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Abstract: The feasibility of super-resolution microscopy has been
investigated based on random localization of surface plasmon using blocked
random nanodot arrays. The resolution is mainly determined by the size of
localized fields in the range of 100-150 nm. The concept was validated by
imaging FITC-conjugated phalloidin that binds to cellular actin filaments.
The experimental results confirm improved resolution in reconstructed
images. Effect of far-field registration on image reconstruction was also
analyzed. Correlation between reconstructed images was maintained to be
above 81% after registration. Nanodot arrays are synthesized by
temperature-annealing without sophisticated lithography and thus can be
mass-produced in an extremely large substrate. The results suggest a super-
resolution imaging technique that can be accessible and available in large
amounts.
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1. Introduction

Imaging techniques to achieve super-resolution below the diffraction limit have drawn
tremendous interests to understand the molecular nature of macroscopic phenomena. Many
different techniques have been developed, such as PALM, STORM, and STED microscopy
under total internal reflection fluorescence (TIRF) to achieve subdiffraction-limited resolution
[1-3]. Conventional fluorescence microscopy has also been combined with prior information
on molecular characteristics to attain super-resolution [4]. Recently, labeled and non-labeled
imaging techniques emerge based on the excitation of surface plasmon (SP) formed at the
interface between dielectric and metal thin film layers [5-8]. Subdiffraction-limited
microscopy techniques have also been attempted, which rely on the localized near-fields due
to SP localization in the presence of metallic subwavelength structures at vertices smaller
than light wavelength [9]. Near-fields can thereby be localized to a hot spot that is spatially
smaller than the diffraction limit [10,11], which was experimentally confirmed [12,13]. SP-
enhanced near-field localization has been applied to molecular imaging. For example,
periodic nanohole arrays were used to image gliding microtubules and membrane proteins
[14,15]. Switching of light incidence was utilized to switch localized fields where image
resolution was basically determined by the feature size of nanostructures [16]. Fabrication of
periodic nanostructures is often difficult and limited due to the use of low-throughput
lithographic processes.

For this reason, nanopatterns such as nanoparticles or nanoislands were synthesized and
arranged in a pseudorandom array for improved image resolution [17,18]. Advantages of the
random nanopatterns are clear: they are easy to synthesize and sophisticated fabrication
equipment is not required. Therefore, use of random nanopatterns has far exceeded imaging
applications, such as in the enhancement of optical signals in light-emitting diodes [19],
biosensors [20—26], photodetectors [27] and solar cells [28]. Also, nanoholes in a random
configuration were used as detection substrates based on light extinction [29,30].

7 7
\ 1 Fluorescent \ r Nanodots

v ! molecules 5 l/
LR B ;

Fig. 1. Schematic illustration of SP-enhanced randomly activated (SUPRA) microscopy. In
conventional microscopy in (a), fluorescent molecules (shown in orange) are excited within a
field-of-view. In contrast, SUPRA microscopy in (b) has target fluorescence excited by the
field that is localized by nanodot arrays within a field-of-view.

Despite the simplicity of the sample preparation, however, use of random nanopatterns
suffers from the difficulty in obtaining super-resolved images because the randomness in the
patterns and the near-field that arises almost prohibits deconvolution for image
reconstruction. In this paper, we investigate SP-enhanced randomly activated (SUPRA)
microscopy based on aligned blocks of temperature-controlled random nanodot arrays to
produce super-resolved images by performing image deconvolution and yet retaining the
simplicity of nanosynthesis. Target fluorescence emitted by the dyes that are specifically
bound to target molecules is excited by the field localized at the nanodot arrays, as shown in
the schematic illustrated in Fig. 1. While the point-spread function (PSF) of far-field optics
does not change, PSF is reduced effectively due to the localization by the nanodot arrays to be
much smaller than the diffraction limit. Super-resolved images can be obtained by acquisition
with far-field optics and reconstruction. Although we focus on mass-producible random
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nanodots here, we emphasize that the approach is not specific to nanodot patterns, but can be
extended to imaging techniques based on arbitrary nanostructures for the excitation of near-
fields and the image acquisition in the far-field. Also, SUPRA microscopy can be extremely
powerful from a commercial perspective, as it allows a simple optical microscope to be
transformed into one with super-resolution if an image is acquired on a nanopatterned surface
and more importantly the resolution can be achieved on demand, depending on the pattern.
Note that SUPRA microscopy in principle requires perfect registration between near-field
distribution created by synthesized pseudorandom nanopatterns and acquired far-field images.
The registration is enabled by synthesizing random patterns in pre-aligned blocks which can
be matched and aligned in the far field. In this study, the concept of SUPRA microscopy was
validated by imaging the distribution of phalloidin in a cell cultured, which binds filamentous
actin (F-actin) and is thus highly useful for localizing actin filaments and visualizing their
distribution in cells with light microscopy [31-33].

2. Materials and methods
2.1 Synthesis of random Nanodot arrays

For the preparation of aligned nanodot blocks, a 2-nm thick chrome adhesion layer and a
silver film were deposited on BK7 glass substrate. Another layer of chrome was then
evaporated to prevent the underlying silver from being annealed. After polymethyl
methacrylate resist (Allresist, Strausberg, Germany) was spin-coated at 8000 rpm to produce
a 150-nm thick layer on the silver film, a square block of 12.2 x 12.2 pum?’ in size was
lithographically defined in an overall area of 1 x 1 mm® and developed. This is followed by
the deposition of a 10~20-nm thick silver film, which is temperature-annealed in a baking
oven under high temperature (200°C) for 5 min and is transformed into nanodots. Lift-off of
silver was then performed by removing the resist layer.

Cell = Blocked random
J nanodot arrays

Cr/BK7

Fig. 2. lllustration of the optical set-up used for SUPRA microscopy (OB.: objective lens (60x,
NA 1.49), DL: diode laser, CO: beam expanding collimator, P: polarizer, Ex: excitation
fluorescence filter, DM: dichroic mirror, Em: emission filter, M: mirror, L: relay lenses, EM-
CCD: EM-CCD camera). The illustration also shows a cell on the nanodot array sample.

#221980 - $15.00 USD Received 1 Sep 2014; revised 25 Oct 2014; accepted 25 Oct 2014; published 31 Oct 2014
(C) 2014 OSA 3 November 2014 | Vol. 22, No. 22 | DOI:10.1364/0OE.22.027695 | OPTICS EXPRESS 27698



2.2 Numerical calculation of near-fields

To understand the effects of geometrical parameters of nanodot arrays, we have calculated the
near-field distribution using rigorous coupled-wave analysis (RCWA). RCWA has been used
successfully to calculate optical characteristics of various nanostructures [34—36]. For the
calculation, 40 x 40 spatial harmonic orders were employed with TM polarized light
incidence at 6 = 60° and A = 488 nm. For accurate calculation of nanodot array patterns, a
SEM image of a nanodot array sample was transferred into a binary mask with a unit size of a
single pixel at 48 nm.

2.3 Optical set-up

The main data were measured by a laser TIRFM system (Eclipse TE2000-E, Nikon, Japan).
The optical set-up illustrated in Fig. 2 employs a diode laser (A = 488 nm, 20 mW, Sapphire
488-20, Coherent, Santa Clara, CA, USA) as light source. The incident light passes through a
polarizer (ratio 100:1), which consists of polarization maintaining fiber patch cords and
connectors, on an oil-immersion objective lens (CFI Apochromat TIRF 60x, NA = 1.49,
Nikon) that interfaces a cover-glass dish substrate, where silver nanodot array substrates are
mounted. Light incidence at the interface was estimated at 60° and maintained throughout the
experiments. Fluorescence images were acquired by an electron-multiplying charge coupled
device (EM-CCD) camera (C9100-12, Hamamatsu, Japan) through a bandpass filter (#74400,
EX 450-490, DM 505, BA 520, Chroma, Rockingham, VT, USA).

(@) (b)

60 Cauchy-
Lorentzian fit
501 = Mode = 135 nm
= Width = 160 nm
40

Frequency
N w
.O o

-
o

0 100 200 300 400
Spot size [nm]

Fig. 3. (a) 3D and 2D near-field intensity (|E[*) distribution overlayed with a nanodot array
pattern of Fig. 1. (b) Histogram of spot size from size analyses performed for the near-field
data. The results show that the size is the most likely to fall in the range of 100 — 150 nm in
terms of modes. The histogram is fitted well with a Lorentz-Cauchy distribution function.
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2.4 Cell culture and sample preparation

For experimental validation of SUPRA microscopy, we tested with mouse macrophage-like
cell line of J774. J774 cells were cultured on metal films containing surface nanodot arrays
for 24 h in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin and
streptomycin, and 2 mM L-glutamate in a 5% CO, humidified incubator. Metal films were
incubated with 1% gelatin solution (Sigma, St. Louis, MO) for 5 min at room temperature to
enhance biocompatibility and washed with RPMI 1640 medium. Cell viability was evaluated
to confirm biocompatibility on silver film and nanodots by cell counting kit-8 assay (CCK-8,
Sigma-Aldrich, St. Louis, USA), which determined the cell viability on nanodot array
samples to be around ~86%. Although cell viability is reduced on silver nanodots compared
to normal dish culture, it was sustainable within 24 hrs. For SEM, J774 cells were fixed with
2.5% glutaraldehyde overnight at 4°C and were subjected to critical point drying. To obtain
cytoskeletal images of F-actin, cells were fixed with 4% paraformaldehyde and stained with 1
uM phalloidin-FITC (Sigma, St. Louis, MO), which is used to selectively stain F-actin and
prevent its depolymerization by interfering between F-actin subunits and locking adjacent
subunits together, for 30 min at room temperature.

3. Results and discussion
3.1 Numerical results

Despite the good biocompatibility and chemical stability of gold, we have used silver for
nanodot arrays because of far superior plasmonic enhancement [37]. Figure 3(a) shows the
evanescent wave intensity (|E*) distribution in 3D and 2D that is overlayed with the nanodot
array patterns. Localization of electromagnetic fields on the silver nanodot arrays to form
localized hot spots is clear, although it tends to be less localized near the edge of a block due
to the SP propagation. Size analysis of the intensity profiles obtained from Fig. 3(a) was
performed with ImagelJ after defining the size of localized fields as the diameter at which
intensity of the fields is twice as high as that of incident light when the localized field is
assumed to be circularly symmetric. The results presented in Fig. 3(b) in terms of a size
distribution histogram strongly suggest that the size should fall in the range of 100 - 150 nm.
The histogram fits well with a Cauchy-Lorentzian distribution with center and width at 135
and 160 nm, respectively.

(a) 250

(c)

200
Bd; =10 nm
150 -

Bd;=15nm
100

Frequency

md; =20 nm
50

0 200 400 600 800 1000

Nanodot size [nm]

Fig. 4. (a) SEM images of blocked random nanodot array samples. Inset: magnified image of
nanodot arrays shown as a square in an area of 2 x 2 um?>. (b) AFM image of nanodots. (c) Size
distribution of nanodot arrays.
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3.2 Nanodot characteristics

Scanning electron microscope (SEM) and atomic force microscope (AFM) images of blocked
nanodot array samples are shown in Figs. 4(a) and 4(b), respectively. The investigation of the
distribution of nanodot size shown in Fig. 4(c) reveals that the average nanodot size increases
with the silver-film thickness (dr) used to synthesize the nanodots, almost linearly: at dg = 10,
15 and 20 nm, average nanodot size was obtained as 143.4 = 113.2, 194.0 £ 267.5, and 237.0
+ 267.2 nm (center + width), respectively, when fit in a normal distribution as shown in Fig.
4(c), i.e., a 5-nm increase of silver enlarges nanodots by 46.8 nm on average. The correlation
between the average nanodot size and d; was strong with correlation coefficient R = 0.9978.
Nanodots grow in size with the underlying silver film thickness as they become connected by
dewetting [38]. Also observed (data not shown in Fig. 4) is that the separation varies less
significantly from 25 to 75 nm as dy changes between 10 and 20 nm. The nanodot
characteristics were not significantly different from those obtained without blocks. Overall,
the results indicate that the nanodot distributions may be controlled statistically by varying
process parameters such as the film thickness and thus can be used to modify the
characteristics of near-field localization.

Fig. 5. SEM images of J774 cells on the substrates: (a) metal film and (b) random nanodot
arrays. Overall, good adhesion of cultured cells was observed on all the substrates.

3.3 Raw Images of Intracellular Cytoskeletal Actin Filaments on Nanodot Arrays

Figure 5 shows a SEM image of J774 cells on the silver film and nanodot arrays. The images
as well as cell viability tests described in Section 2.4 show overall good adhesion of cultured
cells for both types of substrates. Interestingly, the improved cell viability was observed on
nanodots, presumably associated with less contact between silver and cell membrane. Figure
6 presents raw images of J774 cells measured on the glass substrate (top row), silver film
(middle row) and nanodot arrays (bottom row). Bright-field and epifluorescence images,
respectively shown in Figs. 6(a) and 6(b), on the glass substrate, bare film, and nanodots
describe general cell morphology and raw distribution of phalloidin. Figure 6(c) shows cell
images measured by TIRF microscopy (TIRFM) on glass substrate and silver film and by
SUPRA microscopy on the nanodot arrays, respectively. It is noticeable that image brightness
is slightly reduced in the case of SUPRA microscopy because of reduced field intensity where
fields are not localized. FITC-conjugated phalloidin molecules present the distribution of F-
actin that is much smaller than the size of localized fields, which suggests that each
fluorescent spot observed in Fig. 6 may not be produced from a single phalloidin molecule.
The raw images acquired by SUPRA microscopy and TIRFM do not present significant
differences in terms of intensity contrast. However, SUPRA microscopy allows super-
resolved image reconstruction based on field localization, which is described in the next
section.
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(a) Bright-field :(b) Epifluorescence (c) TIRFM

Bare film

Nanodot arrays

Fig. 6. Measured images of J774 cells on the glass substrate (top row), metal film (middle row)
and nanodot arrays (bottom row): (a) bright-field, (b) epifluorescence, and (c¢) TIRFM images.
Scale bar: 10 pm.

3.4 Image reconstruction

Image reconstruction beyond the diffraction limit can be performed by deconvolving the
spatial distribution of detected phalloidin fluorescence assuming that the distribution of
localized fields is known a priori. From the linear imaging theory, a far-field image /(x,y) is
related to the near-field distribution f{&#n) which is calculated by RCWA as described in
Section 2.2 or can be measured in the near-field. (x,y) and (& #) represent 2D coordinates of
image and object plane, as follows:

H(xy)=[f(Em)g(Em)]|®h(x=& y—n). (1)

In Eq. (1), A(&n) is the PSF of the far-field optics. g(&#) denotes the molecular distribution
under imaging and the molecular density of fluorescent probes is not assumed to limit the
imaging characteristics. Despite the simplicity, Eq. (1) reveals the nature of SUPRA
microscopy and how it achieves super-resolution, i.e., what is measured is the fluorescence
image sampled by the localized near-fields and then convolved by the far-field PSF. Images
can be reconstructed by the effective PSF that is much smaller than the diffraction limit
associated with f{(&#). Simple deconvolution based on Eq. (1) to obtain g(&#) is often quite
difficult because the process is ill-posed and involves many operations of division by zero and
amplification of noise that can lead to major artifacts [39]. For this reason, image
reconstruction was performed based on estimation in which random fluorophore distributions
are generated to match a measured image field probabilistically. The procedure relies on the
field distribution as the stochastic probability of fluorescence excitation. After being weighted
by near-fields, an optimum distribution that produces a far-field image closest to the
measured image was found.
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Our implementation of the deconvolution process starts with image resizing. An object
located on the blocked nanodot arrays (12.2 x 12.2 pm? in size) is presented as a 115 x 115
pixel image when captured by CCD. Thus, a single pixel is approximately 106 x 106 nm?,
which may be too coarse to express an object. Therefore, an image was first enlarged to be of
510 x 510 pixels. The distribution of fluorescent dyes is assumed to be random. Then, the
number of total fluorescent dyes was estimated so as to minimize the error ¢, which is defined
as an /, norm of image difference between /(x,y) and I(x,y). Here, I(x,y) and I(x,) represent
intermediate fluorescence image corresponding to an estimated molecular distribution g(&#)
and true intensity image. The relation can be expressed as

)=[f(&m)&(En)|®h(x=& y—n) )
I3 -t ®

Once the number of fluorescent dyes with a minimum /, norm is found in range, estimated
I(x,y) is calculated repetitively which corresponds to random dye distribution g(&#) so that
the /, norm is further minimized to find g(&#n) =g(&n). This process may be simplified
mathematically as follows:

argmin,,, { (&u)le= \/Z i( ] whenz }(4)

which is similar in concept to an earlier study, although specific implementation of the
algorithm is different [40].

Fig. 7. Epifluorescence and SUPRA images of cells after reconstruction measured at two
different sample points (1,2). (a) Epifluorescence image: the squares represent a nanodot
block. Magnified images are in (b-d): (b) epifluorescence, (c) raw data, and (d) SUPRA after
reconstruction. Scale bar: 2 um. For (e), reconstructed SUPRA images were used in place of
raw images. Scale bar: 5 um.
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Figure 7 shows the images of two different cells before and after reconstruction where
image areas outside the reconstructed block correspond to measured raw data. The dashed
square represents a block of random nanodot arrays in a size of 12.2 x 12.2 pm’.
Epifluorescence images show blurred plasma membrane F-actin [Figs. 7(a) and 7(b)] and it is
difficult to identify cytoplasmic F-actin at two different points. However, after raw images of
Fig. 7(c) are reconstructed, SUPRA images of cells show F-actin in resting state of J774 cells,
which present actin cytoskeleton with minimally polarized and diffusely organized active
filaments [Figs. 7(d) and 7(e)]. For comparison of the images on nanodot arrays, control
experiments were performed with fluorescent nanobeads on plasmonic nanodots without cells
(not shown) and the disparity of the control images show that the image presented in Figs.
7(d) and 7(e) is not just the network of random plasmonic field localization, but clearly
reflects the structure of actin cytoskelenton. Whole cell images of Fig. 7(e) emphasize the
enhancement of image resolution. Because the enhancement is achieved by the field
localization due to metallic random nanodot arrays, the resolution is strongly dependent on
the size of localized fields and thus is not spatially constant. In agreement with the size of
localized fields, the resolution is estimated to be in the range of 100-150 nm, i.e., molecules
that are apart from each other by this distance can be resolved. In this sense, the size should
be one of the main factors that determine the accuracy of SUPRA microscopy and stronger
field localization is in general desired to produce a smaller field. From the signal processing
standpoint, the reconstruction presented in Figs. 7(d) and 7(e) represents an image of
cytoskeletal actin filament that is sampled by the pseudorandom arrays of hot spots created by
nanodots.

The effectiveness of SUPRA microscopy depends on the distribution of localized fields,
target concentration (i.e., concentration of molecules that fluorescent dyes target and bind to),
and more explicitly the size of target molecules relative to the localized fields. If localized
fields are dense to a degree that multiple hot spots are captured by an imaging pixel in the far-
field, the fluorescence excited by these hot spots cannot be resolved. The distribution of
localized fields shown in Fig. 4 suggests that this should not be the case and that an imaging
pixel may not have more than one localized field.

The way that SUPRA microscopy is affected by target concentration is related to the
sparseness of field localization, i.e., imaging performed at localized fields prefers target
concentration that is much higher than the distribution of localized fields. In regard to the
size, SUPRA is effective for single target imaging if the target is approximately equal in size
to the spatial scale of localized fields. In this study, FITC-conjugated phalloidin is much
smaller than the localized fields. This sets the limit on the number of phalloidin molecules
that SUPRA microscopy can be used to detect.
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Fig. 8. Correlation coefficient between the reconstructed far-field image with perfect alignment
and one reconstructed with displacement from the near-field distribution in terms of CCD
pixels.
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3.5 Effect of misregistration

Note also that SUPRA microscopy, since it acquires data in the far-field, presumes perfect
alignment between near-field distribution and far-field images. Misalignment may occur
within the diffraction limit, which affects the near-field distribution used for the image
reconstruction and can ultimately change reconstructed images. Figure 8 presents the
correlation coefficient R between the reconstructed far-field image with perfect alignment
[Fig. 7(d)] and one reconstructed after displacement from the near-field distribution in terms
of CCD pixels. For the calculation of R, the correlation coefficient was taken while an image
is displaced linearly along the left direction of the near-field. It is clear that the correlation
decreases monotonically with misalignment: misalignment by one CCD pixel results in R =
86%, which eventually floors near 25%.

Maximum misalignment that may be incurred in the reconstruction process is estimated to
be on the order of one CCD pixel. The reconstructed images assuming the registration
corresponding to the misalignment in the lateral plane are presented in Fig. 9. The results
confirm that the correlation between reconstructed images remain very high with correlation
coefficient R exceeding 81%, regardless of the direction that the registration takes place.
Under the fixed misalignment, the correlation is degraded as the image resolution improves,
because image reconstruction becomes more sensitive to the misalignment. Overall, the
results presented in Figs. 8 and 9 suggest the effect of far-field registration to be negligible in
the course of image reconstruction.

Fig. 9. Effects of registration in the lateral plane on the image reconstruction: reconstructed
image for perfect registration (no misalignment) at the center and images reconstructed with
misalignment by one CCD pixel in the right, left, top, and bottom direction (direction shown as
arrow). Correlation coefficient R is shown to remain higher than 81% regardless of the way
that the registration takes place.
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4. Concluding remarks

In conclusion, we have investigated the feasibility of super-resolution microscopy with silver
nanodot arrays. The concept was experimentally validated for visualizing intracellular actin
filaments. The image resolution is mainly determined by the size of localized fields in the
range of 100-150 nm. The biggest advantage of SUPRA microscopy lies in the ease of
synthesis and wide availability of random nanopatterns to achieve super-resolution. Also, the
patterns can be synthesized to vary the degree of randomness and thus the imaging
characteristics. Further enhancement of image resolution may be feasible, for example, by
combining SUPRA microscopy with switching of localized fields by a known distance.
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