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ABSTRACT
We have created a randomly distributed nanocone substrate on silicon and coated with silver for surface-plasmon-

enhanced fluorescence detection and cell imaging. We observed three dimensional fluorescence enhancement on our sub-
strate evidenced from the confocal fluorescence imaging of Chinese Hamster Ovary (CHO) cells and transfected HeLa cells
grown on the substrate. The fluorescence intensity was amplified more than 100 fold as compared to glass substrate. Strong
scattering within nanostructured area coupled with random total internal reflection inside the cell resulted in the observed
enhancement in fluorescence further away from the substrate surface.
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INTRODUCTION

Cell imaging is generally done on glass or polymer based substrates. Hence, the substrate itself does not contribute to the
sensitivity of fluorescence imaging process and the imaging process is limited by the fluorophore properties (e.g. quantum
yield, photostability) as well as the imaging set up (e.g. objective lens numerical aperture, magnification, resolution and
depth of field). Partly to overcome these limitations metal-coated slides can be utilized for enhanced cell imaging which rely
on the principle of metal-enhanced fluorescence [1]. But it is sensitive up to few tens of nanometers and hence less sensitive
for cellular matrix away from the metal surface [2]. We have fabricated a randomly distributed nanocone substrate on sili-
con and coated with silver for surface-plasmon-enhanced fluorescence detection and cell imaging.
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Figure 1: (a) Schematic of nanoplasmon coupled cell imaging. SEM image of nanocone substrate (b) before metal de-
position (c) after 80 nm silver deposition (d) SEM image of a CHO cell on the nanoplasmon substrate.

EXPERIMENTAL

The nanocone structures are fabricated by Simultenous Plasma Enhanced Reactive Ion Synthesis and Etching (SPE-
RISE) process. In order to make high-aspect-ratio nanopillar structures, an etching-passivation method is used. First, the
native oxide layer is removed from the single crystal silicon wafer (4”) using a wet etch process (10:1 buffered oxide etching
for 1 min). Then the polysilicon substrate is etched by HBr and oxidized by O, simultaneously. PlasmaTherm SLR-770 In-
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ductively Coupled Plasma (ICP) Reactive Ion Etcher (RIE) was used for the etching process. The temperature was set to 40
°C, the throat pressure was 20 mTorr, the RF power was 200 W and the etching time was 6 min during the fabrication
process. The HBr flow rate was 20 sccm whereas the O, flow rate was set to 8 sccm. During etching, initially a nano-mask
made of silicon oxybromide natually forms and then HBr gas etches the unmasked silicon substrate. Since HBr has a high
etching selectivity of silicon to oxide (200:1), high-aspect-ratio nanocone structures are formed.

In our experimental configuration (Figure la) living cells are situated on top of a nanoplasmonic substrate which is
composed of tightly packed silicon nanocone array covered by a thin layer of silver. The silver coated nanocone array as de-
picted in Figure 1b&c can support both propagating surface plasmon and localized plasmon at visible wavelength range
which can then be coupled to a cell. Figure 1d shows the SEM of a spheroid CHO cell on the nanocone plasmonic substrate.
For the fluorescence imaging experiments, the cells are grown on the substrate for one day and stained just before the imag-
ing experiments. The cell nucleus is stained with blue fluorescent Hoechst dyes and the calcium ions in the cytoplasm are
labeled with green fluorescent dye Fluo-4, AM.
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Figure 2: (a) Bright field image of CHO cells on the nanoplasmonic substrate (b) 3-D confocal fluorescence cell imag-
ing of cytoplasm labeled CHO cells (c) Stacked confocal images of cytoplasm labeled cells showing enhancement away
from the surface of the substrate .

A typical bright field image of large number of cells grown on the substrate is shown in Figure 2a. The square region is
the nanoplasmonic area. Due to the far field fluorescence enhancement facilitated by surface plasmon supporting substrate,
only the cytoplasm calcium (label in green fluorescence) in the cell grown on the nanoplasmonic substrate can be observed
in 3D fluorescence imaging (Figure 2b) with an extremely low laser power and short imaging time (0.2% of 25 mW laser
power for green fluorescence excitation and 1.58 us pixel dwell time) while other cells on smooth silver surface exhibit un-
detectable to extremely low fluorescence emission only except near the immediate surface of smooth silver film. It should
be noted that the fluorescence intensity below and beyond cell span is due to the point spread function of the fluorescence
emission.

The vertical cross-sectional cell images (Figure 2c) at various z-positions show that the strong cytoplasm calcium fluo-
rescence enhancement on the nanoplasmonic substrate is extending even up to the top position on the spheroidal cell,
around 12 pm above the nanoplasmonic substrate and far beyond the 100 nm domain of metal surface enhanced fluores-
cence. However the fluorescence enhancement for the nucleus fluorescence is relatively modest due to the mismatch of exci-
tation light and optical resonance wavelengths. Similar experiments has also been performed where cell membrane and
nucleus are labeled by red (FM 1-43 FX) and blue (Hoechst) emission fluorophores respectively. The quantitative analysis
for fluorescence enhancement factor is performed by comparing the average fluorescence intensity at each depth (z-
coordinate) of the z-stack images taken by confocal microscope. The average fluorescence intensities for the cell membrane,
cytoplasma and nucleus are shown in Figure 3. Here, increasing z denotes imaging plane away from the substrate surface
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i.e. z = 0 is on the substrate. The actual height or thickness of the cell is around 12 pm or z = 12 pm. On the cell membrane
we observed a 23 fold fluorescence intensity increase on the nanoplasmonic substrate compared to that on the smooth silver
mirror surface at the same imaging plane around z = 6 pm. Given that the smooth mirror surface can provide approximate-
ly 5 fold fluorescence enhancement which was confirmed from the fluorescence spectroscopy experiment, the total far field
fluorescence enhancement factor for the cell membrane obtained by the surface plasmon substrate is 115 folds with respect
to a glass slide surface.

a b
—~ 80 @ Cell membrane on Nanopillar — @ Cytoplasm on Nanopillar
3 E @ Cell membrane on Smooth surface 5 70 @m—Cytoplasm on smooth surface
8 70F <
> E < 60
= 60 2
7 E ‘e 50
£ sof 2
£ a0 EY
8 30F g 3
8 o0k 3 20
o 20F 8
2 E o 10
= 10 E ‘6
S of 2 o
i 0:_...|...|...|...|...|...| i OéllléI81I012
6 2 4 6 8 10 12 Distance in Z-direction um)

Distance in Z-direction (um)

Figure 3: Quantitative analysis of fluorescence enhancement (a) Cell membrane on the nanoplasmonic substrate(b)
Cell cytoplasm on the nanoplasmonic substrate.

Finally, we have imaged early stage of transfection using our nanoplasmonic substrate. The typical imaging window
post transfection is about 36-54 hrs. The limitation is imposed because of low fluorescence intensity at early stage of trans-
fection. Due to significant fluorescence enhancement on nanoplasmonic substrate, we can possibly image the early stage of
transfection. In the present experiment, we transfected a cervical cancer line (HeLa) with a fluorescent protein (mCherry-
paxillin) and grew them on nanoplasmonic as well as traditional petridish (glass substrate). The cells were analyzed by con-
focal microscopy 12-18 hr post transfection. We observed enhanced fluorescence for cells on the nanoplasmonic substrate as

shown in Figure 4.
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Figure 4: Comparison of mCherry-paxillin intensity in HeLa cell (a) on a glass substrate and that (b) on a nanoplas-
monic substrate.

CONCLUSION
In conclusion, we created a nanoplasmonic substrate on which three-dimensional confocal fluorescence cell imaging
sensitivity is amplified for more than 100 folds especially for cell membrane and cytoplasm.
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