantum
efficiency as low as 107" [25]. The emission process is
explained by de-excitation of conducting electrons in s-p
bands with a hole in d-bands of lower energy. An increase
of fluorescence from a metal has been observed as a result
of roughening the metal surface [26]. This effect was
explained by local field enhancement on rough surface
protrusions.

However, completely different fluorescent behaviour is
observed for an agglomeration of a small number of metal
atoms. These clusters form artificial atoms with discrete
levels and the fluorescence arises from intraband transitions

Fig. 10 Fluorescence decays ]
from a 60 nm size metal nano- ) .
particle at higher (red dots) and ! = higher fluorescence
lower (blue dots) emission rate. 10000 o= 0.22 ns
Solid lines represent two expo- — E ®  |ower fluorescence
nential decay fits with values * 3 . =0.31ns
shown in Table 1. Residual 8] | -
distributions are presented at the =
bottom graph g 1000 3
c ]
I=) ]
o .
=
= .
T T
108 110 112 114 116
20
o 104
3 ]
w04 %JWMWW
2 10
-20 T T T T T T 1
108 110 112 114 116
time [ns]
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of free electrons [27]. These metal clusters are made mostly
from gold and silver via different methods [28-30] and
have high quantum efficiency values up to 0.41 [31]. In
addition, multiphoton absorption-induced luminescence in
these nanoclusters has also been observed [32, 33].
Fluorescence has also been observed in silver oxide layers
[34, 35]. It is believed that small metal clusters are formed
in these layers by photo-irradiation and that the fluores-
cence originates from these metal clusters.

In the case of metal nanoparticles which are larger then a
few nanometers, the origin of the fluorescence is unclear.
The localised surface plasmon resonance, typical for these
NPs, is not causing fluorescence; the coherent electron
motion is non-radiatively de-excited in the order of femto-
seconds [36]. Nevertheless, some authors observed depen-
dence of the fluorescence on LSPR [37-39]. They explain
the fluorescence by intraband electron hole transitions as in
the case of bulk metal, but the LSPR increases the local
excitation field and therefore electron-hole generation. The
observed fluorescence is several orders higher than from
bulk metal but still much lower than fluorescence from
metal clusters.

Our emission spectra are similar to those found in the
literature [35], where fluorescence was emitted from metal
nanoclusters formed in silver oxide layers. It was also
reported [40] that by exposing small silver NPs to oxygen,
fluorescence from the NPs was observed. Geddes et al [23]
observed blinking behaviour for a range of silver structures,
for example, fractal-like surfaces and silver island film
surfaces, where the detailed behaviour was dependent on
the type of structure and on the irradiance. We believe that
the fluorescence from our patterned NPs is caused by silver
atom clusters which are created in the oxidised outer layer
of the metal NPs. The multipeaked spectra are probably
caused by formation of clusters with different numbers of
atoms, causing a shift in emission [27].

Substrates with metallic nanostructures are currently
being tested for the enhancement of Raman and fluores-
cence signals [7, 12, 41, 42]. For applications in bio-
sensing, not only is signal enhancement important, but so
also is the suppression of background noise [43]. A
combination of both of these factors leads to improved
limit of detection and sensitivity. Clearly, the fluorescence
and blinking behaviour of the NPs which is reported here,
could impact negatively on efforts to produce improved
biosensing via plasmonic enhancement. However, arising
from this study, we propose some corrective strategies
which should minimise the fluorescent background effect
and hence enable the achievement of the full potential of
plasmonic enhancement. Investigations are ongoing in our
laboratory to introduce a non-permeable coating on the NPs
which will eliminate the cluster growth by excluding
oxygen from the NP surface. It is also possible to select
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fluorescent labels which have an appropriate excitation
wavelength outside of the NP excitation region i.e. at
wavelengths >500 nm.

Conclusion

In conclusion, a simple and reproducible method for -
patterning substrates with metal nanoparticles was pre-
sented. This method is very versatile, allowing creation of
metallic nanostructures with different plasmonic properties
on planar substrates for application in plasmon-enhanced
optical biochips. Substrates with two types of silver
nanoparticles were patterned and their optical properties
were investigated. We observed an intrinsic fluorescence
and blinking behaviour from the NPs which is not related to
the plasmonic properties. We have ascribed this fluores-
cence to the formation of small clusters of metal atoms on
the NP surface under oxidative conditions. In order to
minimise this background contribution to plasmonic en-
hancement of fluorescent labels, it is proposed to add a non-
permeable outer layer to the NPs. An alternative strategy
would be to select a fluorescent molecule whose absorption
band does not coincide with the excitation properties of the
metal NPs.
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