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Advances in Axial Resolution Strategies for
Super-Resolution Imaging Systems

Qiwen Tan, Hongjun Wu, Yongtao Liu,* Qian Chen,* and Chao Zuo*

3D fluorescence super-resolution imaging technology can reconstruct the 3D
structure of biological cells in space, which is crucial for observing the
intricate internal structures of cells and studying the organization and
function of tissues and organs. However, even with super-resolution imaging
techniques that surpass the diffraction limit, the axial resolution typically only
reaches one-third to one-half of the lateral resolution. Achieving true axial or
3D super-resolution imaging of samples remains a significant challenge. In
light of this, this review summarizes the research progress in axial
super-resolution imaging techniques, with a focus on the principles,
developments, and characteristics of these techniques, and provides an
outlook on their future development directions. This paper aims to provide

where 1 is the wavelength of light and
NA is the numerical aperture of the
microscope objective. Due to the ex-
istence of this diffraction limit, tradi-
tional optical microscopes are cannot
to surpass the resolution restriction im-
posed by diffraction, preventing higher-
resolution imaging of fine structures and
cellular organelles.[! In response, scien-
tists have made numerous efforts, em-
ploying a range of physical or chem-
ical methods to overcome this diffrac-
tion limit, leading to the emergence

valuable reference material for researchers in the field.

1. Introduction

As early as 1873, the German scientist Abbel!l proposed the Abbe
optical diffraction limit theory, which states that the resolution
of optical microscopes cannot be infinitely improved but instead
has a theoretical upper limit, known as the Abbe diffraction limit.
The reason for this resolution limit can be understood as the spa-
tial spectrum on the frequency plane (the back focal plane of the
objective) being restricted to a finite range due to the inherently
limited aperture of the optical system. The highest spatial fre-
quency that can pass through this finite range is referred to as
the cutoff frequency of the optical system, and its reciprocal cor-
responds to the system’s limit resolution. This lateral and axial
resolution can be expressed as:

dy= 5o, d =0 (1)
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of super-resolution imaging techniques,

which have become a new frontier in

the development of optical microscopy.!*!
Among these, fluorescence-based super-resolution imaging tech-
nologies, which rely on chemical methods, have experienced
rapid advancement due to their excellent practical applications.
In 2014, the Nobel Prize in Chemistry was awarded to three
scientists—Eric Betzig, Stefan Hell, and William Moerner—for
their significant contributions to the field of fluorescence super-
resolution imaging: Betzig for the invention of single-molecule
localization microscopy (SMLM), Hell for stimulated emission
depletion microscopy (STED), and Moerner for the discovery
of the fluorescence protein photoactivation effect.*! This recog-
nition marked the entry of fluorescence microscopy into the
“nanometer era”. Among these, single-molecule localization-
based methods differ from traditional fluorescence super-
resolution techniques in that they do not directly improve the
optical resolution in the conventional sense. Instead, they recon-
struct super-resolution images of the sample based on highly pre-
cise single-molecule localization. The effective spatial resolution
achieved is typically characterized by the localization precision,
which refers to the distribution of measured fluorescence emit-
ter positions around their mean value when measured multiple
times. For 2D Gaussian fitting, the localization precision can be
simply expressed as:l°]

OpsF
VN

where o, is the standard deviation corresponding to the PSF
distribution and N is the total number of photons collected. It
can be seen that the more the number of collected photons, the
higher the precision of localization.

With the passage of time, super-resolution imaging technology
has undergone continuous innovation and improvement. Several
super-resolution far-field microscopy techniques have achieved
a lateral imaging resolution of ~20-50 nm;/® In contrast to
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Figure 1. Summary frame diagram of axial super resolution imaging technology.’*! Reproduced (Adapted) with permission.[’*"] Copyright 2008,
Publisher Elsevier. Reproduced (Adapted) with permission.I’3<] Copyright 2008, Elsevier. Reproduced (Adapted) with permission.["*] Copyright 2023,
Authors. Reproduced (Adapted) with permission.l’3d] Copyright 2014, Springer Nature. Reproduced (Adapted) with permission.!"3il Copyright 2009,
National Academy of Sciences. Reproduced (Adapted) with permission.['*] Copyright 2020, American Physical Society. Reproduced (Adapted) with
permission.!138] Copyright 2018, Springer Nature. Reproduced (Adapted) with permission.['*3] Copyright 2021, Springer Nature. Reproduced (Adapted)
with permission.['>¢] Copyright 2021, Springer Nature. Reproduced (Adapted) with permission.I"*l Copyright 2021, Springer Nature. Reproduced

(Adapted) with permission.[1] Copyright 2019, Springer Nature.

lateral super-resolution imaging techniques, research on break-
ing the diffraction limit of axial resolution has been relatively
limited. However, improving axial resolution is of significant im-
portance for applications such as studying the 3D organization
of samples, enhancing the accuracy of single-molecule localiza-
tion and tracking, and observing details of thick samples and
deep tissues. Traditional 3D fluorescence imaging typically em-
ploys confocal microscopy or multiphoton microscopy. Confo-
cal laser scanning microscopy reduces the effects of defocus us-
ing a pair of confocal pinholes, providing good optical section-
ing and 3D imaging capabilities.l”] Multiphoton laser scanning
microscopy, based on the multi-photon absorption theory, gen-
erates multi-photon excitation in a small region near the focal
point, offering inherent 3D imaging capabilities.[®] However, nei-
ther of these techniques results in significant improvements in
axial resolution.[*®°! Furthermore, with the development of sam-
ple clearing techniques,!'! light-sheet fluorescence microscopy
(LSFM) has achieved excellent 3D imaging capabilities, and it has
fast imaging speeds, making it more suitable for observing dy-
namic samples. However, the spatial resolution of this technique
is typically at the micrometer scale, and the axial resolution is
generally lower than the lateral resolution.['!) In summary, due to
limitations such as diffraction of light, axial undersampling, and

Small Methods 2025, 2401926

2401926 (2 of 21)

optical aberrations, even in super-resolution imaging techniques
that surpass the diffraction limit, the axial resolution in current
3D fluorescence imaging technologies is typically only 1/3 to 1/2
of the lateral resolution, making isotropic resolution difficult to
achieve.l12]

This paper provides a comprehensive review of the research
progress in axial super-resolution imaging technologies. Based
on the principles of different techniques, the methods are cate-
gorized into four types: Localized Excitation, Optical Frequency
Shift, Point Spread Function (PSF) Engineering and Encoding
Axial Information into Alternative Dimensions (Figure 1). The
principles of various axial super-resolution techniques are dis-
cussed in detail, and the resolution, imaging speed, imaging
depth, system complexity, and other characteristics of different
techniques are compared and analyzed. Finally, we conclude the
paper and provide references for the further development and
wide application of these technologies.

2. Axial Resolution Enhancement Based on
Localized Excitation

This chapter primarily introduces three methods for enhancing
axial resolution through restricted imaging volumes, including

© 2025 Wiley-VCH GmbH
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4Pi super-resolution microscopy based on opposing objective
lens illumination interference, total internal reflection fluo-
rescence microscopy and supercritical angle fluorescence mi-
croscopy based on evanescent waves. It reviews various axial
super-resolution imaging techniques based on this principle,
with a focus on the latest technological advancements in this
field.

2.1. 4Pi Super-Resolution Microscopy

According to the Rayleigh criterion, the size of the PSF can be
reduced by increasing the receiving angle of the objective lens
to improve the resolution of the system.['*] In 1992, Hell et al.[**]
designed and experimentally validated a 4Pi super-resolution mi-
croscope based on two opposing objective lenses. Each objective
lens covers only a half-aperture angle of #65°, and the use of two
objective lenses can almost completely cover the entire 4z solid
angle, allowing for the generation of a nearly complete spherical
wavefront, and the shape of the system PSF is basically main-
tained as a sphere, enabling 3D isotropic resolution.['*1] 4Pi mi-
croscopy can be divided into A-type, B-type and C-type 4Pi archi-
tectures by different ways of interference PSF formation.['”] The
PSF of the A-type 4Pi architecture is generated by focusing two
beams of backward-propagating coherent excitation light on the
confocal plane through two opposite objective lenses. The B-type
4Pi architecture interferes on the detector by collecting the fluo-
rescence signal in the opposite direction of the objective lens. The
A-type and B-type 4Pi architectures can increase the axial resolu-
tion by three to four times. The C-type 4Pi architecture simul-
taneously makes the excitation light and the fluorescence coher-
ent, which can improve the axial resolution by about seven times
(Figure 2a).

By combining it with other super-resolution microscopy tech-
niques, 4Pi microscopy can significantly enhance the axial res-
olution of certain super-resolution systems. In 2008, Schmidt
et al.l"! proposed isoSTED, which was combined with STED to
obtain an isotropic 3D resolution super-resolution microscope
with 3D localization precision reaching ~40-50 nm. In 2009, Sht-
engel et al.?% proposed interferometric light-activated localiza-
tion microscopy (iPALM), which combines PALM with 4Pi mi-
croscopy. iPALM uses three channels with a phase difference of
/3 for axial localization and achieves 3D localization with a pre-
cision of up to 20 nm through centroid fitting for lateral local-
ization. However, it suffers from the limitation of shallow imag-
ing depth. In 2011, Hell’s group?!! experimentally realized the
combination of 4Pi microscopy with SMLM, that is, the 4Pi-SMS
technique. 4Pi-SMS utilizes achromatic quarter-wave slices and
a modified Babinet-Soleil compensator to achieve time-separated
fluorescent wave packets that are imaged in the different quad-
rants of a single EMCCD. This greatly improves localization ac-
curacy (Figure 2b). Compared to iPALM, 4Pi-SMS has a deeper
imaging depth of up to 1000 nm, and it has a 3D localization pre-
cision of 10 nm or even less in layers up to 650 nm thick. The 4Pi-
SMS combines multi-color recording, nanoscale resolution, and
extended axial depth, greatly advancing non-invasive 3D imag-
ing of cells and other transparent materials. In 2016, in order to
solve the problem of rapid deterioration of resolution on thick
samples by microscopy techniques such as 4Pi-SMS and to fur-
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ther extend the imaging depth, Huang et al.[??] introduce a whole-
cell 4Pi single-molecule switching nanoscopy (W-4PiSMSN); W-
4PiSMSN optimizes PSF quality in thick samples by introduc-
ing deformable mirrors and improves axial localization accuracy
by combining the interferometric phase and centrifugal rate of
PSFs. The technique achieves a 3D localization precision of 10—
20 nm over the full thickness of mammalian cells, and its imag-
ing depth can reach about 10 pm.

Notably, in 2022, Bates et al.'®! reported a 4Pi-STORM mi-
croscopy, which combines 4Pi microscopy with STORM super-
resolution microscopy to improve axial localization precision
(~2-3 nm) and maintains high-precision near-isotropic 3D reso-
lution over larger imaging depths by modeling a dynamic spline
PSF for the 4Pi PSF. The microscopy optical path diagram is
shown in Figure 2¢, in which the interferometric phase of a
single molecule can be determined by acquiring the intensity
of the same fluorescent molecule in the four channels. In or-
der to overcome the interference modulation phase shift with
time caused by disturbance in optical cavity (Figure 2d), they
implemented a method for measuring PSF phase by numerical
moving experiment (Figure 2e), measured the time-dependent
phase of detecting PSF from positioning data (Figure 2f) and ob-
tained the complete time evolution process of PSF phase dur-
ing acquisition (Figure 2g). This model is the dynamic spline
PSF model. Compared to the previous method, this method over-
comes the problem that the image quality deteriorates with in-
creasing depth and achieves higher positioning accuracy and
lower artifact rate. However, while the 4Pi-based super-resolution
microscopy method has achieved extremely high 3D localization
accuracy over a large area, its complex optical setup and the need
for extensive maintenance make it difficult to be implemented as
a commercial product for broader biological applications.

2.2. Total Internal Reflection Fluorescence Microscopy

When light undergoes total internal reflection at an interface
with an incidence angle greater than the critical angle, no re-
fracted light is generated (Figure 3a). However, the evanescent
wave emitted by fluorescent molecules can propagate through
the interface, with its intensity exponentially decaying as the dis-
tance increases. This allows for the excitation of fluorescentlabels
in the surface-near region (50-200 nm), eliminating background
signals from deeper layers and enabling high-sensitivity, high-
contrast fluorescence imaging of ultra-thin surface layers.
Using the evanescent illumination field of total internal re-
flection to obtain sub-diffraction axial information in optical mi-
croscopy dates back to the 1950s.2) In the late 1970s, Lanni
et al.1*®24 first obtained axial position from the photometric
readings of 3T3 fibroblasts irradiated by total internal reflection
fluorescence at two different incident angles, and theoretically
calibrated it based on the Lukosz model. In the early 1980s,
Axelrod®! introduced total internal reflection fluorescence mi-
croscopy (TIRFM) and demonstrated various applications, in-
cluding obtaining sub-diffraction axial resolution by analyzing
the variation of TIRF intensity with incident angle. It was not
until the end of the 20th century that TIRF became widely
used, following advancements in laser technology, objective lens,
and ultra-sensitive detectors.[?) In 2021, Szalai and Siarry!?’]
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Figure 2. a) Sketch of the optical path of the C-type 4Pi architecture. b) Sketch of the optical path of the 4Pi-SMS. c) Schematic of the 4Pi-STORM optical
path.["®] d) Shift of the center profile of the 4Pi PSF with respect to the focal plane modulation phase.['®] e) Graphical representation of the phase shift
transformation.!'8] f) Measurement of the PSF phase. g) Evolution of the PSF phase over time.l"8] Reproduced (Adapted) with permission.['8 Copyright

2022, Authors.

proposed a photometric method (SIMPLER) for decoding the ax-
ial position of a single molecule using 3D total internal reflection
fluorescence nanoscopy. This method combines DNA-PAINT!?8!
and dSTORM to achieve axial localization precision of less than
10 and 20 nm in the axial range of 250 nm, respectively.
SIMPLER decodes the axial position of a single molecule based
on three phenomena: the axial dependence of the excitation in-
tensity, the axial dependence of the fluorescence angular emis-
sion, and the axially independent transverse PSF of the single
molecule signal on the image plane (Figure 3c). By combining
these three phenomena, the relationship between the fluores-
cence signal and the axial position is derived, which forms the
core of SIMPLER axial localization. In the context of SMLM,
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the fluorescence signal can be represented as the number of the
number of photons, N, detected during the camera frame acqui-
sition time and normalized by the number of photons N, at z =
0. The expression for the experimentally estimated axial position
obtained in this way is:

2=dy xIn(ap/(N/Ny—(1-a;))) (3)

where 1-a is the scattering contribution fraction, and d; is
the penetration depth. From this, it can be concluded that
SIMPLER can directly decode axial information from 2D
SMLM data, making it fully compatible with any 2D SMLM
system. It does not require any hardware modifications to

© 2025 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of the principle of TIRFM. b) Schematic diagram of the principle of SAFM. c) SIMPLER decodes the axial position of a
single molecule based on three phenomena.[?”] Reproduced (Adapted) with permission.[?”] Copyright 2022, Springer Nature. d) Schematic diagram of
3D-SAFM optical path.[?° Reproduced (Adapted) with permission.[?’] Copyright 2008, American Physical Society. e) Schematic of DAISY 's experimental
setup and data analysis.[3%] Reproduced (Adapted) with permission.3%] Copyright 2019, Springer Nature.

wide-field single-molecule fluorescence microscopes, demon-
strating strong robustness, and can achieve nanometer-level res-
olution without the need for drift correction.

2.3. Supercritical Angle Fluorescence Microscopy

Supercritical Angle Fluorescence Microscopy (SAFM) is also a
fluorescence microscopy technique based on total internal re-
flection, which represents an innovation on traditional TIRFM.
This method overcomes the limitations of high-angle illumi-
nation and the difficulty of forming sub-micron focal spots in
TIRFM, providing a new approach for studying surface-bound
reactions. Supercritical Angle Fluorescence (SAF) refers to flu-
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orescence transmitted at the interface at an angle greater than
the critical angle. In contrast, Ultra-Angular Fluorescence (UAF)
refers to fluorescence transmitted at the interface at an angle less
than the critical angle (Figure 3b).3!]

In 2004, Ruckstuhl and Verdes!*?! first proposed SAFM. The
special feature of SAFM is the separation and collection of two
different fluorescence emission modes. One of the light paths
covers the fluorescence entering the glass at a low surface angle,
and the other captures the fluorescence at a high angle: beyond
the critical angle of the water/glass interface. Due to the collec-
tion of SAF, the volume of confocal detection is strictly limited to
the interface, while UAF collects deeper information from aque-
ous solution. Therefore, the system can simultaneously transmit
the information of the surface binding and non-binding parts

© 2025 Wiley-VCH GmbH
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of the fluorescent analyte.[**] Based on this, in 2010, they!?*! in-
vented the 3D Supercritical Angle Fluorescence Microscope (3D-
SAFM), which improved the axial resolution to the nanometer
scale and enhanced the 3D imaging capability. Unlike previous
methods, the axial position in this approach is determined by
measuring the ratio of SAF to UAF, which extends the axial lo-
calization range (Figure 3d). 3D-SAFM can achieve axial localiza-
tion accuracy of up to 15 nm and can be combined with super-
resolution techniques such as STED, offering a certain degree of
versatility. In 2014, Deschamps et al.**"] established a robust and
simple single-molecule localization microscopic supercritical an-
gle fluorescence detection method. This method obtains the ra-
tio of epifluorescence (EPI) and UAF through two imaging chan-
nels to obtain the absolute axial position information of a single
molecule, which is called virtual supercritical angle fluorescence
microscope (VSAF). This method overcomes the diffraction ef-
fects caused by mask edges in SAFM, achieving single-molecule
3D super-resolution localization while maintaining lateral reso-
lution. By further utilizing high numerical aperture objectives to
directly detect SAF, combining adaptive optics to reduce spheri-
cal aberrations, and employing a new PSF fitting model, this ap-
proach can achieve nearly isotropic 3D resolution. Then, a similar
approach to vSAF proposed by Bourg et al.?* in 2015: the Direct
Optical Nanoscopy with Axial Localized Detection (DONALD),
what sets this method apart is its use of TIRF excitation com-
bined with direct stochastic optical reconstruction microscopy
(dSTORM), which experimentally achieved an isotropic 3D local-
ization precision of up to 20 nm within a 150 nm axial range.
However, techniques based on TIRF generally provide good op-
tical sectioning capabilities only very close to the sample surface.
To extend the imaging depth while maintaining high localization
precision, in 2019, Cabriel et al.3°! proposed Dual-view Astig-
matic Imaging with SAF Yield (DAISY) by combining DONALD
with astigmatism. DAISY provides 3D super-resolution imaging
through dual-channel detection, with axial detection separated
from lateral detection and independent of each other. DAISY
provides 3D super-resolution imaging through dual-channel de-
tection, with axial and transverse detection separated and opti-
mized independently (Figure 3e). DAISY utilizes both SAF and
astigmatic for axial localization, and EPI and UAF for trans-
verse localization, resulting in stable 3D localization precision
better than 20 nm over 600 nm, and its localization depth has
been extended to the micrometer level. Correspondingly, DON-
ALD and DAISY, by combining both TIRFM and SAFM, can
achieve better performance, but at the cost of increased system
complexity.

3. Axial Resolution Enhancement Based on Optical
Frequency Shifting

Optical frequency-shift super-resolution imaging technology
is based on the principle of synthetic aperture. By transfer-
ring the high-frequency information of the observation tar-
get which cannot be obtained by traditional optical micro-
scopes to the low-frequency passband range, and then apply-
ing a series of subsequent spectrum demodulation methods,
this technique enables the acquisition of a wider frequency
band of the observation target spectral information to achieve
super-resolution imaging. Compared to other techniques, optical
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frequency-shift super-resolution imaging technology combines
the super-resolution imaging capabilities of non- fluorescent-
labeled samples and fluorescent labeled samples, and offering
advantages such as fast imaging speed, high sample universal-
ity, and low phototoxicity.**] This section focuses on various opti-
cal frequency-shifted axial super-resolution imaging techniques
based on structured light illumination.

The optical transfer function (OTF) describes to what extent
and with what phase shift the spatial frequency k of an object is
transferred to the observed image, and thus it determines the spa-
tial frequency that can be observed by the microscope. As shown
in Figure 4a, the optical transfer function of the traditional mi-
croscope is an annular region, and its depression near the k, axis
region is the cause of the inconsistency between the lateral and
axial resolutions.3%]

In 2000, Gustafsson et al.?”] from the Howard Hughes Medical
Institute confirmed the feasibility of structured illumination mi-
croscopy (SIM) for the first time, and its lateral resolution reach-
ing ~120-150 nm. The sinusoidal illumination mode of SIM is
formed by the interference of two beams of light and contains
only three Fourier components in the frequency domain; there-
fore, its OTF is represented by the superposition of three shift
copies of the traditional optical microscope OTF (Figure 4b); the
lateral resolution of the region has been significantly improved,
but its depression still exists, and the axial resolution has not
been significantly improved, which makes it difficult to achieve
3D reconstruction.*®]

In 2008, Gustafsson!"*"l proposed 3D-SIM technology and
published experimental proof, its lateral and axial resolution can
reach twice the resolution of traditional optical microscopy. The
3D-SIM uses an improved illumination structure, and the fluo-
rescent sample is illuminated by three coherent excitation lights
(Figure 4c). The total intensity distribution can be regarded as
the coherent superposition of plane waves with different wave

vectors:
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=& <z EJT“eﬁ/") . (Z qu”‘a‘f>
J q
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Among them, the difference between any two plane wave
propagation vectors constitutes a spatial component, so the in-
terference between the three illumination beams produces a 3D
illumination mode containing seven Fourier components; after
convolution with the traditional optical microscope, this process
OTF fills the lack of axial resolution. Figure 4c shows the OTF
after using three lighting mode directions. In the actual imag-
ing process, a few incoherent beams are often introduced into
the three coherent beams to reduce the imaging artifacts and
limit the interference effect to a finite axial range around the fo-
cal plane. Compared with the fully coherent case, the (OTF) gen-
erated by the incoherence of a few beams is only slightly broad-
ened in the axial direction, and the 3D-SIM image reconstruction
method of fully coherent light is still applicable. The transverse
and axial resolutions of 3D-SIM have been doubled, but its axial
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Figure 4. Axial super-resolution imaging techniques based on optical frequency shifting. a—f) Include simple schematic diagrams of the optical path and
OTF for each method: a) Wide-field;["*"l Reproduced (Adapted) with permission.['3"] Copyright 2008, Elsevier. b) SIM;!"3h] Reproduced (Adapted) with
permission.! 13" Copyright 2008, Elsevier. c) 3D-SIM;!13h] Reproduced (Adapted) with permission.['*"] Copyright 2008, Elsevier. d) 135;11>¢] Reproduced
(Adapted) with permission.['>] Copyright 2008, Elsevier. e) 4beam-SIM;13°] Reproduced (Adapted) with permission.[3° Copyright 2020, Optical Society
of America. f) Simpler 4beam-SIM.["31 Reproduced (Adapted) with permission.["3] Copyright 2023, Springer Nature. g) Alexa Fluor 483-immunolabeled
microtubules in a fixed U20S cell using conventional microscopy, 4-beam SIM and deep learning prediction, and line profiles corresponding to yellow
solid line.[31 Reproduced (Adapted) with permission.['31] Copyright 2023, Springer Nature.

resolution is still limited to 300 nm, which is much lower than
its transverse resolution of 120 nm.

Similarly, in 2008, Lin Shao et al.['**] of Gustafsson ’s team pro-
posed a wide-field microscope with a 3D resolution of 100 nm:
I°S. I°S uses an opposing-objective configuration combined with
a 3D-SIM structural illumination system, introducing six coher-
ent light beams as shown in Figure 4d. This setup provides more
frequency components than 3D-SIM, enabling an isotropic reso-
lution of 100 nm. However, the introduction of dual objectives in
I°S also implies an increase in optical path complexity.
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To further simplify the system and obtain high axial resolu-
tion, Manton[*®! proposed a method that can be directly added
to 3D-SIM microscope in 2020: On the conventional 3D-SIM mi-
croscope, a low numerical aperture, high working distance objec-
tive was added on the other side of the sample and the imaging
of four-beam interference was generated by reflecting the cen-
tral beam through the mirror, obtaining a four-beam interference
pattern with a finer axial structure, which ultimately leads to a
3D image with an isotropic resolution of 125 nm (Figure 4e).
Compared with I°S, this method simplifies the complexity of the
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optical system. Nevertheless, the optical path of this method is
still too complicated compared with 3D-SIM, and a special laser
source is needed to achieve a long interference length to meet the
interference between the reflection center beam and the original
three beams. In addition, as with I°S, a slight refractive index
mismatch will introduce a large number of aberrations.

Based on this, in 2023, Li et al."*! reported two methods to
enhance the axial resolution of 3D structured light illumination
microscopy, including 4-beam SIM and deep learning neural net-
work for improving axial resolution, and verified these methods
on fixed cell and living cell samples. The 4-beam SIM is based on
the 3D-SIM optical path, and the mirror is immersed in the sam-
ple solution and placed directly on the opposite side of the sam-
ple, so that four-beam interference can be realized, and a higher
axial spatial free frequency component can be generated in the
illumination mode, as shown in Figure 4f; it can achieve an axial
resolution of 160 nm and obtain almost isotropic 3D reconstruc-
tion (Figure 4g).

4-beam SIM has many advantages over I°S and dual-objective
four-beam methods, including a simplified optical path, reduced
aberration, and ease of implementation. However, the 4-beam
SIM technique is susceptible to phototoxicity!*"! when imaging
fine structures smaller than the resolution limit with occasional
ringing artifacts and the large number of raw images for recon-
struction require longer experimental times. In this regard, 3D-
SIM requires much shorter illumination time and is more con-
ducive to sustained 4D imaging.*!! Based on this, they simulta-
neously proposed a method to improve axial resolution based on
deep learning, achieving an isotropic resolution of about 120 nm
(Figure 4g). The advantage of this method is that the training
data itself contains true values,[*!] and it can be used for other 3D
super-resolution imaging techniques other than 3D-SIM, such as
confocal microscopy, STED, etc.

For optical frequency-shift super-resolution imaging technol-
ogy, in addition to the microscopic imaging technology based
on structured light illumination introduced in this paper, opti-
cal frequency-shift super-resolution imaging can also be realized
by using evanescent field (NWRIM,[*}] etc.) and surface plasmon
(pSIM,I*] LP-SIM,[#! etc.). The resolution of spatial frequency-
shift super-resolution imaging technology based on evanescent
field is often only improved in the direction of evanescent wave
vector, and its resolution varies in different directions. In addi-
tion, the imaging depth of the surface plasmon-based method is
limited by the evanescent wave attenuation depth, but this also
means that the high signal-to-noise ratio imaging results of the
sample surface can be obtained.!*®]

4, Axial Resolution Enhancement Based on PSF
Engineering

PSF is an critical parameter for assessing the imaging perfor-
mance of a microscope, with an unmodulated PSF being sym-
metric with respect to the focal plane. The optical path diagram
for axial super-resolution localization based on PSF engineering
is shown in Figure 5a. By deliberately introducing defocus, opti-
cal aberrations, spatial light phase masks, the PSF can be axially
modulated, resulting in changes in the spatial distribution of the
PSF that are related to the axial position. By extracting shape fea-
tures and other parameters of the PSF, the axial position of the
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sample can be monitored over a wide range. This section intro-
duces various axial super-resolution imaging techniques based
on PSF engineering.

4.1. Double-Helix PSF

The human visual system uses defocus as depth information:
the farther the object is from the focal plane, the more blurred
it becomes. Inspired by this, the defocus depth method obtains
depth information by cross-evaluating frame images taken at dif-
ferent focus or aperture settings.[*”! However, the PSF of such
systems has not been optimized for depth estimation (Figure 5b).
In 2006, Greengard et al.l*®] proposed a new depth estimation
method based on spatial rotation PSFs. They obtained the double-
helix beam by linearly superimposing the Laguerre-Gauss (LG)
mode, and then obtained the Double-Helix PSF (DH-PSF), which
opened the door to the research and application of DH-PSF
technology.

In 2009, Pavani et al.l*¥! realized 3D single-molecule fluores-
cence imaging beyond the optical diffraction limit using a wide-
field microscope with a DH-PSF. The lateral localization accu-
racy is as low as 10 nm, and the axial localization accuracy is as
low as 20 nm. Moreover, this method is suitable for 3D super-
resolution imaging of individual fluorescent molecules in thick
samples within a large depth of field (2 um). The signal process-
ing part is essentially a 4f imaging system, when the reflective
phase-only spatial light modulator (SLM)“’! on the Fourier plane
is loaded with the DH-PSF phasel*’] mask, the spectral informa-
tion of the sample image will be modulated by the DH-PSF trans-
fer function. Finally, each object point will be convoluted with
the DH-PSF lobes. Each molecule in the detected DH-PSF image
will appear with two lobes. The lateral position of the molecule is
estimated by the midpoint of the line connecting the two lobes.
The axial position depends on the direction and angle of the line
connecting the two lobes, when the molecule is on the focus, its
DH-PSF lobe is horizontal, and when the molecule is far away
from the focus, the direction of its lobe connection begins to ro-
tate. The axial position of the molecule is estimated by creating
a calibration plot of angle versus axial position (Figure 5¢c). Com-
bined with photoactivatable fluorophores, DH-PSF microscopy
obtained super-resolution imaging of microtubule network struc-
tures in immobilized mammalian cells over a large axial range
in three dimensions.>!] However, due to the high energy loss
of SLM,[13152] the photon utilization efficiency of this method is
low. To improve localization precision, high-brightness fluores-
cent dyes or long exposure time are needed. Improvements in
phase mask design, optimized estimator, background minimiza-
tion, and closed-loop drift correction can overcome some of the
shortcomings of the method and achieve further improvement
in resolution.>3]

4.2. 3D Stochastic Optical Reconstruction Microscopy
In 2008, Hang et al.5*l from Zhuang’s team implemented 3D
Stochastic Optical Reconstruction Microscopy (3D-STORM) us-

ing optical astigmatism to determine the lateral and axial posi-
tions of individual fluorophores with nanometer precision, and

© 2025 Wiley-VCH GmbH

858017 SUOWILLIOD /111D 3|qeo![dde 8Ly Aq peusenob afe sajole YO '8sN JO S3INJ o Akeiq18UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLID" A | IM ARIq U1 |UO//SdNL) SUORIPUOD PUe SWe | 8U388S *[5202/70/60] Uo AfiqiTauljuo A8|im ‘8oueios JO AisieAlun BuilueN Aq 926TOYZ0Z PIWS/Z00T OT/I0p/W0D A8 |1 ARe.q 1 jeuljuo//:scny Wwoly pepeoiumod ‘0 ‘809699€2


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Objective
Lens

PSF Modulation

www.small-methods.com

Imaging lens

—~

Cylindrical Lens

b Gaussian PSF ¢ DH-PSF d SB-PSF

2(pm) 2(um) 2(pm)

'
n

-900

'
o

=]

-500

'
=4
n

o
n

600

o

1400

n

=}

Y

5
M 1 b | -
ol 2
A 7 L
N, -
SLM Pha;e Mask
e TA-PSF f SELFI g mirror-SELFI
Z(um) z(nm) z(nm)
“ 76
-400
H 1336
-200
- 2147

(8]
=3
S

I
=]
S

o

Figure 5. a) The optical path diagram for axial super-resolution localization based on PSF engineering. b-g) The intensity distribution of the modulated
PSF at different axial positions: b) Gaussian PSF;[1*d] Reproduced (Adapted) with permission.l'3d] Copyright 2014, Springer Nature. c) DH-PSF;[13]]
Reproduced (Adapted) with permission.[3il Copyright 2009, National Academy of Sciences. d) SB-PSF;!'*d] Reproduced (Adapted) with permission.['3d]
Copyright 2014, Springer Nature. e) TA-PSF; 3Kl Reproduced (Adapted) with permission.l’*] Copyright 2020, American Physical Society. f) SELFI;[38] Re-
produced (Adapted) with permission.[138] Copyright 2018, Springer Nature. g) mirror-SELFL.['32] Reproduced (Adapted) with permission.['*2] Copyright

2021, Springer Nature.

experimentally verified the feasibility of 3D-STORM by imaging
microtubules and lattice protein-coated pits in cells. The lateral
resolution can reach ~20-30 nm, and the axial resolution can
reach ~50-60 nm.

By introducing a weak cylindrical lens into the imaging path,
3D-STORM creates two slightly different focal planes in the x and
ydirections.l>] Therefore, the ellipticity and orientation of the flu-
orescence image change with its position in z. Using this feature,
the z coordinates of the fluorophore can be determined by fitting
the fluorescence image with a 2D elliptical Gaussian function to
obtain x and y coordinates at different positions and their widths
w, and w,.

Since the image width of 3D-STORM increases as the fluo-
rophore moves away from the focal plane, its localization accu-
racy decreases as the absolute value of z increases, especially in
the lateral dimension. Although the enhanced astigmatism will
increase the sensitivity of the PSF change and increase the axial
resolution, it will also introduce additional interference, which
will reduce the signal-to-noise ratio of the imaging.*®! There-
fore, the imaging range of 3D-STORM is usually limited to about
600 nm near the focal plane. When imaging thick samples, the
imaging depth can be increased by scanning along the z-axis.l*”]
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The dual-objective scheme is also applicable to astigmatic imag-
ing, further enhancing 3D resolution (with lateral localization
precision smaller than 10 nm and axial localization precision
smaller than 20 nm). Additionally, this method improves the
signal-to-noise ratio of imaging by collecting fluorescence signals
twice.%8]

4.3. Self-Bending PSF

The Airy beam was first proposed and experimentally generated
by Siviloglou et al.l® in 2007. Since then, due to its unique
properties, including self-accelerating, self-healing, and non-
diffracting, the Airy beam has been widely concerned and studied
in depth.[%]

In 2014, Jia et al."*d] proposed an isotropic 3D super-resolution
imaging technique with Self-Bending PSF (SB-PSF) based on
the characteristics of Airy beam. Their side-lobe-free SB-PSF has
non-diffracting and propagation-dependent lateral bending char-
acteristics, which is very suitable for accurate 3D localization of
molecules at large imaging depth. When the Airy beam propa-
gates, the transverse displacement will occur, which will lead to
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the bending of the optical path, so the axial position of the fluores-
cent molecule can be determined by the transverse displacement
of the beam (Figure 5d). By introducing a cubic spatial phase into
the detection path of the microscope and placing a SLM on the
Fourier plane, the fluorescence emission of a single molecule can
be converted into an Airy beam in principle.l*>®! In order to facil-
itate the accurate 3D localization of the radiation source, they in-
troduced two improvements to the Airy beam: The first improve-
ment was that they introduced additional phase modulation on
the SLM to eliminate the large side flap of the Airy beam. The
other was that they split the unpolarized fluorescence emission
into two orthogonally polarized beams and rotate one of the po-
larizations so that both beams are properly polarized for SLM.
This dual-beam design not only reduces photon losses induced
by the SLM, but also allows the two beams to bend in opposite di-
rections during propagation, decoupling the transverse position
of the emitter from the propagation-induced transverse displace-
ment of the beam. Finally, a calibration curve between the axial
position z and the lateral bending distance of the observed bead
image is generated. Using this method, they recorded STORM
images of immunolabelled microtubules and mitochondria in
mammalian cells, which captured microtubules and mitochon-
dria that are completely undetectable in conventional images due
to diffraction and allowed super-resolution imaging that main-
tained a highly isotropic 3D localization accuracy of 10-15 nm
over a range of 3 um without the need for any sample or focal
plane scanning.

SB-PSF provides higher axial localization accuracy and larger
imaging depth range. However, similar to DH-PSF, the photon
utilization efficiency of this method is also low. This can be alle-
viated by using a continuous phase mask prepared by gray-scale
lithography technology, or by combining double objective lens
detection, using ultra-bright light to activate fluorophores, and
other methods.[®?] In addition, the relatively large area and larger
imaging depth of SB-PSF result in lower imaging speed and lo-
calized fluorophore density, which places higher demands for the
duty cycle (on-off time ratio) of the optical switch probe.[%]

4.4. Twin Airy PSF

In order to extend the imaging depth of axial localization technol-
ogy, Shechtman et al.l%! designed a set of tetrapod PSFs based on
the information maximization framework and obtained the sin-
gle fluorophore localization ability in the axial range of 7 um. The
lateral and axial localization accuracy is 12 and 21 nm, respec-
tively. However, the phase recovery based maximum likelihood
estimation [*°] is required for the localization of the tetrapod PSF,
which is computationally intensive, especially when the global
optimization is used to avoid the local minimum of the likelihood
function. In addition, in order to maintain the localization accu-
racy, the tetrapod PSFs are only suitable for imaging sparse sam-
ples. Based on this, Zhou et al.l'*] reported a super-resolution
3D localization method based on twin Airy beams in 2020. This
method can produce accurate 3D localization and has the key ad-
vantages of expanding imaging depth range, high luminous flux
and higher emission density imaging potential. In order to obtain
the twin Airy beams, they designed a refractive phase mask for
the twin Airy beams based on the pupil function,['¥%¢) which will
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generate a PSF composed of two adjacent Airy beam lobes, and
eventually generate a double image of each point separated from
each other as the depth changes on the camera, which makes it
possible to restore the axial position within the extended depth
range of the Airy beam (Figure 5e). Among them, the use of re-
fractive mask greatly simplifies the optical path, reduces the dif-
ficulty of imaging operation, and obtains 100% broadband lumi-
nous flux. Compared with the single Airy beam method, the Twin
Airy PSF (TA-PSF) has a consistent sensitivity to defocus over
the entire depth range, thus providing an effective axial localiza-
tion range more than twice that of the single Airy beam method.
In this work, they achieve a 3D localization accuracy better than
30 nm in a depth range of more than 7 ym.

4.5. Self-interference Fluorescence Microscope

In 2018, Bon et al.l*8] proposed a self-interference fluorescence
microscope (SELFI) capable of deep-tissue 3D single-molecule lo-
calization with imaging depths up to 50 um. SELFI generates PSF
replicas with spatial overlap greater than 90% by inserting a pure
phase-only diffraction grating of several microns in front of the
microscope imaging plane to achieve self-interference. The inter-
ference pattern of the self-interference PSF at different defocus
amounts varies with the axial position of the emitter (Figure 5f),
and the envelope of the interference pattern directly corresponds
to the microscope PSF without diffraction grating. Therefore, two
independent variables can be obtained in one image, including
wavefront curvature and intensity distribution within the enve-
lope. Based on the dependence of the intensity and phase on
the defocusing distance, they were able to extract the 3D posi-
tion of the radiation source from the interferogram with sub-
wavelength accuracy. The self-interference of PSF does not cause
the lateral expansion of PSF. In 2019, Linarés-Loyez[®’] also of
Bon ’s team, proved that SELFI can achieve 3D super-resolution
imaging and 3D single-particle tracking of living cell samples,
and its 3D localization depth can reach tens of microns. Further-
more, SELFI basically covers the most popular single-molecule
imaging techniques for living cell samples, including PAINT%]
PALM,*1 SPT[%) etc. As long as a single-molecule image can be
formed on the imaging plane of the microscope, even for conven-
tional surface-based fluorescence microscopes, SELFI can also
achieve 3D localization beyond the diffraction limit by simulta-
neously measuring the intensity and phase of fluorescence. This
opens new possibilities for the clear study of molecular nanos-
tructures and dynamics in complex samples. However, the extrac-
tion of sub-wavelength precision 3D positions based on intensity
and phase makes SELFI sensitive to the focal position, and any
drift in the focus can easily affect the localization accuracy.

In 2021, Liu et al.l%] proposed a self-interference fluores-
cence nanoparticle axial localization and tracking method based
on the transverse PSF. This technology can simultaneously real-
ize the lateral and axial super-resolution localization of nanopar-
ticles in a frame of wide-field image, which solves the problem
that the resolution anisotropy of the existing single-molecule
localization technology and the optical localization method are
greatly affected by defocus. The localization accuracy of real-
time distance sensing can reach 2.8 nm. Therefore, this method
can track rapidly moving biomolecules in live cells or biological
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organs. This method is based on the confocal wide-field fluores-
cence system, and the upconversion nanoparticles are placed on
a series of silica layer mirror substrates with characteristic thick-
ness to realize the self-interference process of fluorescence. The
axial position information of the nanoparticles is encoded into
the far-field PSF pattern. By extracting PSF eigenvalues at dif-
ferent feature positions and establishing evaluation functions,
3D super-resolution positioning in wide-field images can be re-
alized (Figure 5g). For the working range of this method, when
the nanoparticles are farther than 500 nm from the mirror, the
reflected emission intensity becomes too weak for SELFI, limit-
ing its maximum working range to 500 nm. On the other hand,
when the nanoparticles are too close to the mirror (less than
30 nm), the emission is affected by the quenching effect of the
noble metal surface, resulting in a reduced signal-to-noise ratio
and a decrease in localization resolution.

5. Encoding Axial Information into Alternative
Dimensions

5.1. Encoding Axial Information into the Fluorescence Lifetime

FOrster resonance energy transfer (FRET) is an electromagnetic
field-mediated energy transfer process from a photoexcited donor
to an acceptor. A fluorescent molecule (donor) is in an excited
state by absorbing excitation light, and when it is in close prox-
imity to another neighboring fluorescent molecule (acceptor),
energy is transferred from the donor to the acceptor in a non-
radiative form, and the donor’s excited state must overlap with
the acceptor’s absorbed state. This process requires the distance
between two molecules to be less than tens of nanometers, and its
transfer efficiency depends on the sixth power of the distance be-
tween the donor and the acceptor (Figure 6a). Moreover, the fluo-
rescence lifetime of a donor fluorophore changes when it under-
goes FRET with an acceptor molecule. Specifically, the quenching
of the donor emission by FRET leads to a decrease in its lifetime.
The discovery of FRET has completely changed the ability of fluo-
rescence imaging to measure intermolecular and intramolecular
distances at the nanoscale.l”"]

Based on this, in 2014, Chizhik et al.l”!] proposed a living cell
nanoscopy based on metal-induced energy transfer (MIET). This
method replaces the acceptor molecule in FRET with a metal film
to solve the molecular orientation problem of FRET (Figure 6b),
and uses the measured energy transfer efficiency from the donor
molecule to the metal surface plasmon to accurately infer the dis-
tance between the molecule and the metal,’?) which makes it
possible to locate the fluorescent molecule with nanometer ac-
curacy, and the distance range of effective energy transfer is an
order of magnitude larger than that of traditional FRET. Specifi-
cally, MIET is based on a conventional FLIM system (Figure 6d),
where a semi-transparent 20 nm gold film is deposited on the
cover glass supporting the sample. Due to the planar geometry
of the metal film as the acceptor, the distance dependence of en-
ergy transfer efficiency is much weaker than the sixth power of
the distance. This results in a monotonic relationship between
lifetime and distance in the range of 100-200 nm above the sur-
face (Figure 6e). However, only using the fluorescence lifetime
image cannot identify the area without cells, it is necessary to
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combine the fluorescence intensity image to identify the back-
ground area, and finally obtain the 3D reconstruction image of
the cell basement membrane in the experiment. In addition, us-
ing a Fluorescence lifetime imaging microscopy (FLIM) based on
a time-gated camera or a phase fluorescence method,”? the ac-
quisition speed can be increased by several orders of magnitude,
thereby enabling dynamic image acquisition with high time reso-
lution. MIET has a lateral resolution of 200 nm (defined by a con-
focal microscope) and an axial resolution of up to 3 nm. Combin-
ing it with optical switch-based super-resolution microscopy and
single-molecule high-precision localization, nano-level 3D local-
ization accuracy will be obtained.”* In 2019, Ghosh et al.l'"!
replaced the metal layer with graphene (Figure 6¢),”>! which
improved the localization accuracy of MIET by 10 times and
called this method gMIET. Similar to metal-based MIET, fluores-
cence emission can be effectively coupled to graphene through
distance-dependent electromagnetic near-field coupling, and its
coupling range is about one order of magnitude smaller than that
of metal (Figure 6f). Therefore, the axial resolution of gMIET is
improved by 10 times, and sub-nanometer axial localization accu-
racy is obtained. In addition, the excellent optical transparency of
graphene makes gMIET a very effective tool in single molecule re-
search with limited photon budget. However, the imaging depth
of both MIET and gMIET is limited by the coupling range, where
MIET is about 200 nm and gMIET is about 20 nm, so the technol-
ogy requires that the sample must be very close to the substrate
surface.

5.2. Encoding Axial Information into Spectra

High-precision axial localization can also be obtained by encod-
ing axial information into changes in the spectrum. In 2012,
Groot et al.l”% proposed a 3D fluorescence imaging microscopy
technique without axial scanning: self-interference fluorescence
imaging (SIFM), which expands the ability of confocal mi-
croscopy by providing a depth sensitivity far superior to the axial
spot size. The schematic diagram is shown in Figure 7a. The in-
terference caused by the optical path difference between the light
of the thicker outer ring of the phase plate and the light passing
through the center hole realizes the modulation of the fluores-
cence spectrum. The solid red line in Figure 7a represents the
wavefront of the light. The flat wavefront of the light source at
the focus (6 = 0 pm) and the curved wavefront of the light source
at the defocus (6§ = 100 pm) introduce an additional path length
difference A () and self-interference spectral phase shift. There-
fore, the spectral phase directly encodes the axial position of the
fluorescence source.

The lateral resolution in SIFM is determined by the NA of
the objective lens and the aperture size of the fiber core, simi-
lar to confocal microscopy imaging, while the axial localization
accuracy depends on the NA of the objective lens and the signal-
to-noise ratio of the system. Therefore, simply collecting more
photons or choosing an objective with a higher NA will result
in higher localization accuracy, but at the expense of imaging
depth.l”] Finally, in the depth range of 500 um, SIFM can ob-
tain the axial localization accuracy better than 4 um by decoding
the spectral phase information. In the high numerical aperture
structure with small depth of field, the axial localization accuracy
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Figure 6. Principles of microscopes based on fluorescence lifetime information encoding. a) Principle of FRET. b) The sample composition of MIET.
¢) The sample composition of gMIET."3*] Reproduced (Adapted) with permission.['b] Copyright 2019, Spring Nature. d) Scheme of the experimental

set-up. e) Dependence of the fluorophore lifetime on its axial position on the metal film (emission wavelength 650 nm, gold film thickness 20 nm)

1771

Reproduced (Adapted) with permission.l”"] Copyright 2014, Spring Nature. f) The relationship between relative fluorescence lifetime and surface dis-
tance. The blue and red curves represent the molecules perpendicular and parallel to the surface direction, respectively. The color region covers the
quantum yield values between ¢ = 0.1 and ¢ = 1.0.I3®! Reproduced (Adapted) with permission.['**] Copyright 2019, Spring Nature.

can reach tens of nanometers. However, the method is only good
for sparse samples because of the light intensity-weighted aver-
age depth that is obtained in the case of multiple fluorescence
sources.

In addition, in 2008, Mock et al.l””] proposed a method for axial
localization based on the dependence of the plasmon resonance
coupling between gold nanoparticles and metal films on the dis-
tance(Figure 7b,c). They placed gold nanoparticles far above the
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nanoscale of the metal film substrate, precisely controlled the
spacing between the two by means of polyelectrolyte layers of dif-
ferent thicknesses and obtained scattering spectra and images of
individual nanoparticles using dark-field microscopy and TIR il-
lumination. A distance-dependent spectral profile was obtained
using the coupling effect between the localized surface plas-
mon (LSP) generated by the resonance of the isolated excitons
on the nanoparticles and the surface plasmon polaritons (SPP)
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Figure 7. Principles of microscopes based on spectral information encoding. a) The schematic diagram of SIFM microscope.!”®! Reproduced (Adapted)
with permission.[76] Copyright 2012, Optical Society of America. b) Simplified representation of a plasmonic NP interaction with a gold film. The dipole
parallel to the gold film is canceled out by the induced image dipole.[””] ¢) The dipole perpendicular to the gold film resonantly couples to the induced
image dipole, is red shifted, and scatters asymmetrically.l”’] d) Experimentally observed far-field scattering from a 60 nm gold NP on a 45 nm gold
film illuminated with polarization parallel to the film (scattering is damped and is virtually undetectable).[’’] e) The same NP as that in (d) but with a
component of the illumination polarized perpendicular to the film, which couples to the vertically oriented dipole and is scattered into the far-field.l”’]
f) Color image and typical spectrum of 60 nm gold NPs in a quasi-uniform dielectric and g) on the surface of the 45 nm thick planar gold film (under

dark-field illumination).l””] Reproduced (Adapted) with permission.l”’] Copyright 2008, American Chemical Society.

generated by the polarizers of the isolated excitons on the gold
film. The LSP resonance wavelength of the nanoparticles is blue
shifted with increasing distance.l””! And, when the polarization of
the incident light is partially perpendicular to the gold film, the
scattering from the nanoparticles goes into the far field produc-
ing a donut-shaped PSF (Figure 7d,e). The shape and intensity
of this PSF is very sensitive to the distance between the nanopar-
ticles and the gold film and can also be used to accurately mea-
sure the change in distance between the two (Figure 7f,g). An
axial localization accuracy of less than 1 nm can be obtained with
this method, but the method has a number of limitations, includ-
ing metal nanoparticles, metal substrates, and TIR illumination,
and the coupling effect is most pronounced at distances less than
50 nm.

5.3. Encoding Axial Information into Optical Phase

The axial position information can also be encoded into the op-
tical phase change. In 2021, Xu’s research group and Ji’s re-
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search group of the Institute of Biophysics, Chinese Academy of
Sciences!!3¢] proposed an axially localized repetitive optical selec-
tive exposure (ROSE-Z) super-resolution imaging method based
on interference fringes. The theoretical localization accuracy of
ROSE-Z is (the interference fringe period is 263 nm):

o ~263/2zVN ~ 42/\/N (5)

This method achieves axial localization accuracy of less than
2 nm with only about 3000 photons and achieves nanoscale
3D and two-color imaging. ROSE-Z obtains the axially excited
interference fringes by dividing the laser beam into two parts
and illuminating the sample from the opposite direction, as
shown in Figure 8a. The imaging part of the optical path in-
cludes three ROSE detection optical paths, generating three sub-
images corresponding to the three phases of the illumination
mode (Figure 8b). Since the interferogram is periodic, addi-
tional astigmatism is introduced by a cylindrical mirror to pro-
vide initial axial information to determine the positional relation-
ship between the axial localization of a single molecule and the
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(Adapted) with permission.!'3¢l Copyright 2021, Springer Nature. c) Light path

diagram of ModLoc.["*f] d) ModLoc axial localization is achieved by jointly

analyzing the phase of the modulated fluorescence signal and the lateral localization information obtained through PSF standard centroid fitting.!>f]
Reproduced (Adapted) with permission.[3fl Copyright 2021, Springer Nature.

periodic interference fringes, By combining the relationship be-
tween single-molecule axial localization and the periodic interfer-
ence fringes, higher precision position information is obtained.
Compared to other single-molecule localization methods with
high axial resolution, ROSE-Z has the advantage of providing
uniform resolution over the depth of field, as well as relative sim-
plicity in design and ease of use. When combined with adaptive
optics, it could further enhance imaging quality, enabling higher-
resolution whole-cell volumetric imaging. However, its main dis-
advantage is the longer time required for localization.

Also in 2021, Jouchet et al.l"*l achieved single-molecule local-
ization (ModLoc) using tilted interference fringes in combina-
tion with a fast demodulation scheme, achieving nanoscale lo-
calization accuracy up to 6.8 nm axially without affecting the ac-
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quisition time, emitter density, or lateral localization accuracy.
Figure 8c shows the light path realization device of the ModLoc
microscope. Lock-in detection is performed through four tempo-
ral channels. The phase is derived by measuring the intensity of
fluorescence transmitted by each fluorophore to the channel. The
axial localization is obtained by the joint analysis of the phase
of the modulated fluorescence signal generated by the moving
structured light and the lateral localization obtained by the PSF
standard centroid fitting (Figure 8d).

The experimental data of ModLoc closely match the theoretical
limit, achieving an axial localization precision of ~7.4 nm. Both
axial and lateral localization accuracies remain largely unchanged
within a depth range of 7 um. Compared to PSF-based tech-
niques, this phase detection method is independent of PSF shape
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Classification Name 4Pi
Localized isoSTED iPALM 4Pi-SMS 4Pi-RESOLFT W-4PiSMSN 4Pi-STORM
Excitation Best resolution ~40-50 nm About 20 nm ~5.4-6.6 nm 30 nm ~10-20 nm ~2-3 nm
Advantage Isotropic Resolution. Sub-20 nm 3D Sub-10 nm 3D Low light intensity. Sub-20 nm 3D Sub-10 nm 3D
Non-Invasive resolution. resolution. Strong optical resolution. resolution.
Imaging. Maintains High-speed sectioning Imaging depth up Suitable for thick
Non-switchable molecular imaging. capabilities to 10 microns. specimens. Low
fluorophores specificity. High Accurate imaging Robustness artifacts
photon efficiency thickness up to
650 nm
Disadvantage ~ Complexity of Setup. ~ Complex optical Complex optical Complex optical Complex optical Complex optical
Requires setup. Imaging setup. Slow setup; Slow setup. Slow setup. Slow
fluorophores positioning depth imaging speed imaging speed. imaging speed imaging speed
match the is relatively high Background signal
excitation and small (250 nm)
emission
parameters
Name TIRF Supercritical Angle
SIMPLER 3D-SAFM VSAF DONALD DAISY
Best resolution 10 nm sub-15 nm 26.4 + 8.4 nm 20 nm 15 nm
Advantage Minimal Highly sensitive for ~ Simple and robust ~ Nearly isotropic 3D Nearly isotropic 3D resolution. Extended
photodamage. surface imaging. setup. Applicable resolution. depth imaging (1 um).
Robustness. Compatible with to various Can calculate the Robustness
Compatible with other samples absolute axial
any 2D SMLM super-resolution position
microscopy
Disadvantage Limited imaging Depth imaging Limited axial range. Most effective within SNR dependence.
depth. Photon resolution is Dependence on a 150 nm range Complex data processing.
count dependence limited. High data fluorophore only. SNR Photon loss
processing rotation. Complex dependence.
requirements: data processing Complex data
Stable processing
fluorescence
signal required
Optical Name 3D-SIM 1S 3D-SIM (two 4-beam SIM
Frequency objective)
Shifting Best resolution 265 nm 80 nm 125 nm Physical Method:160 nm
Computational Method:120 nm
Advantage Double resolution. Near-Isotropic Isotropic 3D Physical Method: Achieving near-isotropic imaging. Minimal
Effectively Resolution. resolution. modification to the optical system. Computational Method.
removes Efficient light use. Simplifying the Isotropic resolution. Does not require hardware modifications
out-of-focus blur. Suitable for experimental

Disadvantage

Efficient light use.
Suitable for
moderately thick
samples

Requires precise
alignment; Slow
imaging speed;

Large amounts of

computation

moderately thick
samples

Requires precise
alignment. Slow
imaging speed.

Large amounts of

computation.

Requires samples

to be thin and
optically
homogeneous
enough. Requires
samples to be
thin and optically
homogeneous

setup. Can be
easily added to
existing 3D-SIM
microscopes
Requires precise
alignment and
calibration.
Requirement for
specific
objectives

Physical Method: Have ring artifacts in thicker samples.

Computational Method:

Requires significant data and time.

Poor generalization ability
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Classification Name 4Pi
Alternative Name Fluorescence lifetime Spectra Optical Phase
Dimensions
MIET gMIET SIFM Plasmon Resonance ROSE-Z ModLoc
Coupling
Best resolution 3nm Less than 1 tens of nanometers Less than 1 Less than 2 6.8 nm
nanometer nanometer nanometers
Advantage High axial precision. High axial precision. No depth scanning High sensitivity. Minimal photon Deep imaging
Reduced Photon efficiency. required. Large Real-time requirement. capability.
orientation Reduced depth-of-field measurement Simple Setup. Robustness to
dependency orientation (500 um). aberrations.

compared to FRET. dependency.

Disadvantage Limited to Limited to graphene  Limited by sample  Limited to specific =~ Complex calibration. Complex calibration.
metal-coated substrates. density. Photon materials. Computationally Sensitivity to
substrates. Surface dependency Environmental intensive motion. Samples
Limited imaging roughness sensitivity requiring long
range(100 nm). sensitivity. fluorescence
Lateral resolution Limited imaging lifetime
has not improved range(30nm)
much
PSF Engineering Name DH-PSF DH-PSF+STED DH-PSF+light sheet ~ DH-PSF+MSIM 3D-STORM
Best resolution 30 nm 25 nm 30 nm 100 nm ~50-60 nm
Advantage Large depth of field. ~ Can be integrated High contrast. Rapid imaging. No sample scanning.

Compatible with with existing

existing wide-field STED microscopy

microscopy systems
systems
Disadvantage Signal loss. Signal loss. System

Sophisticated complexity.
computational

methods.

Background noise

Background noise
Name 3D-STORM+two SB-PSF
objective
~10-15 nm

Best resolution Less than 20 nm

Advantage High photon Large imaging
utilization depth(3um).
efficiency. Isotropic imaging

Improved SNR.
High mechanical
stability

Disadvantage Complex optical Photon loss.

setup. Long Slower imaging

imaging time speed

Large depth of field. Large depth of field.
Real-time imaging

Signal loss.
System complexity.

Large axial range.
Scan-free tracking.
Multiple particle

Huge amount of

Photon loss

High photoswitch efficiency
Excellent
compatibility.
Low phototoxicity
Signal loss due to
phase mask. Data

High excitation source requirement.
Resolution deteriorates with depth

Data processing processing
demands demands
Tetrapod PSF TA-PSF SELFI Self-interference
fluorescence axial
localization
21 nm Less than 30 nm 24 nm 2.8 nm

Large axial range.  Deep tissue imaging. High axial precision.
Higher optical

throughput.

Less sensitivity to Real-time sensing.

aberrations. Can Widefield imaging
be used for various compatibility.

biological samples  Defocus immunity

tracking Simple Calibration

High numerical Limited by photon Limited working

computation. aperture count. range.

objectives are Computational Sample limitations
needed; intensity
Computational

complexity

and exhibits strong robustness to optical aberrations. Therefore,
ModLoc is particularly suitable for deep imaging of biological
samples. Furthermore, ModLoc, when combined with a dual-
objective configuration, further enhances localization precision.
By incorporating multiplexing strategies, it enables multi-color
imaging, and when coupled with fluorescence lifetime measure-
ments, it allows for multi-directional localization or provides ad-
ditional single-molecule level information. It is noteworthy that,
to avoid phase wrapping, the axial projection of the fringe fre-
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quency must be greater than or equal to the focusing depth,
which limits the number of fluorescence molecules available for
axial localization, thus slightly compromising the axial localiza-
tion precision. Additionally, this method requires temporal spar-
sity, with the modulation period needing to be much shorter than
the average fluorescence molecule lifetime to retrieve the phase
of the majority of emitters. Moreover, the average fluorescence
molecule lifetime must be much shorter than the camera expo-
sure time, which limits the available fluorescent dyes.
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6. Conclusion

This paper provides a comprehensive review of the research
progress in axial super-resolution imaging techniques, as shown
in Table 1. In addition to the four categories of methods dis-
cussed above, many other significant axial super-resolution imag-
ing techniques were not introduced. For example, applying mini-
mal fluorescence photon fluxes microscopy to the axial direction
can achieve axial localization accuracy of 2-3 nm.[®] Improving
the axial resolution of LSFM by scanning beams, such as two-
photon scanning beams, 8! Airy beams,#?! Bessel beams,®3] and
lattice light-sheet,®" is another important approach. The intro-
duction of cryo-electron microscopy imaging techniques has en-
abled fluorescence super-resolution microscopy to analyze the
3D structure of organelles and protein complexes in a near-native
state, offering broad prospects for improving axial resolution. %]
Furthermore, combining existing methods with deep learning
is an important development direction.[3**#7] Fei et al.l®! pro-
posed a novel light-sheet super-resolution imaging strategy based
on deep learning. This deep learning-based single-image super-
resolution algorithm combines multi-stage diffraction-controlled
ultra-thin achromatic light sheets with multi-stage cascading con-
volutional neural networks, providing a powerful new tool for
fast, 3D, and long-term dynamic imaging of living cells. Addition-
ally, Park et al.¥”] proposed a deep learning-based unsupervised
super-resolution technique, which is applicable to a wide range of
somatic cell fluorescence imaging scenarios, enhancing axial res-
olution and recovering suppressed visual details while removing
imaging artifacts. This provides a simple and effective approach
to obtaining isotropic 3D fluorescence super-resolution images.
Inevitably, no axial super-resolution imaging method is per-
fect. When considering a specific application, the performance
of different methods should be comprehensively evaluated. For
example, compared with other super-resolution imaging tech-
niques, optical frequency-shifting super-resolution imaging has
the main advantages of fast imaging speed, high sample appli-
cability, and low phototoxicity, making it particularly suitable for
wide-field imaging of living cells. TIRFM or SAFM is ideal for ob-
serving the regions of interest on the sample surface, such as cell
membranes. For 3D localization and tracking of individual parti-
cles, PSF-engineering-based methods are a good choice. If higher
localization precision is required, MIET or gMIET can be con-
sidered, but the corresponding localization range will be limited.
Therefore, for any given method, careful consideration should be
given before its application. It is worth noting that we observed
that many of the axial super-resolution methods discussed in this
review are based on similar multimodal integration ideas. For ex-
ample, axial resolution can be further improved by combining
the existing methods with the dual-objective approach; the ax-
ial localization depth can be extended by integrating TIRF-based
methods with astigmatic imaging schemes, and ROSE-Z simi-
larly integrates astigmatic imaging to provide initial axial position
information. Additionally, encoding changes in the PSF shape
into axial position using different modulation methods, which
allows the fluorescence intensity to carry additional positional
information, is a fundamental concept for achieving axial super-
resolution localization through PSF engineering. Therefore, opti-
mizing the PSF shape to achieve a modulation PSF thatis both re-
lated to axial position and more robust holds promise for further
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enhancing axial localization precision. Mirrors play an important
role in many axial super-resolution imaging techniques and of-
ten simplify the optical path. Combining existing methods with
deep learning algorithms for image reconstruction and denois-
ing can often improve imaging speed and quality while reducing
reliance on hardware. Furthermore, utilizing micro-nano fabrica-
tion technologies to develop high-performance optical elements,
such as photon crystals capable of enhancing orbital angular mo-
mentum, could optimize existing techniques and improve imag-
ing quality. These directions provide a promising outlook for the
future development of axial super-resolution imaging technolo-
gies. We hope this review will help researchers focusing on axial
super-resolution imaging techniques, providing a reference for
future research directions and breakthroughs in this field, and
fostering more innovative opportunities for frontier research in
life sciences.
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