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Abstract. We present herein a silver nanostructure-assisted sensing platform which consists of a combined
structure of Ag nanowire (NW) and nanodot (ND) array. Highly enhanced fluorescence from fluorophore is
attributed to a strongly coupled optical near-field interaction between proximately located Ag NW and NDs. We
obtained enhanced fluorescence intensity with up to 140 folds, as contrasted from background intensity, reaching
a theoretical maximum value. On the other hand, fluorescence lifetime was greatly reduced to 0.27 ns (from
2.17 ns for the same fluorophores without nanostructure). This novel platform can be a promising utility for
optical imaging and labeling of biological systems with a great sensitivity. ©2011 Society of Photo-Optical instrumentation

Engineers (SPIE). [DOI: 10.1117/1.3579157]
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1 Introduction

Applications of fluorophore-metal interactions such as metal-
enhanced fluorescence (MEF) have been actively sought through
theoretical development since the 1980s. The presence of metal-
lic surfaces or particles in the proximity of fluorophores can
dramatically change spectral properties of fluorophores.'"® Ad-
ditionally, recent active research in the use of nanostructures has
enabled favorable modification of photophysical spectroscopies
of biological systems.

A noble metal such as silver (Ag) or gold (Au) has been
used as a substrate for MEF imaging. Recently MEF has shown
a dramatically increased fluorescence emission while reducing
lifetime, which leads to decreased photobleaching.” Also, Ag
or Au has a large scattering and absorption cross section in
its nanostructure formation. Such enhanced cross sections can
offer highly sensitive and contrasted imaging.® In addition, a
collective free electron oscillation, known as surface plasmon,
on Ag or Au surface can be tuned to be activated in the near-
infrared (NIR) region. Therefore, nanorods or nanoshells that
are triggered by an NIR light source have been used for imaging
as well as for therapy of in vivo tissues utilizing a large pen-
etration depth of NIR through tissues.”!? In this manuscript,
we introduce a novel nanostructure platform using the near-
field interaction, which leads to a highly enhanced fluores-
cence image. For fluorophore, we used LDS798 dye {1-ethyl-4
-[4-(p-dimethylaminophenyl)-1,3-butadienyl]-quinolinium Per-
chlorate} dissolved in 0.2% poly(vinyl) alcohol (PVA) (abbre-
viated as LDS798-PVA). While MEF is induced by optical
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interaction between a metal structure and dielectric material
such as a cell or fluorophore, this novel platform, which inte-
grates Ag nanowire (NW) and nanodot (ND) array (NW-NDA),
provides resonantly enhanced optical coupling between the two
metal nanostructures. Hence, a much higher intensity of fluo-
rescence in this structure than in a metal-dielectric interface is
expected. Employing this novel platform, NW-NDA, we have
detected remarkably enhanced fluorescence of LDS798-PVA. A
strongly localized field was induced on the surface of Ag ND by
light irradiation due to a “lightening rod effect.”>'!-1> Highly
localized optical coupling between NW and ND arrays occurred
when Ag NW was proximately located to the arrayed NDs.
Since the optical coupling between the NW and NDs would in-
crease the density of the optical mode, this would lead to higher
radiation pumping and decaying rates.

2 Methods and Material
2.1 Preparation of the Measurement Platform

We used a glass substrate for backside illumination of excitation
light (635 nm). A Ag thin film (50-nm thick) was deposited on
top of the glass by sputtering. A focused ion beam (FIB-FEI
Nova 200 Nanolab) was utilized to create a nanodot array by ion
beam milling at 30 kV/30 pA. Each nanodot is 100 to 200 nm
in diameter and 50 nm in height. The array size was 8x5 pm?,
which is comparable to a typical cell dimension. A single Ag
NW was placed in the proximity of the ND array with an aid of
a nanomanipulator (Omniprobe Autoprobe 200, Dallas, Texas).
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2.2 Ag NW Crowth

Ag NWs were synthesized in a horizontal hot-wall single-zone
furnace. The Ag slug (99.99%, Sigma-Aldrich) was placed in
an alumina boat at the center of a heating zone and a c-cut
sapphire substrate was placed at a few centimeters downstream
from the center of the heating zone. Ar gas flowed at a rate of
100 sccm, maintaining the chamber pressure at 10 Torr. Ag slug
was heated at 780 °C and the Ag vapor was transported to the
lower temperature region by carrier gas, where Ag NWs were
grown on the substrate. The temperature of the substrate was
maintained at 730 °C. Readers can refer to the earlier report for
more detailed information.'?

2.3 Placement of a Single Ag NW

A single Ag NW was transferred from the substrate (SiO;) to the
prepatterned Ag ND array using the nanomanipulator. The trans-
ferring method is the same as in the previous report.'* However,
in this study, the electron beam-induced Pt (EB-Pt) deposition
for adhesion between the Ag NW and nanomanipulator was not
necessary. Since one end of the NW was freestanding and the
other end was loosely bounded to the substrate, we only needed a
mechanical force from the nanomanipulator in the translational
direction, which is enough to overcome the bonding potential
between the NW and substrate. We lifted up the nanomanip-
ulator rapidly in the vertical direction in order to pull out the
NW. Transferring the NW to the prepatterned structure and plac-
ing it in the ND array were sequentially completed. In placing
the NW inside the array, mechanical rotation and pressure was
needed on the nanomanipulator for a correct direction and se-
cure placement of the NW. In contrast to the previously reported
NW deposition, no ion-beam cut separating the nanowire and
the nanomanipulator was needed because the EB-Pt deposition
was not performed. Figure 1 shows the schematic view and scan-
ning electron microscope (SEM) image of NW-NDA. To clarify
dependency of the gap between NW and ND on the field en-
hancement, the NDs array was fabricated with variable vertical

gaps.

2.4 Experimental Setup

A thin layer of LDS798-doped PVA was prepared by spin-
coating on the glass surface with previously deposited nanowire.
We used a spin-coating system (Model P6700 series, Spe-
cial Coating Systems, Inc., Indianapolis, Indiana) at 3000 rpm
for 100 s. For intensity and time-resolved measurements a
confocal system MicroTime200 (PicoQuant, GmbH, Berlin,
Germany) has been used. The detection part equipped with
a microphoton device detector, type PD1CTC, has been inte-
grated with an Olympus IX71 inverted microscope. An exci-
tation source was provided by a LDH-P-C-635B pulsed laser
diode at 635 nm and was spectrally precleaned by a band-
pass filter (z636/10 x, Chroma Technology Corp., Bellows Falls,
Vermont). A sample composed of NWs and NDs deposited on
a glass cover slip with a layer of spin-coated LDS798-PVA
was mounted on a microscope stage in an upside down con-
figuration. A water immersion objective lens (Olympus 60x,
1.2 NA UPlanSApo, Tokyo, Japan) was used to focus excita-
tion light on the sample. The same objective lens collected the
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Fig. 1 Schematic view and SEM image of NW-NDA for a fluorescence
imaging platform.

fluorescence photons after laser pulses that were synchronized
with the PicoHarp 300 time-correlated single-photon count-
ing module. Fluorescence emission was separated from scat-
tered light by using a combination of 640-nm razor edge and
650-nm long-wavelength pass filters (Semrock). The data analy-
sis of fluorescence decay was performed using the SymPhoTime
(v. 5.0) software package, that also controlled the data acquisi-
tion. The fluorescence decay curves were analyzed by means of
iterative reconvolution with the same software program. A sum
of exponentials was found,

I(t) =) e exp(—t/7),

where «; and 7; are pre-exponential factors and fluorescence
lifetimes, respectively.

3 Results and Discussion

Figure 2 shows the fluorescence intensity and lifetime measure-
ment images. Along the NW in the inset, bright fluorescence at
proximate region between NW and NDA is indicated. Initially,
we fabricated the NDA with various gaps from the NW in order
to clearly see the gap dependency of field enhancement. The
localized enhancement of the field might be attributed to the op-
tical coupling between the localized field in the NDA and in the
NW. The former can be described as a highly dense optical field
line at the edge-shaped geometry (in our case, highly confined
corner of cylindrical interface). Since two structures are close
to each other, in the near field regime, the optical coupling be-
tween two metallic systems concentrates a local electrical field
on the fluorophore so that the highly elaborated radiation decay
rate is expected. In addition, the excited state of the fluorophore
remained for a short time as additional photonic modes were
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Fig. 2 Fluorescence intensity and lifetime image of LDS798-PVA de-
posited on NW-NDA: (a) Magnified images for lifetime and (b) fluores-
cence intensity of the indicated area from the inset. Dashed line in the
inset is the Ag NW. Double headed arrow is a region for analysis, which
is shown in Fig. 4. At the sites where NW and ND are closely located
(right bottom and right and left top in Ag NW), enhanced fluorescence
intensities are shown.

introduced by the resonantly coupled field, which in turn de-
creased lifetime.' This gave rise to shorter lifetime of 0.27 ns
and brighter fluorescent emission of up to 140 folds, as com-
pared to the measurement without the NW-NDA-based platform
that was used for background (control) intensity in the current
study.

(a) (b)
50nm gap

=3

20nm gap.

Ag NW Ag NW

9 [w }

glass glass

Fig. 3 Simulated result for the local electric field distribution for NW-
NDA. Incident light was polarized perpendicularly to the NW. The gap
between Ag NW and ND array was assigned to be 50 nm in (a) and
20 nm in (b), respectively. Fairly enhanced field distribution between
the NW and ND array was shown in smaller gap (20 nm).
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In order to confirm the change in lifetime and increase of
fluorescence emission, a theoretical simulation was conducted
using the finite element method. A program package, COMSOL
3.5a with the RF module on a Linux computer cluster with
15 nodes (each node having 18 GBytes of internal memory), was
used for this simulation. The program solves the finite difference
time domain electric fields based on the full set of Maxwell’s
equations by assigning each domain (e.g., Ag NW, Ag ND, glass,
air) optical properties such as refractive indices with input in-
tensity field of 635 nm. Figure 3 shows the simulation result for
the same structure of the experiment without the fluorophore.
Therefore, Fig. 3 shows only the field enhancement due to
ND-NW construct. In Fig. 3(a), no enhanced field distribution in
the gap of Ag NW and ND was found when they are separated
by larger than 20 nm. However, an enhanced field was detected
at 20 nm of the gap between the NW and ND as shown in
Fig. 3(b). This field enhancement can be understood by the
lightening rod effect. A quasi-electrostatic condensing of elec-
tric field lines at a highly confined volume of arbitrary geometry
can give rise to a magnificently localized field. As long as the
effective curvature of the highly confined volume is much
smaller than the wavelength of light, this effect is more promi-
nent. And when Ag NW is proximately located to the ar-
rayed NDs, highly localized optical coupling between the
NW and ND array would occur since many free electrons
in an Ag NW would be responsible for coulombic interac-
tion with the localized field on NDA. Thus, an increase in
the emission intensity is expected as a result of optical cou-
pling that increases the local incident field on the fluorophore.
This will lead to higher radiation pumping and decaying rates
and subsequently produce enhanced fluorescence intensity and
reduced me.

Figure 4(a) shows the enhanced fluorescence intensity at the
double-headed arrow region in Fig. 2(b). It showed 140-fold
increased intensity as compared to that of the control (back-
ground). A similar enhancement factor was theoretically ob-
tained with a maximum value due to the lightening rod effect.! In
Fig. 4(b), a schematic view was used to explain that the enhanced
fluorescence intensity was caused by the field enhancement at
the proximate sites in NW-NDA. The proximation dependency
of field enhancement was confirmed by our experimental and

(a) (b)
LDS798

180 —nwnDA ]

HICH;);

Amplitude

2
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Fig. 4 (a) Fluorescence intensity comparison of LDS 798-PVA on NW-
NDA between the field enhanced region (double headed arrow in
Fig. 2) and background. 140-fold increased intensity from the back-
ground was revealed, which is close to a maximum theoretically pre-
dicted value; (b) highly enhanced fluorescence intensity due to field
enhancement at proximate sites was shown schematically.
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Fig. 5 Fluorescence intensity studies for three different types: (a) LDS-PVA alone, (b) LDS-PVA with Ag NDs, and (c) LDS-PVS with Ag NDs and
NW on glass. Red double-headed arrows indicate scanning cross sections for spatial distributions of fluorescence intensity. White bars on the

fluorescence images indicate 1-um scales.

simulated results as shown in Figs. 2 and 3. Therefore, we con-
clude that the large enhancement of fluorescence intensity is
attributable to high quantum yield from optical coupling be-
tween Ag NW and NDA. In Fig. 5, three different imaging
systems such as LDS-PVA alone, LDS-PVA on Ag NDA, and
LDS-PVA on Ag NDA and NW for fluorescence intensity mea-
surement are shown for clear comparison with their schematics
and spatial intensities. In Fig. 5(b), two bright spots are fluo-
rescence from two proximate NDs. Due to MEF from two Ag
NDs, fluorescence was fairly increased from the structure with

Exc. 635nm, Em. 750nm
S10'} t=0.27ns, x2 =1.347
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Fig. 6 Fluorescence intensity decay of LDS 798-PVA on NW-NDA.
Excitation was 635 mm. The fitting result for fluorescence lifetime was
0.27 ns. The dashed line and lifetime of 2.17 ns are the decay line for
Ag thin film without NW-NDA arrangement.
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fluorophore alone [Fig. 5(a)]. On the other hand, highest inten-
sity was found on the NW-NDA [Fig. 5(c)].

Decay of measured fluorescence intensity is presented in
Fig. 6. A fitting parameter for fluorescence decay of the LDS
798 was obtained using a single exponential (x2) value equal to
1.347. Analysis of intensity decay revealed a single fluorescence
lifetime of 0.27 ns. The fluorescence lifetime drops significantly
from 2.17 ns (dashed line in the graph) which has been reported
previously for the same material.'® This quenched lifetime can
be explained by modifying the total radiative decay rate (I' a1
= I' 4+ [I'xwapa) incorporating the NW-NDA-induced

160] \ e EIEEIEEEZL?;L'”J
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Fig. 7 Fluorescence image of E. coli placed on the three different struc-
tures such as NW-NDA, Ag thin film (60-nm thickness), and glass. The
most clear image of E. coli with highest fluorescence intensity was ob-
tained from the NW-NDA arrangement. Actual locations of NW and E.
coli are indicated by dotted lines and circles.
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radiative decay rate, ['nw.npa, in addition to normal radiative
decay rate, I". It should be clarified that the first fast component
is due to the small amount of post-pulse after a main excitation
pulse.

Based on our results in this paper, we envision that NW-
NDA can function as a surface-enhanced fluorescence-active
platform where very high fluorescence signal enhancement is
expected. With this token, E. coli (Escherichia coli) was used to
demonstrate our technology for biological imaging applications.
E. coli-suspended solutions of 1 ul were dropped on glass, Ag
thin film (60-nm thickness), and NW-NDA. After the solutions
were totally dried, DAPI (4’,6-diamidino-2-phenylindole) was
used to stain each sample. DAPI is commonly used for staining
DNA inside a cell as a fluorescent dye. Since E. coli is relatively
small in size in our experiment (1 to 2 um), DAPI can work
for imaging the whole topological feature of E. coli. The Zeiss
Axiovert 200 M confocal optical microscope with 405-nm exci-
tation was used to image E. coli. Figure 7 shows the images of
E. coli on glass, Ag thin film, and NW-NDA with their fluores-
cence intensities. E. coli for measuring fluorescence intensity is
marked by the yellow dotted circles on fluorescence image. The
scale bar on each image corresponds to 1 um. SEM image of
NW-NDA and marked location of E. coli on it are shown next
to the NW-NDA fluorescence image. A blue dotted line on the
fluorescence image was drawn to indicate the location of NW.
It is clearly found that the brightest image, hence highest fluo-
rescence intensity is obtained from NW-NDA. Our observation
on greatly enhanced field in the Ag nanostructure-assisted (NW-
NDA) sensing platform could be extended to monitor exocytotic
activities occurring at the surface of a cell membrane due to the
surface-enhanced near-field interaction.!” Thus, in the vicinity
of a cell membrane in contact with the enhanced field, the exo-
cytotic events and vesicle release to the extracellular space can
be indicated by great sensitivity with high fluorescence signal
amplification.

4 Conclusion

A nanostructure platform composed of a Ag NW and ND array
was fabricated by using a nanolithography approach. We took
a fluorescence image and measured a fluorescence lifetime for
fluorophore on this platform. The enhanced fluorescence agreed
well with a simulation result. We confirmed that the enhanced
fluorescence was indeed due to the near field optical interaction,
mediated by optical coupling between Ag NW and NDs. An
array of NDs and proximately located NW induced a fairly en-
hanced field of up to 140 folds along the NW, as contrasted from
background intensity. This result is close to a maximum value
predicted theoretically using a lightening rod effect. When the
incident light irradiates from the bottom of a glass substrate, an
enhanced field due to the coupled near-field interaction leads to
a brighter fluorescence image, giving rise to shortened lifetime,
with a great sensitivity. This novel nanoengineered platform
opens up a new horizon for a more efficient and direct way to
image a cell and biological system. The proposed instrument
can provide a non-invasive approach for studying membrane-
proximal molecular events in cancer cells, which may lead to a
clue for diagnosis of cancer.
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