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Localized plasmonic structured illumination microscopy (LPSIM) is a recently developed super resolution technique that
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demonstrates immense potential via arrays of localized plasmonic antennas. Microlens microscopy represents another

distinct approach for improving resolution by introducing spherical lens with large refractive index to boost the effective

numerical aperture of the imaging system. In this Paper, we bridge together the LPSIM and optically trapped spherical

microlenses, for the first time, to demonstrate a new super resolution technique for surface imaging. By trapping and

moving polystyrene and TiO, microspheres with optical tweezers on top of a LPSIM substrate, the new imaging system has

achieved higher NA and resolution improvement.

Introduction

The development of the optical microscope revolutionized life
and material science; however, the resolution of conventional
microscopes is limited to the half-wavelength scale (200-
300nm) due to the diffractive nature of the illuminating light.
In modern medicine and biology there is a strong demand for
surface imaging of various objects and processes at size scales
far below the diffraction limit of visible light. Recent super
resolution microscopy techniques, such as stimulated emission
depletion microscopy (STED)H, stochastic optical
reconstruction microscopy (STORM)4’5, and photoactivated
localization microscopy (PALM)6 have been demonstrated and
attracted much attentions. These methods have greatly
improved the spatial resolution to sub-50nm scales in all three
dimensions, but also significantly sacrificed other imaging
capabilities such as imaging speed, field of view, simplicity of
the system, as well as photo toxicity. Structured illumination
microscopy (SIM)”™ can achieve reasonable speed and wide
field of view simultaneously, but its resolution is limited to ~2
times better than the diffraction limit, i.e. about 84nm when in
combination with total internal reflection fluorescence (TIRF)
and the best available ultrahigh NA objectivelz.

Recently, plasmonics has been introduced to the field of
SIM to further improve its resolution. For instance, plasmonic
structure illumination microscopy (PSIM) utilizes the surface
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plasmon interference to replace the traditional projected light
pattern, so that the resolution improvement can surpass 2
times that of the diffraction limit". Localized plasmon
structured illumination microscopy (LPSIM) employs near-field
excitation from the localized surface plasmons of fine periodic
structures®”*®. With this unique super resolution technique
and 1.2NA objective, wide-field surface imaging with
resolution down to 75 nm was demonstrated. This represents
~3 times resolution improvement compared with conventional
epi-fluorescence microscopy, while maintaining reasonable
speed and compatibility with biological specimensls. Both
PSIM and LPSIM also rely on the spatial frequency mixing
between the illumination patterns and the object, therefore
the super resolution image must be numerically reconstructed
using a SIM™ or blind SIM reconstruction method ***®%°. The
resonant plasmonic enhancement of the localized plasmonic
fields provides strong excitation of targeted fluorescent labels,
which allows shorter exposure times thus faster imaging
speeds.

Currently, all SIM technologies are using commercial
objectives for image collection, so that the objective NA
becomes a major limiting factor. Combining dielectric
microspheres with low NA objectives has been proven as a
valuable scheme to improve the effective NA of the imaging
system for resolving much finer structures® %%, By placing high-
index dielectric microspheres close to the investigation
surface, near-field coupling occurs and an extraordinary sharp
focus (so-called “photonic nanojet”) with local strongly
enhanced imaging has been demonstrated?**?’. Although the
mechanisms for this enhanced resolution has been debated in
Iiteratureszz‘zs’zs, it is commonly believed that the high
refractive index of the microlenses increases the total effective
NA of the imaging system, leading to the improved resolution.
For practical applications, the microlenses typically need to be
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Fig. 1 Schematic diagram of OT-LPSIM experimental setup. An excitation laser is directed via 2D scanning mirrors through a 4f system which defines the angle
of laser incidence to the LPSIM substrate. In-plane polarization regardless of angle is guaranteed by a custom-made polarizer plate, which ensures the correct
excitation patterns. An IR trapping laser is used to move and control the position of the microlens. The emitted fluorescence is collected through the

microlens, then the objective, filtered, and passed to the emission detector CCD.

mobile to reach the desired location, which can be guided by
fine glass micropipetteszg, optical tweezers®*?’, electrostatic
attachment to AFM tip38 or chemical propulsion39. In this
paper, by combining near-field microlens with LPSIM for the
first time, we report a new microscopy technique which offers
advantages over existing super-resolution imaging methods
with significantly improved resolution.

Experimental

Experimental set-up

The schematic diagram of the new microscopy system, i.e.
optical tweezers based LPSIM (OT-LPSIM), is shown in Figure 1.
For the LPSIM illumination part of the system, the excitation
laser beam passes through two galvanometer scanning
mirrors, a lens and microscope objective in a 4f system, and
then illuminates the plasmonic substrate, creating the
plasmonic structured illumination excitation pattern. The
beam polarization and illumination angle incident to the
plasmonic structure was controlled by radially orientated
polarizer strips (in front of the objective) and the galvo
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scanners, respectively. The fluorescent emission excited by the
plasmonic structure was collected by the microsphere and an
objective, and form diffraction-limited images at the CCD
camera (see Figure 2a). The trapped microsphere acts like a
movable microlens and allow the user to interactively zoom
into the field of interest together with the objective. For the
optical trapping and manipulation of the microsphere we use a
continuous wave 825 nm laser (20-30mW), which s
compatible for future biological applications and has low
optical damage 340 The collimated expanded infrared (IR)
laser was emitted from the top and focused in the observation
plane by the same imaging objective.

The LPSIM substrates we used include a hexagon lattice
array of 60 nm silver discs with a 150 nm pitch embedded in
silica, as shown in Figure 2b. When polarized laser light hits the
plasmonic nano-discs array, it creates evanescent fields which
illuminate fluorescent objects in the near field™. By optically
trapping microsphere lens on top of LPSIM substrate with
fluorescent objects, the LPSIM sub-images are further
magnified and collected by a much higher effective NA of the
system, leading to greatly improved LPSIM resolution while
using relatively low NA objective.

This journal is © The Royal Society of Chemistry 2017

Page 2 of 6


http://dx.doi.org/10.1039/c7nr03654j

Page 3 of 6

Published on 04 September 2017. Downloaded by Gazi Universitesi on 04/09/2017 17:33:18.

(a)

Objective

Trapping Laser

Microsphere
7

’
.Fluarescent Object
LPSIM Substrate

' lllumination Laser
i & & viogificd:
r: 'I,‘ i Jg 9 ,} agnified Image
o = -

Nanoscale

Vew Articte Ontjne
INRO365(4J

Fig. 2 (a) Schematic of the microsphere-assisted imaging setup integrated with LPSIM. (b) SEM image of the nanodisc array in the LPSIM substrate, showing
60 nm silver discs arranged in a hexagonal lattice. (c,d) Image of 46 um polystyrene microsphere being trapped by the optical tweezers’ IR beam (see
Supplementary Information Media 1). (e,f) Image of 17 um TiO, microsphere being trapped by optical tweezers’ IR beam (see Supplementary Information

Media 2).

Optically controlled microspheres

By altering the sizes and materials of microspheres immersed
in varied liquids, we could achieve different effective NA,
resolutions, and magnifications below a spherezs. The image
magnification of the sphere, can be roughly approximated by
geometric optics M =n,./(2 —n,), where n, is a relative
index contrast of microsphere and surrounding medium?. For
the best of imaging quality, the optimal relative index contrast
n, between microsphere and media is 1.4-1.75°>%. The
polystyrene spheres (the index of refraction n = 1.59) in water
(n = 1.33) have low relative index contrast 1.2, but they are
commercially available in vast range of sizes and can be easily
optically trapped34'36. The TiO, spheres (n = 2.1) in water have
optimal relative index contrast 1.58 for imaging, but according
to the theoretical predictions the particle trapping efficiency
could strongly depend on the sphere size®. The theoretical
magnifications for polystyrene and TiO, spheres are 1.48 and
3.76, respectively. Since spheres are micro-sized, for the same
material the real experimental magnification non-linearly
varies on sphere’s radius®*%. Also to move a microsphere with
optical tweezers without disturbing sample, we need to have a
tiny gap between the microsphere and the LPSIM substrate,
which also could slightly affect the magnification“. So for
different sphere sizes, the magnification properties can vary
and should be estimated experimentally.

This journal is © The Royal Society of Chemistry 2017

For our experiment, we primarily used two types of
microspheres: ~45 um diameter polystyrene spheres with
1.55 magnification and ~20 um TiO, spheres with 3.6
maghnification, both of which are optically trapped in water and
free to be moved to the desired area. The exact magnification
for each sphere was estimated by measuring distances
between fluorescent beads with and without sphere in front of
them. In Figure 2c-f and Supplementary Information Media 1
and Media 2 we demonstrate the trapping and movement of
both types of spheres with optical tweezers. Larger spheres
were later used to maximize the magnified area below the
sphere and to demonstrate the performance of OT-LPSIM. In
general, 30% of the area below the center of the sphere can be
safely used for reconstruction without much aberration.

Results and discussion
Polystyrene microspheres

To test the super-resolution imaging performance of our OT-
LPSIM system, 40 nm fluorescent beads (570 nm emission)
were drop-casted and fixed onto the LPSIM substrate, and
were imaged through a 46 um polystyrene microsphere. The
polystyrene sphere can be trapped and moved into the area of
interest (Figure 3a-c) at significantly lower laser power, since
the sphere was not only trapped by the direct laser beam
from the objective but also by the reflected beam from the
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Fig. 3 (a) Fluorescence image of 40 nm beads through a 60X (0.8NA) objective lens under 488 nm excitation. (b) Fluorescent beads are magnified 1.55 times
under polystyrene microsphere. The microscope objective was focused on the virtual images formed underneath the sphere. (c) Image of 46 um diameter
movable polystyrene sphere. (d) Diffraction-limited image of the selected area in (a). (e) Corresponding magnified image of (b) under microlens with
significantly improved resolution. (g) LPSIM reconstructed image of (d). (h) OT-LPSIM reconstructed image of (e). (f,i) Quantification of the experimental
resolution in (d,e,g,h) using the intensity profile. Standard FWHM: 625 nm; FWHM with microlens: 350 nm; LPSIM FWHM: 195 nm; OT-LPSIM FWHM: 90 nm.

metallic nano-array. The fluorescence was excited by a 488 nm
laser and imaged with a 0.8NA 60X air objective.

The resolving capacity of OT-LPSIM was demonstrated by
the FWHM of a single-bead at the same location for
diffraction-limited image without sphere, under sphere, after
LPSIM reconstruction without sphere and under sphere (see
Figure 3 d,e,g,h), respectively. Theoretically, an objective with
NA=0.8 should have resolution around 435 nm but this
objective was used far from its optimized condition in this
specific experiment, leading to a lesser resolution to 625 nm.
Nevertheless, the effective NA of the system with the
microlens was improved to 1.0 according to the Rayleigh
criteria  NAgsr = 0.611/FWHM, where A is emission
wavelength and FWHM can be found from experimental data.
The polystyrene sphere improved the diffraction limited
images of the fluorescence beads by 1.8 times, allowing
greater visibility of fine details, and decreased the FWHM from
625 nm down to 350 nm. After applying LPSIM reconstruction

4 | Nanoscale

method for regular diffraction-limited image without the
microlens, the FWHM decreased more than 3 times, down to
195 nm. For the image under the microlens after LPSIM
reconstruction, the final FWHM dropped to 90 nm,
representing 7-time resolution enhancement compared to the
diffraction limited image obtained from the objective only
(Figure 3f). In Figure 3i, it is clearly seen that two closely-
spaced beads, which appeared as one bright spot in Figure
3d,e,g, were resolved with OT-LPSIM technique. The center to
center distance of the beads was 130 nm, which means edge-
to-edge gap between two beads was 90 nm.

TiO, microspheres

With optically trapped TiO, microspheres on top of the LPSIM
substrate, we achieved even bigger improvement of
resolution. For the experiment, the same 40 nm fluorescent
beads were fixed onto a LPSIM substrate with 21 um TiO,
microspheres in water on top of it. As the TiO, sphere was

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Magnified fluorescent image of 40 nm diameter beads under TiO, microsphere through 60x (0.8NA) objective lens. (b) Image of a 21 um movable
TiO, microsphere. (c) Selected area of fluorescent bead under a sphere. The image is magnified 3.6 times under TiO; sphere. (d) OT-LPSIM reconstructed
image of selected area. (e,f) Spatial frequency spectra (log-scale amplitude) of images under sphere before and after LPSIM reconstruction, respectively. The
ko is the free space wavevector. (g,h) Quantification of the experimental resolution using the intensity profile. The FWHM after LPSIM reconstruction drops

to 57nm.

moved with the IR optical trapping laser, the area below the
microsphere was magnified 3.6 times, as shown in the Figure
4a,b. The effective NA of the system increased to 1.45NA and
the diffraction-limited FWHM under sphere decreased from
625 nm to 240 nm.

Significantly, after applying the LPSIM technique, multiple
clusters of beads under the TiO, microsphere were resolved
even farther, allowing distinct separation between neighboring
beads, as shown in Figure 4c,d. After LPSIM reconstruction, the
FWHM decreased, from 240 nm under microlens, to 57 nm
(~A/10), which provided additional 4.2 times improvement of
the TiO, microlens (Figure 4g). As a results, if we compare our
experimental diffraction-limited FWHM without sphere
produced by objective slightly away from its optima position
(Figure 3a,f) and the final FWHM with OT-LPSIM using TiO,
microsphere (Figure 4d,g), the corresponding resolution
improvement is ~11 times. Figure 4e,f show the corresponding
Fourier space spectrum under microsphere with and without
the LPSIM technique applied, which confirms the expected

This journal is © The Royal Society of Chemistry 2017

resolution  improvement before and after LPSIM

reconstruction.

Conclusions

In this work we demonstrated how the combination of an
optically trapped microlens with LPSIM can boost the effective
numerical aperture of the imaging system and improve the
resolution of existing super-resolution technique. We selected
two types of microlens with different size and material:
polystyrene microsphese with a relatively smaller index of
refraction and TiO, microspheres with a higher index, both can
be optical trapped and manipulated to desire location. With
this new microscopy technique, we achieved 7-11 times
improvement of FWHM compared with experimental
diffraction-limited FWHM using solely the objective. We
believe that the resolution could be easily improved even
further by using a long working distance objective, alternative
microspheres, shorter operational wavelengths, and more
optimal LPSIM substrate. The OT-LPSIM provides a new super
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resolution approach that may have great potentials for various
imaging applications.
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