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We use the label-free microsphere-assisted microscopy to image low-contrast hexagonally close-packed polystyrene
nanoparticle arrays with diameters of 300 and 250 nm. When a nanoparticle array is directly placed on a glass slide, it
cannot be distinguished. If a 30-nm-thick Ag film is deposited on the surface of a nanoparticle array, the nanoparticle array
with nanoparticle diameters of 300 and 250 nm can be distinguished. In addition, the Talbot effect of the 300-nm-diameter
nanoparticle array is also observed. If a nanoparticle sample is assembled on a glass slide deposited with a 30-nm-thick
Ag film, an array of 300-nm-diameter nanoparticles can be discerned. We propose that in microsphere-assisted microscopy
imaging, the resolution can be improved by the excitation of surface plasmon polaritons (SPPs) on the sample surface or
at the sample/substrate interface, and a higher near-field intensity due to the excited SPPs would benefit the resolution
improvement. Our study of label-free super-resolution imaging of low-contrast objects will promote the applications of

microsphere-assisted microscopy in life sciences.

Keywords: super-resolution, microsphere, optical microscopy, surface plasmon polariton
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1. Introduction

Overcoming the Abbe diffraction limit has been a strong
driving force of biomedical researches in the past two
decades. Researches on super-resolution microscopy have
been developed rapidly, emerging various technologies such as
stimulated emission depletion microscopy,!!! photo-activated
localization microscopy,?! stochastic optical reconstruction
microscopy, ! structured illumination microscopy,*! scatter-
ing lens microscopy, ! far-field superlens,®! the hyperlens,!!
and microsphere-assisted microscopy. 8! Many techniques rely
upon the contrast by fluorescent stains attached to the object of
interest. This causes limitations due to the impact of the label
on the object and its environment, as well as its applicability
in vivo.

The microsphere-assisted microscopy is an emerging
label-free technique for achieving super-resolution at very low
intensities, which is useful for bio-imaging. In this technique,
a microsphere is placed on an object in front of the objec-
tive. A magnified virtual image with the participation of the
object’s optical near-fields is formed by the microsphere, and
the microscope is used to observe the virtual image through
the microsphere.”! Super-resolution imaging has been exper-
imentally realized in high-contrast samples,®~'°! and a reso-
lution ~A /6-2 /7 has been demonstrated for label-free imag-
ing nanoplasmonic structures.!'*l Label-free super-resolution
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imaging of low-contrast objects remains difficult.?”) Biolog-
ical tissues are low-contrast objects.m] On the other hand,
Wang et al. found that the magnification was ~2x while
imaging blu-ray disks, and the magnification was ~8x (with
a resolution around 50 nm) while imaging Au coated porous
alumina structures.”! Li et al. successfully imaged unla-
beled 75-nm virus placed on a glass slide coated with a 5-nm-
thick gold film.[??] Recently, our group reported the label-free
super-resolution imaging of dielectric nanoparticle arrays by
assembling the arrays on a glass slide deposited with a 50-
nm-thick Ag film.[>3! It is proposed that the excitation of sur-
face plasmon polaritons (SPPs) on the sample surface or at
the substrate/sample interface plays an important role in the
enhanced resolution.?*>3! These studies demonstrated that by
depositing a metallic layer on the surface of a low-contrast
sample!??! or placing the sample on a plasmonic or a metal-
lic layer coated substrate,[*67) the resolution and contrast in
microsphere-assisted microscopy imaging of low-contrast ob-
jects can be improved. However, the differences in imaging by
depositing a metallic on the sample surface or using a metal-
lic layer coated substrate to hold the sample have not been
studied. In this paper, we use hexagonally close-packed (hcp)
unlabeled polystyrene (PS) nanoparticle arrays with nanopar-
ticle diameters of 300 and 250 nm as low-contrast samples,
and study the differences in imaging the sample prepared by
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the above methods. We find that when we deposit a 30-nm-
thick Ag film on the surface of a PS nanoparticle sample, and
an array of PS nanoparticles with a diameter of 250 nm can
be resolved. If we assemble a PS nanoparticle sample on a
glass slide deposited with a 30-nm-thick Ag film, and only an
array of 300-nm-diameter PS nanoparticles can be discerned.
The 300-nm-diameter or 250-nm-diameter nanoparticle sam-
ple placed directly on a glass slide cannot be resolved.

2. Experimental methods

Unlabeled hcp PS nanoparticle (n = 1.6) arrays with
diameters of 300 and 250 nm are used in the experiments.
Figure 1(a) is the schematic of the methods used to prepare
samples. Method M1 is to place a sample on a glass slide and
then deposit a 30-nm-thick Ag film on the surface of the sam-
ple. Method M2 is to place a sample on a glass slide coated
with a 30-nm-thick Ag film. Method M3 is to place a sam-
ple directly on a glass slide. The thickness of the deposited
Ag film is 30 nm because the reflectance of a 30-nm-thick
Ag film is already ~90% in the visible wavelength region.
After the sample was prepared, we dropped BaTiOs glass
(BTG) microspheres (Cospheric, n = 1.95) with a diameter of

(a) <4 30-nm-thick Ag
< PS nanopariticles

glass slide

MPS B
<4 30-nm-thick Ag

glass slide

”“ <4~ PS nanopariticles

glass slide
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objective
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<«—— PDMS
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Fig. 1. (a) Schematic of methods M1-M3. (b) Schematic of the ex-
perimental setup. (c) SEM image of an array of 250-nm-diameter PS
nanoparticles.

about 30 pm on the surface of the sample, and fully immersed
the BTG microspheres in polydimethylsiloxane (PDMS), a
method first proposed by Darafsheh et al.!!>?8] The size of the
BTG microspheres will affect the imaging properties,'>°! such
as the imaging contrast, magnification, and field of view. By
balancing the above factors, we usually use BTG microspheres
with a diameter around 15-30 um in our experiments.!'6]
Finally, the sample was placed under a microscope (Leica
DM?2500M) in the reflection mode, and the virtual image of
the sample magnified by the BTG microsphere was observed
by an objective lens (100x, NA=0.9). Figure 1(b) illustrates
the schematic of the experimental setup. Figure 1(c) is the
Scanning Electron Microscope (SEM, JEOL JSM-5610LV)
image of an array of PS nanoparticles. It shows that the PS
nanoparticles are hcp. An Oceanoptics-USB4000 spectrome-
ter was used to measure the reflectance spectra of the samples.

3. Results and discussion

We first use the microsphere-assisted microscopy to im-
age periodic PS nanoparticle arrays with a nanoparticle di-
ameter of 300 nm. While observing an object, the image of
the object can be observed over a range of focused image
plane. Figures 2(al)-2(a4) are images of a PS nanoparticle
array treated by method M1 at different focus image planes.
The z value in the lower left corner indicates the distance from
the image plane to the initial image plane (the imaging depth).
Figure 2(a) shows that the PS nanoparticle array can be re-
solved. The imaging depth is about 8 um, and the magnifica-
tion of the image in the entire imaging depth is around 2.73—
2.93x. In addition, we also observe the Talbot effect of the
periodic PS nanoparticle array. The nanoparticles are bright in
Fig. 2(a2), they are dark in Fig. 2(a3), and they are bright again
in Fig. 2(a4). The images of an array of 300-nm-diameter PS
nanoparticles prepared by method M2 at different focus image
planes are shown in Figs. 2(b1)-2(b3). Figure 2(b) reveals that
the PS microsphere array can also be discerned. The image
magnification in the entire imaging depth is 2.57-2.78 x, and
the imaging depth is around 5 um. Figure 2(c) plots the light
intensity profile along straight lines drawn through the centers
of two adjacent PS nanoparticles in Figs. 2(a) and 2(b), and the
measured full width at half maximum (FWHM) of an imaged
PS nanoparticle is about 128 and 148 nm, respectively.

We also use PS nanoparticle arrays with a nanoparticle di-
ameter of 250 nm as samples. Figures 3(a) and 3(b) are images
of an array of 250-nm-diameter PS nanoparticles prepared by
methods M1 and M2, respectively, at different focus image
planes. The PS nanoparticle array prepared by method M1 can
be observed (Fig. 3(a)). The magnification in the entire imag-
ing depth is 2.9-3.2x, and the imaging depth is about 9 pm.
The PS nanoparticle arrays in Fig. 3(b) can barely be seen.
Figure 3(c) is the light intensity profiles along straight lines
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drawn through the centers of two adjacent PS nanoparticles in
Figs. 3(a) and 3(b). The FWHM of an imaged PS nanopar-
ticle in a nanoparticle array prepared by method M1 is about
117 nm. As the PS nanoparticle array prepared by method M2
cannot be resolved, the FWHM of the PS nanoparticle cannot
be obtained.
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Fig. 2. Images of an array of 300-nm-diameter PS nanoparticles prepared by
different methods at different image positions. (a) Method M1. (b) Method
M2. (c) Intensity profiles along straight lines drawn through the centers of
two adjacent PS nanoparticles in the center of (a) (red solid line) and (b)
(black dashed line). The scale bars are all 5 pm.
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Fig. 3. Images of an array of 250-nm-diameter PS nanoparticles prepared by
different methods at different image positions. (a) Method M1. (b) Method
M2. (c) Intensity profiles along straight lines drawn through the centers of
two adjacent PS nanoparticles in the center of (a) (red solid line) and (b)
(black dashed line). The scale bars are all 5 pm.

We also use the label-free microsphere-assisted mi-
croscopy technique to image arrays of PS nanoparticles with
a diameter of 300 nm directly placed on a glass slide (method
M3), and find that these samples cannot be distinguished. For
comparison, we also use a classical microscope without the
aid of BTG microspheres to observed PS nanoparticle arrays
with a diameter of 300 nm prepared by methods M1-M3, and
find that the arrays cannot be resolved.

The experimental results of Figs. 2 and 3 show that com-
pared with standard microscopy, imaging low-contrast objects
with label-free microsphere-assisted microscopy can enhance
the resolution. In microsphere-assisted microscopy imaging,
if an hcp PS nanoparticle array is prepared by methods M1
and M2, the resolution in imaging the array can be enhanced.
Moreover, imaging a nanoparticle array prepared by method
M1 has a higher resolution and a longer imaging depth than
imaging a nanoparticle array prepared by method M2.

To understand the differences in imaging nanoparticle ar-
rays prepared by different methods, we measured reflectance
spectra of PS nanoparticle arrays by a spectrometer (Ocean
Optics, USB4000) in the 380-700 nm wavelength range at an
incident angle of 7°. Figures 4(a) and 4(b) are the reflectance
spectra of a PS nanoparticle array with a nanoparticle diam-
eter of 300 and 250 nm, respectively, prepared by methods
M1 (solid lines) and M2 (dashed lines). Figure 4(a) shows
that for the 300-nm-diameter sample prepared by method M1,
two dips A, = 401 nm and A. = 505 nm appear in the re-
flectance curve. Using method M2, there is only one dip
(A;a = 424 nm) in the reflectance curve. The position of the
dips of the 250 nm sample appears with a blue shift compared
to the 300 nm sample. The two dips in the reflectance curve
of the sample prepared by method M1 appear at A, = 405 nm
and A¢ = 467 nm, respectively. In method M2, there is only

one dip (A¢ = 399 nm) in the reflectance spectrum.
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Fig. 4. Reflectance spectra of an array of PS nanoparticles with different

nanoparticle diameters prepared by methods M1 and M2: (a) 300-nm
diameter, (b) 250-nm diameter.
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When the surface of a PS nanoparticle array is coated with
a 30-nm-thick silver film (method M1), SPPs are excited at the
Ag/dielectric interface.3%) The dip at the shorter wavelength
(401 nm, 399 nm) is mainly caused by the excitation of SPPs
at the Ag/air interface, and the dip at the longer wavelength
(505 nm, 467 nm) is mainly caused by the excitation of SPPs
at the Ag/PS nanoparticle interface. Method M2 is to place the
PS nanoparticle array on a glass substrate coated with a silver
film. SPP, waveguide and hybrid modes are excited,!*!! and
the dip in the visible range (424 nm, 405 nm) is caused by the
SPP excitation at the Ag/PS nanoparticle interface. The hy-
brid and the waveguide modes are not in the visible range. It
is reported that the minimum period p resolvable in a periodic
structure with the plasmon coupled leakage radiation imaging
is p > A/(NA + nefr) (kspp = konetr, kspp is the wavevector of
SPPs, ky is the freespace wavevector, and ng is the effective

132] which is well

refractive index of the propagating mode),
below the classical optical diffraction limit. Therefore, the res-
olution in imaging samples prepared by methods M1 and M2
is higher than that in imaging samples prepared by method M3
because of the excitation of SPPs in the samples prepared by
methods M1 and M2. Moreover, these locally enhanced plas-
monic near fields interact with the object, which will increase
the imaging resolution.!?>?’l The enhanced field in samples
prepared by method M1 is stronger than that prepared by
method M2.13031331" A stronger locally enhanced plasmonic
near field will promotes more fine structure information of
the sample to be coupled into BTG microspheres, thereby fur-
ther improving the imaging resolution and the imaging depth.
Consequently, an array of 250-nm diameter silver-coated PS
nanoparticles (method M1) can be discerned, while only an
array of 300-nm-diameter PS nanoparticles placed on a silver-
coated substrate can be observed (method M2).

The imaging of an array of 300-nm-diameter PS nanopar-
ticles prepared by method M2 is also carried out by adding
different filters after the halogen lamp. Figures 5(a) and 5(b)
are the images of the nanoparticle array observed by adding
the blue filter and the green filter, respectively, and Fig. 5(c)
plots the transmittance spectra of the filters. Figure 5 shows
that the image of the nanoparticle array adding the blue filter
has a better contrast. As the excited mode of the array is also
in the blue spectrum region, the enhanced near fields will pass
through the blue filter and illuminate an object with evanes-
cent waves, which will increase the contrast and resolution.
It should be noted that coherent imaging from a nanoparticle
array may also affect the observed images,**! and the related

work is in progress in our group.

—— blue filter
80} — —green filter

60

40

20 |

Transmittance (%)

400 5(I]0 6(I)O 7(I)0
Wavelength (nm)

Fig. 5. Optical images of an array of 300-nm-diameter PS nanoparticles pre-
pared by method M2 observed by adding different filters after the halogen
lamp: (a) blue filter, (b) green filter. (c) Transmittance spectra of the blue
filter (black solid line) and the green filter (black dashed line).

4. Conclusion

In conclusion, to image a nanoparticle array sample
with microsphere-assisted microscopy, the resolution can be
improved by depositing an Ag film on the sample surface
(method M1) or assembling the sample on an Ag film coated
substrate (method M2). Although method M2 has the advan-
tage in real-time, damage-free imaging of biological samples,
the resolution in imaging a nanoparticle array prepared by
method M1 is higher than that of a nanoparticle array prepared
by method M2. Method M2 should be further improved and
optimized.
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