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Optical Super-Resolution Imaging Based on Frequency Shift
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* State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering,
Zhejiang University, Hangzhow, Zhejiang 310027, China;
* Ningbo Research Institute, Zhejiang University, Ningbo, Zhejiang 315100, China

Abstract Optical microscopy is non-invasive, sample-friendly, and fast, rendering itself the major approach
for human beings to explore the microcosmic world. However, the diffraction limit has hindered the resolution of all
optical imaging systems to approximately half the wavelength of visible light for over a century, until it was
fundamentally broken by the development of super-resolution optical fluorescence microscopy. This technology
bridges the gap between the electron microscopes (1 nm) and the ordinary optical microscopes (200 nm to 250 nm),
but it is essentially useless for most samples, especially those non-fluorescent-labeled. In recent years, inspired by
the synthetic aperture imaging, we have developed the optical super-resolution imaging based on frequency shift,
providing a new approach to optical super-resolution imaging. As the technique is not limited by the nonlinear effects
of fluorescence, it is applicable for both non-fluorescent-labeled and fluorescent-labeled samples. Besides, due to
such advantages as fast imaging, high sample universality, and low phototoxicity, the technique shows good
prospects in multiple fields, including materials science, biology, and medicine. In this paper, we deliver a detailed
overview on both the principles and methods of optical super-resolution imaging based on frequency shift, as well as
our prospects to the future development direction of this technique.
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Fig. 4 Imaging principle of SIM. (a) Moire fringe effect of illuminating the sample with the sinusoidal structured pattern;

(b) expansion of passband in one direction; (c¢) expansion of passband in two-dimensional orientation
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Fig. 9 Schematic of parallel detection system™™

. (a) Scheme comparison between confocal (top) and parallel detection

(bottom) detection paths; (b) position distribution of each detector in parallel detection module; (c) representative

images obtained by parallel detection system
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Fig. 10 Schematic of VIKMOM and its decoding procedure for super-resolution image recovery"

[52]

(a) Principle of imaging system; (b) decoding procedure for super-resolution image recovery
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Fig. 11 Scheme of microfibre based super-resolution imaging system

B3 (a) 3D structure of experimental system; (b)

relative positions of microfibre, sample, and focal plane of objective lens; (c)—(e) far-field imaging obtained when

the microscope objective lens is focused on different positions
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Fig. 12 Schematic of evanescent wave induced frequency

shift for super-resolution microscopy™"
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Fig. 13 Principle of NWRIMP® . (a) Schematic illustration of NWRIM; (b) super-resolution imaging

results of various two-dimensional sub-diffractive structures using NWRIM
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Table 1

# b R AFUE 73 B AR TR B4

Summary of all frequency-shift based super-resolution imaging techniques

Classification

Name

Technical feature

1) Earliest emerging methods

2) Coherent imaging is an essential

Synthetic aperture SAML#Y ) .
}T ! ) 3) Resolution enhancement is limited by
microscopy FPM""] .
the numerical aperture of the system
4) Work in wide-field illumination mode
1) Most classic methods
2) Compatible with fluoresce microscopy
3) Work in both wide-field and confocal
SIM 27 %] modes
L 4 ) Unless the nonlinear effects of
Structured illumination SPIN™ . . . .
- . ) o A(350 361 fluorescence is applied, the resolution is
Transmitted frequency-shift super- SSIM-»+° . )
) T ) . still limited by the systematic NA
modality resolution imaging NL-SIM=" # _ . .
. 5) If the nonlinear effects of fluorescence is
technique NFOMM™ 4 . .
- applicable, the theoretical resolution can be
VSM/VTM unlimited, but in practice, the resolution
improvement is confined by a series of
factors, especially by the fluorescence
bleaching
SPADE"™" 1) Work in confocal mode, but most of
L . Airyscan™ them apply detector array to improve the
super-resolution imaging (4]
. ISM-- performance
technique based on [ad] o . .
. OPRA™ 2) Befitting from the virtual frequency shift
frequency shift on detector a . . o
VSDH during the data processing, the flexibility
VIKMOM"* improves
1) Work in wide-field mode
2) The resolution is determined by the K
Nano-fiber induced  vector of evanescent wave, instead of the
Frequency shift super- evanescent field™ systematic NA. In principle, the achievable
resolution imaging Total internal reflection resolution can be infinite
technique based on direct induced evanescent field™" 3) To  maximize the  resolution
evanescent wave Nano-wire induced enhancement, the evanescent wave with
illumination evanescent field™®"’ larger K vectors is an essence. To
NWRIM™® compensate the frequency loss, multiple
frequency shift and retrieval steps with
Evanescent . .
. different step sizes are needed
modality

SPP frequency-shift
super-resolution

imaging technique

pSIM[ss 63]
LP-SIM"* %]

1) Work in wide-field mode

2) Resolution is determined by the K vector
of SPP, instead of the systematic NA

3) Due to the refractive index of the available
challenging to

substrate material, it is

compensate the frequency loss
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