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ABSTRACT Patterned silver nanocap arrays (PSNAs) prepared on porous anodic alumina templates by a simple coating technique
yield enhanced sensitivity and stability in cellular fluorescence imaging. Microstructural analysis, surface-enhanced Raman scattering
mapping, and finite difference time domain simulation indicate that the hot spots are evenly distributed on the substrate. Ag1522 or
Chinese Hamster Ovary cells are labeled by phalloidin-fluorscein isothiocyanate (P-FITC) on the cytoskeletons and the fluorescence
signals from the fluorophores bound on the cell cytoskeletons on the PSNAs are enhanced 8-fold compared to those on glass used in
conventional imaging. In addition to the intensity enhancement, the photostability is improved dramatically. Spectral analysis suggests
that the PSNAs can create more excitons in the light-emitting P-FITC because of plasmon resonance energy transfer from the silver
nanocaps to the nearby P-FITC. They can also act as plasmonic antennae by converting a part of the nonradiative near-field emission
from the fluorophores to the far field consequently enhancing the emission.
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INTRODUCTION
ubcellular distributions of biomolecules in nuclei,

plasma membranes, and cytoskeletons can be im-

aged and visualized by chemical reagents that bind
to specific structures of the biomolecules. When the reagents
have fluorescent chromophores or are coupled to fluoro-
chromes, the cellular structures can be detected by fluores-
cence microscopy (1). A wide range of fluorophores with
distinctive spectral characteristics are available and when
bound to the targets on the cell surfaces, they show great
promise in elucidating signaling pathways and performing
disease diagnosis on the single molecular level (2). Various
fluorescent probes such as organic dyes are commercially
available to stain particular cellular structures. Although good
biocompatibility and multicolor labeling are some of the
advantages of these organic fluorophores, their extinction
coefficients are relatively small compared to fluorescent
nanoparticles, and organic fluorophores are known to emit
signals with poor stability and strong blinking (3, 4). Hence,
how to improve the sensitivity and photostability is a big
challenge.
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As a spontaneous emission process, fluorescence in-
volves the interaction between the emitter and its environ-
ment and is therefore subject to external factors (5, 6). It is
thus possible to tailor the fluorescence process to increase
the emission intensity. In the first studies on fluorophore-
metal interactions in the 1970s (7, 8), a fluorophore was
used to interact with a smooth Ag or Au film typically about
40 nm thick. In such cases, the fluorophore creates surface
plasmons which radiate at a defined angle into the substrate.
Creation of surface plasmons requires illumination of a metal
film through a glass prism or some higher dielectric constant
materials (9, 10). The metal film must be thin so that the
field penetrates from the prism side to the distal side of the
metal. In general, the fluorescence intensity and lifetime are
not dramatically changed. For instance, a recent report by
Le Moal et al. described cell imaging on metal mirror
surfaces showing that the fluorescence signals from the
organic dyes on the cell surfaces were increased 4 times by
the metal substrate (10). In contrast to a continuous metal
surface, metal colloids interact strongly with light (11).
Localized surface plasmons can be created by direct il-
lumination of metal colloids resulting in rapid oscillation of
the spatially bound electrons (12). Depending upon the
distance and geometry, metal colloids can result in fluores-
cence enhancement by factors of up to 1000 (13, 14). The
mechanism explaining the effects of metal colloids interact-
ing with fluorophores can be understood by the formation
of metal interstitial sites. These interstitial sites, so-called
“hot spots” or “hot junctions” in the nanostructures, consist
of two or more coupled particles or nanostructured surfaces

EXNAPPLIED MATERIALS 2465

INTERFACES




with closely spaced features. They are believed to have
highly concentrated electromagnetic fields associated with
strong localized surface plasmon resonance (15, 16). Al-
though spraying silver or gold colloids onto a substrate leads
to a high fluorescence signal at some local hot spots, it is
not easy to obtain a reliable, stable, and uniform signal
spanning a wide dynamic range due to particle aggregation.
Popular approaches to remedy problems such as poor
control of the particle aggregation states include immobiliza-
tion at surfaces (17), entrapment within stable matrices (18),
or fabrication of complex surface structures (e.g., with
microfabrication) (19, 20). However, these processes can be
labor intensive and costly and it is sometimes impossible to
extend to large dimensions. Furthermore, precise control of
the gaps between the nanostructures with interparticle gap
dimensions in the sub-10 nm regime necessary for intense
localized surface plasmon resonance is still extremely dif-
ficult by existing nanofabrication methods (21, 22).

We recently reported a convenient nanotechnique to
fabricate highly ordered hemispherical silver nanocap arrays
templated by porous anodic alumina membranes suitable
for robust and cost-efficient surface-enhanced Raman scat-
tering (SERS) substrates (23). On account of the periodic
hexagonal arrangement and gap control between the nano-
structures in the sub-10 nm regime, a high density of hot
spots can be produced to yield a large Raman signal. The
surface structure can further be tuned to optimize the
enhancement factor by means of porous anodic alumina
fabrication and silver deposition. In this work, the fluores-
cence imaging capability of patterned silver nanocap arrays
(PSNAs) produced by this method is studied. We first de-
scribe the physical mechanisms responsible for the efficient
enhancement of the emission signals arising from the
nearby fluorophores using the PSNAs as support. The or-
ganic fluorophore of phalloidin-fluorscein isothiocyanate (P-
FITC) is used to label the cell cytoskeletons and cell images
are monitored using confocal laser scanning microscopy.
The images acquired from the PSNAs are compared to those
collected on glass slides to investigate the influence of the
silver nanocaps on the fluorophores localized on the cell
cytoskeletons. The effects of the PSNAs on the photostability
of the bound P-FITC are also demonstrated.

EXPERIMENTAL SECTION

Preparation of Patterned Silver Nanocap Arrays. Al foils
(99.99% pure) 0.2 mm thick were degreased by acetone and
electro-polished in a mixture of ethanol and perchloric acid with
volume ratio of 5:1 under a constant direct-current voltage of
15V for 3 min to further remove surface impurities. After being
rinsed in distilled water and drying, the Al foils were anodized
separately in a 0.5 M oxalic acid solution under a constant
direct-current voltage of 40 V at 10 °C. To obtain an ordered
nanopore array, we adopted a two-step anodizing process
(24, 25). The Al foils were first anodized for 2 h followed by
immersion into a mixture of chromic acid (1.8 wt %) and
phosphoric acid (6 wt %) at 75 °C (1:1 in volume). After 2 h,
the alumina layer that grew at the first step was removed and
the surface of the foil became bright. After a second anodizing
step for 2 h, the porous anodic alumina templates were ob-
tained. Silver coatings were prepared on the porous anodic
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alumina templates at room temperature under argon (20 sccm)
in a conventional direct-current magnetron sputtering system.
A 50 mm diameter silver plate (>99.99 % pure) was used as the
target. The sputtering chamber was initially evacuated to a base
pressure below 2.5 x 1077 Pa and then presputtering was
carried out at an argon gas pressure of 1.0 Pa for 5 min in order
to clean the target surface. The power of the magnetron was
~40 W (voltage of 410 V and current of 100 mA). During
deposition, the pressure in the magnetron chamber was 3.8 x
107! Pa and the distance between the target and substrate was
20 cm. The sputtering time was 10 min. After deposition, the
samples were protected from contamination and oxidation in
a vacuum desiccator until they were subjected to further
experiments.

Cell Culture and Phalloidin-Fluorescein Isothiocyanate
Stain. Chinese Hamster Ovary (CHO, ATCC@number: CRL-
9618) cells were maintained in a complete medium made of a
mixture of 45 % Dulbecco’s Modified Eagle Medium, 45% F-12,
and 10% Fetal Calf Serum. Ag1522 cells, a normal human
fibroblast culture derived from foreshins of 3-day-old male, were
used at passages 10—15. The Ag1522 cells were grown in an
o-minimum essential medium with 10 % newborn calf serum.
The cultures were maintained at 37 °C under 95 % air and 5%
CO,. The subconfluent monolayers were dissociated with a
0.01% solution of trypsin and resuspendend into a fresh
complete medium. Both the subconfluent monolayer CHO and
AG1522 cells were washed with a phosphate buffer solution
twice. Four-hundred microliters of 2 % paraformaldehyde were
slowly added to the phosphate buffer solution in each 60 cm
Petri dish. After waiting for 20 min at 37 °C, the cultures were
washed by the phosphate buffer solution three times and
permeabilized with a triton buffer solution (0.1 % Triton-X 100,
1 % Fetal Calf Serum, in phosphate buffer solution) for 30 min
at 25 °C. The P-FITC (Sigam Cat: P5282) working solution (0.1
uL/mL P-FITC in triton buffer solution) was then added. After
25 min at 25 °C, glass slides or silver coated porous anodic
alumina templates were put on the monolayer of CHO and
AG1522 cells. Figure S1 in the Supporting Information provides
a schematic overview of the method for cell culture and P-FITC
stain.

Instrumentation and Data Acquisition. Scanning electron
microscopy (SEM, JEOL JSM-6335F) and atomic force micros-
copy (AFM, Vecco MultiMode V) were used to investigate the
structures of PSNAs. The local electromagnetic fields were
calculated using commercial finite difference time domain
software (RSOFT FULLWAVE). The SERS mapping measure-
ments were performed on a Horiba Jobin-Yvon LabRAM HR800
micro-Raman spectrometer with the 514 nm laser focused to a
1 um diameter area at room temperature. The signal collection
time was 1 s. For evaluation of the substrate Raman-enhancing
capability, a rhodamine 6G (1 x 107> M) water solution was
used. In order to allow molecule adsorption, the substrates were
maintained for 30 min in the rhodamine 6G solution and then
taken out and rinsed thoroughly. The Raman peak of rhodamine
6G at 612 cm™! shown in Figure S2 in the Supporting Informa-
tion was used in the SERS mapping. The UV—visible absorbance
spectra were acquired on a PerkinElmer LAMBDA750 spectro-
photometer. The photoluminescence (PL) spectral analysis was
conducted on a Horiba Jobin-Yvon Fluorolog-3 spectrofluorom-
eter. The cell images were captured by an inverted fluorescence
microscope (Axio Observer; Carl Zeiss) and confocal laser
scanning microscope (TCS SP2; Leica, Wetzlar, Germany). The
relative fluorescent density was determined by Quantity One
(Bio-Rad version 4.6.2) for each image.

RESULTS AND DISCUSSION
Figure 1 provides a schematic overview of the method

to fabricate the PSNAs. High purity Al foils were cleaned and
polished and then underwent a two-step anodizing process
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FIGURE 1. Schematic representation of the fabrication method of
PSNAs.

to produce the porous anodic alumina templates (24, 25).
Together with the orderly hexagonal pore array, the porous
anodic alumina templates have small protrusions along the
surface of the pore wall (23). During direct-current magne-
tron sputtering, the silver nanocaps grow on the protrusions
of the porous anodic alumina templates. The use of the
porous anodic alumina templates in conjunction of the
versatile coating technique allows flexible and rapid produc-
tion of the PSNAs. In particular, this template technique
allows one to obtain size-selective, cost-effective, and con-
trollable assemblies on a large scale.

On the basis of our previous experiments, the suitable
fabrication parameters are adopted to optimize the self-
organized growth of the PSNAs (23). As shown in Figure 2a,
which depicts a typical SEM image of the sample surface
(The inset shows large-area PSNAs with size exceeding 3
cm?), the silver nanocaps cover the alumina protrusions and
a periodic hexagonal arrangement can be observed. The
structures have very uniform sizes (D = 50 £ 5 nm) due to
the similar shape of the alumina protrusions and same
sputtering time. Ortho-, meta-, and para-cap gaps can also
be observed and the ortho-cap gap (G) is less than 10 nm.
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FIGURE 2. (a) SEM image and (b) 3D AFM image acquired from the
PSNAs. The inset in (a) shows large-area PSNAs with the size
exceeding 3 cm?. (c) Simulated electromagnetic field distribution
map of the PSNAs with parameters D = 50 nm and G = 1 nm. The
inset in (c) shows the k-vector and polarization of the incident light
in the simulation.

The high-resolution 3D AFM image of the same sample is
displayed in Figure 2b. Protrusions can be observed along
the surface of the pore wall. There is a V-shape dent between
two adjacent protrusions and the hot spots are believed to
be located in these V-shape ortho-cap gaps. To confirm our
conjecture, the local electromagnetic fields are calculated
using the finite difference time domain. The silver nanocap
array is approximated by six hexagonally arranged hemi-
spheres using dimensional parameters equal to the mean
values of the samples produced experimentally. Light with
a wavelength of 500 nm irradiates the sample in the normal
direction. Figure 2c¢ shows the planar and cross-sectional
contour plots of the near electromagnetic field distribution.
The maximum local electric field in the V-shaped ortho-cap
gap is calculated to be 288.6 V/m.

The homogeneity of the PSNAs is evaluated by 2D point-
by-point SERS mapping of rhodamine 6G molecules as
shown in Figure 3. The silver coated porous anodic alumina
template is dipped in a 1 x 107° M rhodamine 6G water
solution for 30 min and then rinsed with water. The mapping
area is 20.0 x 20.0 um? and the scanning step is 1 um. The
relative SERS peak intensity of the collection spots is cen-
tered within a narrow range, and the spot-to-spot relative
standard deviation is calculated to be 5% . This indicates that
the substrate homogeneity is quite good and strict control
of the preparation conditions can ensure good reproduc-
ibility among different batches.

We next study the PL properties of the P-FITC coupled
PSNAs. P-FITC, a derivative of fluorescein used in many
applications including cell labeling, has excitation and emis-
sion wavelengths of approximately 495 nm/520 nm (1). The
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FIGURE 3. SERS map of a 20.0 x 20.0 um? area of the PSNAs. The
map is obtained from the integrated intensity of the 612 & 10 cm™!
band of 1 x 107° M rhodamine 6G adsorbed on the substrate. Each
point in the map was taken using 20 mW 514 nm excitation with a
1 s integration time.
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FIGURE 4. Optical absorption spectra of PSNAs and P-FITC compared
to the PL spectra of P-FITC coupled PSNAs and P-FITC coupled glass.

P-FITC working solution (0.1 uL/mL P-FITC in triton buffer
solution) was coupled to PSNAs and glass by means of the
drop coating of the solution onto the sample. The PL spectra
of P-FITC coupled PSNAs and P-FITC coupled glass excited
by the 495 nm line of a Xe lamp for the same time of 0.1 s
are compared in Figure 4 (right). The peak intensity of the
PL spectrum of the P-FITC coupled PSNAs is about 9 times
higher than that of the P-FITC on glass. The enhancement
of the PL efficiency may originate from the plasmon reso-
nance energy transfer from silver nanocaps to the nearby
P-FITC. This is confirmed by the optical absorption spectra
in Figure 4 (left). The peaks at 495 nm from the P-FITC and
UV—vis absorption from 300 to 600 nm from the PSNAs
representing the localized surface plasmon energy, respec-
tively, are observed. It should be noted that the large UV—vis
absorption band of the PSNAs is caused by the gaps with
various sizes between neighboring silver nanocaps (ortho-,
meta-, and para-cap gaps) on the samples (15, 26). Similar
to the donor—acceptor energy matching in fluorescent (or
Forster) resonance energy transfer between two fluoro-
phores, critical matching between the localized surface
plasmon resonating energy E, (2.07—4.13 eV, equivalent to
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300—600 nm) in the PSNAs and the electron transition
energy from ground to excited state E. — Eg (2.51 €V,
equivalent to 495 nm) in the P-FITC permits the plasmon
resonance energy transfer process. The quantized energy is
likely transferred through the dipole—dipole interaction
between the resonating plasmon dipole in the nanocaps and
P-FITC dipole. In previous work on the surface plasmon-
mediated fluorescent resonance energy transfer process
(27), the surface plasmon resonance shift due to redox
molecules (28) and bulk optical extinction spectroscopy of
nanoplasmonic particle clusters with conjugated resonant
molecules (29) also suggest the possibility of such dipole—
dipole interactions. Consequently, the resulting resonance
(localized surface plasmon resonance coupling due to the
hybrid junction of P-FITC and sliver nanocaps) can spur
energy transfer from the sliver nanocaps to the light-emitting
P-FITC under irradiation by the 495 nm Xe line. This process
creates more excitons in the light-emitting P-FITC.

Besides enhancing excitation of nearby fluorophores, the
PSNAs may affect the emission from the P-FITC. Recent
studies have unveiled an enhancement mechanism based
on strong coupling between the excited state of the emitter
and plasmons (30—32). A fluorophore in the excited state
can interact with a nearby metal nanoparticle to create
plasmons. Here, the metal nanoparticles act as plasmonic
antennae by converting a part of the fluorophore’s nonra-
diative near-field emission into far-field emission thereby
creating the observed emission. The emission retains the
same spectrum of the fluorophore. To optimize the ef-
ficiency of this process, a good spectral overlap between the
emission band and localized surface plasmon resonance
band of the metallic substrate is needed (33, 34). By analyz-
ing Figure 4, one can notice that the enhancement is further
optimized in terms of spectral overlap between the localized
surface plasmon band of the PSNAs and emission band of
the P-FITC.

It should be noted that the silver coated porous anodic
alumina templates are protected from contamination or
oxidation in a vacuum desiccator until further experiments.
This special precaution minimizes oxidation of Ag so that
silver instead of silver oxide contributes to the cellular
fluorescence images acquired by confocal laser scanning
microscopy. Figure 5 exhibits the fluorescence images of the
P-FITC-labeled AG1522 cell samples on the PSNAs compared
to those on glass. It can be observed that the intensity of
the fluorophores on the PSNAs is much higher (Figure 5b)
and the intensity ratio of the emission spots to background
increases by a factor of 8. It is known that fluorescence is
enhanced only when the fluorophore is localized at an
optimal distance close to the surface of the metal nanopar-
ticle in the range of 5—30 nm (35, 36). In this case, because
the membranes of the cells are about 7 nm thick (37), some
fluorophores on the cell cytoskeletons that adhere to the
metal substrate may be localized within this enhancement
region. Hence, it can be inferred that enhancement of the
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FIGURE 5. Representative confocal images of AG1522 cells labeled
with P-FITC adhered to the cytoskeleton protein f-actin on the (a)
glass slide and (b) PSNAs excited by the 488 nm laser line. Both
images are in pseudo color and the scale bar is 20 um.

emission signals from the cell cytoskeletons observed in this
study is due to the coupling effect between the P-FITC and
PSNAs.

The photostability of P-FITC-labeled CHO cells on the
PSNAs is compared to that of labeled cells on glass. Figure
6 depicts the quantitative changes in the fluorescence
intensity observed from the P-FITC labeled CHO cells on the
PSNAs and glass (also see fluorescence images in Figures S3
and S4). The intensity of excitation were the same for labeled
cells on glass and PSNAs. Fluorescence from the P-FITC
labeled CHO cells on glass is quenched in 2 min. In contrast,
fluorescence from the P-FITC-labeled CHO cells on the
PSNAs diminishes to half of its original intensity in 3 min,
after which fluorescence is maintained for more than 12
min. The results suggest that the fluorophores near the glass
are destroyed, whereas those near the PSNAs are more
photostable.
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FIGURE 6. Photostability tests on P-FITC labeled CHO cells on the

PSNAs and glass slide. The excitation source is a mercury lamp
operated at 450 to 490 nm.

CONCLUSION

In summary, PSNAs prepared by a simple coating tech-
nique using porous anodic alumina templates are demon-
strated to be excellent substrates for cellular fluorescence
imaging. The fluorescence signals from the fluorophores
bound on the cell cytoskeletons are enhanced significantly
by the PSNAs compared to glass used in conventional
experiments. In addition to the enhanced intensity, the
photostability is dramatically improved. On account of the
large UV—vis absorption band of the PSNAs, most fluores-
cent probes with visible light emission may exhibit improved
sensitivity and photostability when coupled onto the sub-
strate. Since low cytotoxicity is expected on silver films (38),
the use of PSNAs is a good means to improve the sensitivity
and stability of cellular fluorescence imaging. The method
is expected to unveil more subtle details from living cells and
tissues without needing to resort to a more intense excitation
source that may otherwise damage the biological media.
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