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Abstract. Fluorescence microscopy technology is a crucial tool in biomedical research, enabling us to
visualize the structure and function of tissue cells at the cellular level. Its great potential lies in fluorescence
super-resolution fluorescence microscopy, which surpasses the limitations of diffraction and enables high-
resolution real-time imaging of nano-subcellular structures, including organelles and cell matrices. I,
therefore, contributes significantly to exploring disease mechanisms, ranging from the exchange of protein
aggregates at a structural level to the identification of morphological defects in organelles. In this review,
we first provide an overview of the principles of various super-resolution microscopy techniques. We then
delve into the intricate transmembrane interactions exhibited by membrane organelles, as well as the
intricate information communication within membraneless organelles in both physiological and pathological
conditions. Finally, we examine the evolution of super-resolution technology and discuss its application in
biomedicine. Overall, this review briefly introduces the principles of super-resolution microscopy and
highlights its novel results in organelles to guide its application in the biomedical field.
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proliferation, and division with malignant cells posing a risk of
metastasis™. As a result, the antitumor effects often yield unsat-
isfactory results due to multi-drug resistance and side effects'’.
To improve the antitumor effects, research focusing on targeting
organelles like mitochondria, lysosomes, and endoplasmic
reticulum has explored the relationship between the cellular re-
sponses and interaction effects of organelles”’. Nano-organelles
cannot be imaged by traditional microscopy due to diffraction
limitations, resulting in the loss of fine structural and functional
information. Fluorescence microscopy, however, could break

1. Introduction

The cell is the basic unit of body structure and function com-
posed of different organelles and the cytoplasmic matrix. The
biological activities of cellular molecules are illustrated by
microscopies'. Due to the limitations of traditional bio-tech-
niques, micro-phenomena in cells such as the principle, active
expression, and ultrastructure of organelles cannot be directly
observed™™. With the development of optical microscopies,
it makes it possible for scholars to observe organelles such

as mitochondria, lysosomes, and ribosomes to reveal important
biomedical problems such as cell division, cell differentia-
tion, cell aging, cell death, and interaction effects. For example,
tumor cells are characterized by vigorous growth, high
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the limitations of traditional microscopy, which has been used
in biochemistry and life sciences widely. However, it also faces
daunting challenges in quantitative evaluation for nano-organ-
elles, which will limit function tracing, protein quantification
at the unit point, and microstructural changes. Then, super-res-
olution fluorescence microscopy (FLSR) provides super-resolu-
tion and rapid imaging for precision medicine. It realizes the
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bidirectional or multi-directional combination of optical tech-
nology with fluorescent probes, fluorescent dyes, or fluorescent
nanoparticles. The resolution is approximately 5 to 100 nm,
which has obvious advantages in organelle interaction and
has obtained original and novel results in basic biomedical re-
search such as cell biology, immunology, and pathological phar-
macy™. Super-resolution methods can also be identified by
three well-known methods, including single-molecule localiza-
tion, stimulated emission depletion (STED), and structured
illumination.

Stochastic optical reconstruction microscopy (STORM) is a
type of single-molecule localization technology, in which the
state of fluorescence is changed by a special dye with a light
control switch®. The imaging resolution of STORM is about
10 to 30 nm, which is suitable for organelles including structure
and function such as the fission and fission of mitochondria”
and neuronal cytoskeletons'". However, continuous flashing is
required during the process of this technology, and as a result,
the cumulative effect increases its phototoxicity. Therefore, it is
not applied in living cells. STED microscopy combines confocal
microscopy with the stimulated radiation characteristics of flu-
orophores to achieve super-resolution imaging!?. Its imaging
resolution has improved to the nanometer level, which can real-
ize structural and functional information for nano-molecules.
This technology was applied to assess the changes in lipid
bilayer and information communication in living cells™,
Meanwhile, the changes of different states for photon energy
shortly are indispensable. The parameters of the laser such as
high power and short pulse width are important. Based on struc-
tured light illumination, structured illumination microscopy
(SIM) has the advantage of fast and long-term analysis for
monolayer living cells especially. The structural information in
living cells is acquired by different types of SIM!"*"!. The axial
resolution of about 500 nm limits its application in thick sam-
ples such as organoids. MINFLUX combined with single-
molecule localization microscopy (SMLM) and STED has
the advantages of higher lateral and axial resolution with fewer
fluorescent molecules"®. It achieves super-resolution images in
three dimensions, but related research, such as cellular tracking,
is from two-dimensional space!'"'®.

In this review, we first introduce key super-resolution tech-
nologies for organelle research, such as STORM, STED, SIM,
and MINFLUX. Then, the application and development of
organelle interaction effects with FLSR are systematically de-
scribed. Finally, we briefly summarize the research on the inter-
action effects between two or more organelles by FLSR,
providing scientific proofs for basic research.

2. Fluorescence Super-Resolution Imaging
Technologies

2.1. Single-Molecule Localization Microscopy

SMLM regulates the amount of luminescence of fluorescent
molecules around the diffraction-restricted region, the result
of which is that fluorescent molecules are aligned one by
one. The principle of STORM is shown in Fig. 1(a)". The tech-
nique takes advantage of the photoconversion properties of fluo-
rescent molecules to obtain fluorescence signals at different
points one by one. The optical path and spectral modulation of
STORM are shown in Fig. 1(b). The intensity and switch char-
acters are changed by an acousto-optic tunable filter (AOTF) to
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alternate illumination of the excitation wavelength and emission
wavelength. Based on the system of SMLM, total internal re-
flection fluorescence (TIRF) is used to increase SNR. One of
the key elements is the single-molecule localization algorithm.
The sample is labeled by a specific fluorescent molecule probe
with photon-switching characteristics, which could be ex-
changed by optical elements. Multimolecular fluorescence im-
ages spatially are separated into a series of sub-images so that
there is only a small amount of sparsely distributed single-mol-
ecule emission fluorescence in each frame. A single molecule
effectively avoids the influence of the light diffraction limit,
and its center position is determined by the single-molecule
localization algorithm. Finally, a super-resolution image is re-
constructed by every positioning point. There are some impor-
tant elements for single-molecule localization imaging. The first
one is light-conversion fluorescent probes. Fluorescent mole-
cules are separated from others by photoconversion fluorescent
molecules. Common fluorescent probes include organic syn-
thetic anthocyanin dyes and photoactivated fluorescent proteins.
The second one is the accurate single-molecule localization and
reconstruction algorithm, which directly affects the imaging res-
olution. It is concluded that the Gaussian function can obtain the
best positioning accuracy when fitting the point spread function
of the collected single molecule. The third one is high-sensitiv-
ity acquisition equipment. Single-molecule signals can be accu-
rately collected by high-sensitivity cameras thanks to the short
duration of light-conversion fluorescent probes. SMLM has de-
veloped into a variety of technologies with the advancement of
technology, such as photoactivated localization microscopy
(PALM), STORM, and combined multiple techniques with
microscopy. The imaging resolution of SMLM is about 10—
30 nm, which is lower than some subcellular structures. The
precise localization analysis of nanoscale biomolecules can
be performed by the technology. Betzig et al.™ utilized acti-
vated light to regulate the activation state of a single fluorescent
molecule during the activated period, which was shortened as
PALM for the first time. Meanwhile, Zhuang et al.®" designed
a novel SMLM technology named STORM. With the discovery
of some dyes spontaneously flashing in specific chemical envi-
ronments, direct stochastic optical reconstruction microscopy
(dSTORM) was developed™,
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The imaging resolution of STORM is dependent on the ac-
curacy of the single-molecule localization theoretically. The
localization accuracy, size, and density of fluorescent probes di-
rectly affect the spatial resolution. Resolution can be further in-
creased with a smaller fluorescent probe, which determines the
Gaussian width of the point spread function (PSF). One of the
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Fig. 1 The basic principle and application of SMLM. (a) The basic principle of STORM®.,
(b) Optical path and spectral modulation process of traditional STORM. (c) 4Pi-STORM imaging
of the neuronal cytoskeleton!". (d) The process of image reconstruction based on a deep learning
network. (€) Comparison of basal membrane profiles of three different cell types®. (fy STORM
(left) and wide-field (right) images of microtubules in HepG2 cells labeled with 565 quantum dots
(QDs)!". (g) 4Pi-STORM imaging of mitochondrial crista in the U-2 OS cell and COS-7 cell,
respectively.

traditional locations is the least squares method, and the center
of localization is explained as Eqs. (1)—(3). The image is rebuilt
by numerous frames of a single fluorescent molecule, and the
density of the fluorescent probe has an important influence on
image resolution. Huang et al.”'! added a column lens to the
imaging optical system that changed the received shape of
the PSF to restore the axial localization information, and its
axial resolution and imaging depth finally reached 50-60
and 600 nm, respectively. Meanwhile, bio information could
be thoroughly collected by two opposing objectives of 4Pi
microscopy to get the localization accuracy. In 2022, STORM
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combined with 4Pi microscopy improved the axial resolution
and imaging depth to 5 and 600 nm, respectively!'’. The results
of 4Pi-STORM imaging not only showed the neuronal cytoske-
leton but also distinguished the mitochondrial crista in the U-2
OS cell and COS-7 cell, respectively, as shown in Figs. 1(c) and
1(g). When the excitation density of each frame was increased to
reduce the total time, the temporal resolution was improved.
Zhu et al.” applied a compressed sensing algorithm that effec-
tively increased the excitation density of each frame, the
temporal resolution of which improved to 3 s in imaging micro-
tubule dynamics in living cells. In addition, materials scientists
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have found that the distance of ionic coupling between fluores-
cent molecules and materials could achieve the axial localization
and imaging speed of fluorescence. Jones et al.™ monitored
clathrin-coated pits (CCPs) labeled with various probes to ex-
plore the endocytosis of transferrin for living cells, and the tem-
poral resolution and lateral resolution were improved to 0.5 s
and 20 nm, respectively. QDs, a type of photoluminescent
material with the advantages of strong photostability, high quan-
tum yield, strong quenching resistance, and good biocompati-
bility, are regarded as ideal fluorescent probes for STORM.
The images of microtubules in HepG2 cells labeled with 565
QDs were imaged by STORM"?, and the lateral resolution
was increased to 24 nm, as depicted in Fig. 1(f). Ouyang
et al.”" used the deep learning method to reduce the total num-
ber of imaging frames from 30,000 to 300 frames, and the
imaging speed of STORM was significantly improved. The im-
aging depth was around 100 and 25 nm for metallic gold and
graphene, respectively™', which could achieve discrimination
basal membrane profiles for different cells, as illustrated in
Fig. 1(e). In conclusion, the improved STORM opens up new
avenues for characterizing cellular ultrastructures in living cells.

2.2. Stimulated Emission Depletion

In 1994, STED was first designed by Hell and Wichmann. The
basic principle of STED is shown in Fig. 2(a)!"*. The image is
based on the pixel-by-pixel, which is similar to CLSM. Another
light could quench excited fluorophores and keep the intensity
at the center, which is named the donut-shaped spot. However,
there is a pinhole in front of the detector, and the peripheral fluo-
rescence of the first light is depleted by the second spot. As a
result, the imaging resolution is increased rapidly. Photons from
the laser are absorbed by fluorophores, and the status of fluo-
rescence is brought from the ground singlet (SO) to its first ex-
cited singlet electronic state (S1). The fluorophores of samples
are switched multiple times during the whole process. The tradi-
tional method is

dzﬂ/(ZNA 1+I/Is). 4)

Here, NA, I, and I denote the numerical aperture of the lens,
the focal peak intensity at the donut crest, and the intensity that
reduces the fluorescence ability by half, respectively™. FLSR
provided more structural and functional unseen details for the
subcellular level. Importantly, STED makes up for the margin
between EM and confocal laser scanning microscopy (CLSM),
the optical path of which was more complex than that of others,
as shown in Fig. 2(b)*". For example, Liu et al.”™ improved
STED resolution to 30 nm based on super-linearity of upcon-
version nanoparticles at low power. At present, the technology
of STED has been used to explore the finest details in numerous
directions of biomedicine as shown in Fig. 2(e)*. As we all
know, STED has been successfully imaged in thin samples, such
as single cells, and tissue sections. But the advantage of the
super-resolution was limited in the Z-axis. STED combined
with other technologies was designed to increase its sensitivity,
specificity, and so on. Gould et al.®™ first implemented adaptive
optics (AO) in STED to acquire the three-dimensional (3D)
super-resolution information of zebrafish retina sections with
a thickness of more than 14 m. A low signal-to-noise ratio is
the major element for STED because of high-power depletion.
Zdankowski et al.®" demonstrated STED with automated
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aberration correction to improve the image resolution, and its
depth was verified in the field of axons in differentiated in-
duced pluripotent stem cells growing with a thick layer of 80 m.
To decrease the photodamage, Wang et al.”* modulated infor-
mation from the temporal and spatial domains, and imaging
resolution improved by 100 nm for fixed and living cells.
Patton et al.®® proposed an AO scheme with two correction
elements and included DM and SLM to correct aberrations in
all beam paths, which could realize the complex structures in the
Drosophila brain with a depth of 15 m. Gao et al.”"! compen-
sated for the phase aberration of the system based on an aperture
segmentation-based method and achieved imaging for fluores-
cent polystyrene beads with a diameter of 40 nm. Kuang et al.®”
approached fluorescence emission difference microscopy (FED)
on the autophagy-associated proteins (LC3) labeled by green
fluorescent protein (GFP) in HEK293 cells, in which the spatial
resolution was reduced to less than A/4 in the far field, and the
dwell time was shortened to 0.3 s at every pixel. This method
did not require the precise alignment of two laser beams, where
1., I,, and Iyp are the normalized intensity distributions of the
confocal, negative confocal, and FED images, respectively, and
r is the subtractive factor,

Iggpp = 1. —r-1,. 3

In addition, the differential resolution of FED combining the
nonlinear effects of the upconversion nanoparticles was im-
proved observably**=!,

The exchange of the substance and interaction effect in live
cells needs to have high performance, such as real-time, fast,
and super-resolution characteristics. Hedde et al.""* combined
raster image correlation spectroscopy (RICS) with STED to
monitor the status of the lipid bilayer labeled with Atto647N-
DPPE, which significantly improved the spatial resolution and
sensitivity at low fluorophore concentration, as demonstrated in
Fig. 2(c). In 2021, Wang et al."' proposed FM-STED based on
frequency spectrum modulation, avoiding severe photo-damage
or photobleaching, which had been confirmed in fluorescent
beads and microtubules, as depicted in Fig. 2(f). Therefore,
researchers have tried to develop it in modern life science.
Zhang et al.™ incorporated fluorescence in situ hybridization
(FISH) into STED to improve its sensitivity, the result of which
clarified the distribution and kinetic mechanisms of intracellular
mRNA molecules by labeling the mRNA of presynaptic pro-
teins in primary hippocampal neurons. Plasmodium is an impor-
tant factor for malaria, but its small size and high sensitivity to
light make it impossible to study in vitro. Schloetel et al."*" de-
signed guided STED based on AO, which could avoid the dam-
age of the high power of plasmodium, effectively monitoring the
whole plasmodium life cycle with a resolution of 35 nm. In
2020, Wang et al.™® put forward digitally enhanced STED
(DE-STED) to decrease the influence of depletion power based
on the donut image, achieving a spatial resolution of A/8 at a
depletion power of 1.4 mW. It limits optical techniques in
achieving deeper imaging depth because of light scattering.
Presynaptic long-term potentiation (LTP) plays an important
role in learning and memory. However, it is difficult for tradi-
tional imaging recording methods to study its mechanism. In
2023, Fukaya et al."’' used STED to analyze the Muncl3-1
and RIM1 molecules in the active region of hippocampal mossy
fiber synapses, and the super-resolution imaging showed that
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Fig. 2 The basic principle and application of STED. (a) The basic principle of STED!"2. (b) Optical
path and spectral modulation process of two-color STED®"., (c) Diffusion of Atto647N-DPPE in the
membrane of an XTC cell in STED!". (d) Immunolabeled Munc13-1 and RIM1 molecules were
visualized by STED microscopy at the hMFBs!®. (e) Diagnostics and understanding disease
mechanisms in STED and confocal microscopy®. (f) The imaging of microtubules in fixed
BSC-1 cells in confocal microscopy, STED, and FM-STED®.,

the number of molecules increased after tetanic stimulation, as
shown in Fig. 2(d). It indicated that components in the active
zone were related to fusion ability and synaptic vesicles during
LTP. More importantly, STED provided a novel imaging method
for the dynamic processes of live cells with nanometer scales.
Velasco et al."** combined two-photon excitation, AO, red-emit-
ting organic dyes, and a long-working-distance water-immer-
sion objective lens to achieve the imaging of brain tissue up
to 164 pm in fixed mice and 76 um in living mice. As we all
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know, STED acquired super-resolution based on high depletion
power. As a result, severe phototoxicity or photobleaching
made it difficult to apply for live cells. Zhang et al.””" designed
a low-power two-color STED super-resolution microscope
based on digital enhancement technology, which achieved
high-quality imaging for mitochondria and microtubules in
live cells. Fluorescent dyes are indistinguishable at multiple
channels by conventional methods. Abberior proposed the
TIMEBOW method that separated the lifetime of the excited
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state, improving the accuracy of four channels excited by one
wavelength laser™'. In 2023, Bucevitius et al.® exploited the
dyes’ structural diversity for the selection of highly biocompat-
ible probes, and successfully applied them in STED in live cells
and tissues.

2.3. Structured lllumination Microscopy

SIM is a super-resolution microscopy imaging technique based
on frequency domain regulation, which was first proposed by
Gustafsson’!. The basic principle is the stacking gate effect ex-
cited from fluorescent samples by intensity sinusoidal modu-
lated structured light. The high-frequency information away
from far-field space is encoded to the low-frequency microscopy
image, which achieves super-resolution optical microscopy im-
aging that breaks through the Abbe diffraction limit. The multi-
level spectrum carrying sample information is generated be-
cause of the convolution of the illumination pattern spectrum
when the sample is excited by sinusoidal structured light.

Digital Camera

CcCD

®

The high-frequency portion is detected within the cutoff fre-
quency range of the system when the spectrum level is %1,
as shown in Fig. 3(a). Since this high-frequency information
is added to the low-frequency information, the reconstruction
of the high-frequency components is decoded through a series
of post-processing algorithms™®*', Multiple fluorescence images
with different phase shifts are collected at the same direction
angle, and those equations are solved to separate and reorganize
the multiple harmonic terms in the spectral space. Finally, super-
resolution images are reconstructed with multiple raw images at
different directions or different phases.

Since the sample of SIM was limited by the diffraction limi-
tation before laser irradiation, its maximal grating frequency in-
creased to double the width of the cutoff frequency. At present,
this imaging resolution of SIM improved to 100 nm"”.
Although the lateral resolution of SIM is not as good as
PALM, STORM, STED, and other technologies, it is very suit-
able for super-resolution imaging of live cells because of its ad-
vantages such as high photon efficiency, fast imaging speed, and

Fiber”

Polarizer c——
Grating [ingagnnnl

Objectwe l
lens

Sample

Fig. 3 The basic principle and application of SIM. (a) Optical path and spectral modulation pro-
cess of traditional SIM (linear). (b) Spectral modulation process of SSIM. (c) F-actin protein of
COS-7 cells imaged by SSIM and other methods (top left: wide field, top right: deconvolution,
bottom left: SIM, bottom right: SSIM)I'%. (d) The structure of mesoplasmic membrane microcap-
sules in COS-7 cells from different methods (top left: wide field, top right: deconvolution, bottom
left: SIM, bottom right: SSIM)™™. (e) The SSIM image of mesoplasmic membrane microcapsules in
live COS-7 cells!". (f) The basic principle of 3D-SIM?", (g) Imaging results of traditional widefield

and 3D-SIM in live Hela cells*?,
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full-field imaging mode. Huang et al.®"! proposed the Hessian
constraint based on the spatiotemporal continuity of biological
samples, which effectively reduced the reconstruction artifacts
generated during SIM post-processing. The dosage of photons
was reduced to 90%, which promoted long-term super-
resolution imaging of moving vesicles in the endoplasmic
reticullum with a spatiotemporal resolution of 88 nm and
188 Hz. Gustafsson”™ further proposed the saturated structure
illumination apparent microtechnology (SSIM) based on fluo-
rescence saturation, which achieved higher lateral resolution
(50 nm). The surface of samples was excited by local fluores-
cence at high-power sinusoidal light of SSIM, emitting a non-
sinusoidal rectangular grating pattern, and the principle was pre-
sented in Fig. 3(b). Hesper Rego er al.™ achieved its lateral res-
olution of 50 nm with reversible optical switching fluorescent
proteins. However, the photobleaching was increased under the
high-intensity light of SSIM, which made it difficult to apply to
live cell imaging. Li et al." combined photo-sheet microscopy
with a light-activated fluorescent protein to decrease the photo-
toxicity, which performed long-term dynamic observations of
living cells, such as in Figs. 3(b)-3(¢). Huang et al®'" de-
signed three-dimensional structure illumination microimaging
technology (3D-SIM) to obtain the 3D structure of cells. A
beam of interference light was added to the SIM system to gen-
erate a 3D illumination light field. The optical transfer function
was transported to achieve twice the axial super-resolution in
the axial direction. The spectrum of the sample was moved
in the lateral direction, the result of which was that lateral res-
olution and axial resolution were 100 nm and 280 nm, respec-
tively, as shown in Fig. 3(f). 3D-SIM still cannot achieve
isotropic super-resolution because the axial resolution of wide-
field fluorescence microscopy is only one-third of the lateral
resolution. Shao et al.”" combined SIM with 4Pi technology
named I5S, realizing 100 nm in both lateral and axial directions.
Then, Shao et al." achieved 3D imaging of live cells at a rate
of 5 s/frame with the spatial light modulator, as illustrated in

Fig. 3(g).

2.4. MINFLUX

MINFLUX is a super-resolution technology that combines the
advantages of STED and SMLM, which was first proposed by
Stefan Hell in 2014. MINFLUX separates fluorophores based
on SMLM, but the light field with minimal central intensity
was applied such as the donut of STED"®. Compared with other
super-resolution technology, it could locate the fluorophore with
faster and higher precision. It enables the highest possible res-
olution in fluorescence microscopy with a minimum molecule
of 1-3 nm. More importantly, the number of fluorescent photons
is less than 100-300 times with an accuracy of 1 nm. The role of
the donut in MINFLUX is used to excite the fluorescence that is
completely different from STED. If the center of the donut co-
incides perfectly with the fluorophore, fluorescence could not be
monitored. On the contrary, fluorescence intensity is detected by
the monitor. As a result, this special positioning method reduces
the number of photons required for localization and improves
positioning accuracy. The actual donut laser only needs to be
irradiated twice to precisely locate the precise light-emitting po-
sition of the fluorescent molecule in one dimension. The smaller
the moving distance is, the higher the final positioning accuracy
will be. MINFLUX can accurately locate single-molecule
fluorescence through the fluorescence intensity obtained after
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moving 3 positions at two dimensions, as shown in Fig. 4(a).
To avoid the background noise, it needs to add a center position
in practice. Meanwhile, there are slight differences between
MINFLUX and SMLM, as shown in Fig. 4(c).

It has been applied in the fields of biomolecules and neuro-
science, bringing technological innovation to mankind. The
feature of MINFLUX is high spatial and temporal resolution,
which promotes the efficiency of the location of single fluores-
cent molecules. MINFLUX, a technological innovation,
has become more prominent in molecular imaging at the nano-
scale. To simplify systemic setup and amplify the lifetime of
fluorescence, Masullo et al.”™ designed pulsed-MINFLUX
(p-MINFLUX) based on the highly photon-efficient single-mol-
ecule localization method with a resolution of 2 nm. DNA point
accumulation for imaging in nanoscale topography (DNA-
PAINT) is a type of super-resolution technique, the principle
of which is complementary pairing between DNA molecules.
The DNA molecule was labeled by a special target and com-
bined with a complementary DNA molecule. These probes were
added and removed orderly to achieve high-resolution imaging.
Compared with other SMLMs, DNA-PAINT achieved high
specificity and dynamic imaging for target proteins such as in-
tracellular and extracellular protein interaction®, cell signaling
pathway communication®”, and cell molecular dynamics®®.
However, this technique was challenged in multicolor imaging
due to the instability of the probes and the crossing of multi-
channels. To get super-resolution in all three dimensions,
Zihringer et al.®™ combined p-MINFLUX with DNA-PAINT
and provided the switching mechanism of precise localization
and high-resolution imaging for DNA origami. The advantage
of MINFLUX could achieve high resolution in three dimen-
sions to achieve molecular imaging. Schmidt e al.''” applied
MINFLUX to analyze subcells and different nerve cells, finding
that the resolution could attain less than 1 nm after 2500-photon
yield, as shown in Figs. 4(b) and 4(e). More importantly, it
is possible for a plasma membrane system to monitor the com-
munication between organelles, as depicted in Figs. 4(f) and
4(g)"™. Masullo et al."”" presented RASTMIN, which was an
alternative to MINFLUX in single-molecule tracking and high
resolution for DNA origami structures. MINFLUX has limita-
tions in multichannel imaging. Ostersehlt et al.”®"! applied DNA-
PAINT with MINFLUX to exemplify the multiple molecular tar-
gets of mitochondria in human cells. Zhao et al."®” simulated the
two-photon MINFLUX and improved the width of the confi-
dence interval to half of the original thanks to the nonlinear ef-
fect of two-photon excitation. Balzarotti ef al."" put forward the
basic concept of MINFLUX and detected the precise curves of a
single ribosomal subunit in 77 independent tracks in live E. coli
bacteria imaged by MINFLUX with a spatial resolution of
20 nm, as shown in Fig. 4(d). Meanwhile, the lateral resolution
of MINFLUX achieved 1 to 20 nm, but its axial resolution was
greatly reduced to 50 nm. As a result, it is not suitable for 3D
imaging. Different from the traditional illumination method,
rapid on-site evaluation (ROSE) has a better optical sectioning
mode that could obtain the 3D structure information and spatial
distribution. Especially, ROSE achieved accurate and rapid di-
agnosis of pathological sections'™. Based on this principle, the
researchers developed ROSE-Z, which successfully analyzed
the hollow structure of the intracellular microtubule diameter
from three dimensions. In addition, ROSE could provide power-
ful techniques for 3D nanostructures, which was successfully
applied in multicolor imaging and thick samples. Notably,
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Fig. 4 The basic principle and application of MINFLUX. (a) The basic principle of MINFLUX!®!,
(b) Optical path and spectral modulation process of 3D MINFLUX!"". (c) Arrangement of up to
nine on-off switchable fluorophores on the origami (top) and the smaller DNA origami structure
(bottom)!!, (d) Single-molecule MINFLUX imaging and precise tracking in live E. coli bacterial™.
(e) 3D MINFLUX raw data and corresponding information at different dimensions (top) and clathrin
visualized by SNAP labeling in HeLa cells (bottom)!"”.. (f) Distribution of Mic60 in mitochondria of
human U-20S cells!"®. (g) Two-color 3D MINFLUX acquisition of a mitochondrion in human dermal

fibroblasts!'®.

ROSE needed large amounts of data during the acquisition and
reconstruction process. It tends to static biological samples. The
low optical power of MINFLUX enables real-time imaging at
low power, which is suitable for dynamic biological activities.
Super-resolution microscopy has the advantages of high resolu-
tion, rapid speed, and visualized zoom of structural and func-
tional imaging for biological samples, which promotes the
development of modern precision medicine. For example, the
morphology and interaction effects of organelles such as mito-
chondria, lysosomes, and endoplasmic reticulum could be easily
imaged by super-resolution microscopy. It is convenient for
basic biomedicine to research more biological information,
which has a broader prospect and far-reaching significance in
organelle research and physiological pathological phenomena.
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MINFLUX, a super-resolution microscopy technique, has sig-
nificant advantages in biomedical research such as the structure
and function of neurons, the mechanism of antitumor drugs, and
the localization of signal proteins during the exchange of cel-
lular substances. The system itself is more complex due to
the combination of the advantages of STED and SMLM.
Meanwhile, the high cost of MINFLUX cannot be ignored.
It has high requirements for sample preparation including la-
beled substances and experimental protocols, which greatly in-
creases the complexity and time for researchers. There is still a
lot of potential for MINFLUX to promote the research of life
sciences and medical diagnosis.

In conclusion, we compared the parameters of each
super-resolution technique, and each one has advantages and
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Table 1 System Parameters of Different Techniques.

FLSR PALM/STORM STED SIM MINFLUX
Speed Thousands of exposures Point scanning Full-field imaging 10 kHz
Energy (W/cm?) ~10° ~107 ~10? ~1
Temporal resolution (ms) 1.2 x 10°-1.8 x 10° 50 1-100 0.1

XY resolution (nm) 20 30-50 65-100 2-5

Z resolution (nm) 50 70 250 2-3
Fluorescent molecules Photoswitchable Free Free Photoswitchable
Live cell imaging Yes Yes Yes Yes
Depth (pm) 0.2 120 20 1

Image reconstruction Required

Not required Required Required

disadvantages, as shown in Table 1. It is very important for im-
age acquisition and reconstruction to maintain a high signal-
to-noise ratio (SNR), which could improve the image quality,
accuracy, and efficiency of information transmission and
optimize the effect of data processing algorithms. STORM
achieves super-resolution imaging based on the stochastic acti-
vation of single-molecule fluorophores and precise localiza-
tion by Gaussian fitting. However, localization errors were in-
creased by insufficient photons, which directly affected image
reconstruction quality and resolution. Meanwhile, the mis-
localization of molecules and image artifacts may occur because
of the low SNR. STED enhanced optical resolution by sup-
pressing the expansion of the fluorescence emission area, but
the depletion region’s boundaries relied on a high SNR. High
SNR is not essential for SIM, but artifacts and distortion are not
obviously neglectable problems during image reconstruction es-
pecially for live samples. Compared with others, MINFLUX de-
termines the position of the molecule by the relative intensity
and has advantages in localization accuracy under low SNR.
Biological tissues are inherently heterogeneous and complex,
and each technique may have differences in imaging speed,
depth, resolution, and photodamage. So it is urgent to optimize
super-resolution imaging techniques and obtain higher-quality
molecular localization and spatial distribution by artificial intel-
ligence. In recent years, with the development of artificial intel-
ligence technology, algorithms based on deep learning have
significantly improved parameters and found more details of
biological samples. For example, phototoxicity is the key prob-
lem of STED techniques. Ebrahimi et al.'! decreased its dwell
time to 3.125% by multi-stage progressive image restoration
(MPRNet) which effectively reduced photodamage and im-
proved the imaging speed. Chen et al.'” improved resolution
and robustness with fewer photons based on the GAN network.
The axial resolution of high-density fluorescent samples was
limited by the traditional method. Wu et al."” inputted single-
helix point images into a decoder—encoder network based
on CNN, and its axial resolution was improved to 50 nm.
Meanwhile, SMLM has low temporal resolution because of plen-
tiful images during reconstruction. It was difficult for STED to
monitor the dynamic behaviors of live cells. Nehme et al.'” re-
duced the number of images by the decoder—encoder network.
Li et al."™ applied recurrent neural networks (RNNs) to extract
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features, and the reconstruction time was reduced by 40%.
Speiser et al'® optimized maximum likelihood estima-
tion (MLE) based on the U-Net network to decrease the
reconstruction time. Compared with other super-resolution tech-
niques, SIM could achieve real-time tracking of live cells, but its
resolution is difficult for small molecules such as localization and
spatial tracking. Shah et al.” employed a residual encoder—
decoder network (RED-Net) to improve lateral resolution and re-
move artifacts. Chen et al.”" proposed a CR-SIM based on the
residual neural network to improve the contrast of images. In or-
der to improve axial resolution, Boland et al.” used the RCAN
network to realize two dimensions to three dimensions.

3. Multiple Organelle Interaction of a Tumor

Super-resolution microscopies have the advantages of real-time
visualization, ultra-high temporal resolution, and spatial resolu-
tion for biological science, which provide novel methods for
basic biomedicine such as organelle membrane junctions, inter-
action effects, cell response mechanisms, and so on. Organelles
with unique local environments and molecules play specific
roles in interacting with others, which maintains stable condi-
tions of cells and tissues. Lysosome, a monolamellar membrane
organelle, meets the metabolic energy and renews organelle
structure by decomposing macromolecular substances. The
regulation mechanism of lysosomes combined with intracellular
autophagy forms autophagy lysosomes, which regulate the
number, morphology, and microenvironment of molecular sub-
stances"*"”\. Those play vital roles in biological behavior such as
cellular metabolism, phagocytosis, and autolysis. The endoplas-
mic reticulum (ER) connected with the plasma membrane and
the nuclear membrane is involved in the synthesis, processing,
packaging, and transportation of proteins and lipids”. It plays
an important role in various inhibition metastasis pathways such
as tumor cell ablation, apoptosis, autophagy, and necrosis. On
the one hand, abnormal conditions such as tumor hypoxia, ox-
idative stress, and low pH conditions enhance the survival and
metastasis of tumor cells. On the other hand, folded protein is
disordered in the ER, the result of which was that the growth
of the tumor was inhibited by endoplasmic reticulum stress
(ERS)"". It has been confirmed that tumor growth was markedly
retained by improving its fluidity”, fusion”, and permeabil-
ity™. The Golgi apparatus, an intracellular protein-centric

2024 * Vol. 1(3)



Wu et al.: Super-resolution microscopy reveals newsinsights into organelle interactions

delivery system, consists of saccules and different vesicles®".
That facilitates tumor migration, invasion, and angiogenesis.
The expanded Golgi apparatus provides convenient conditions
for tumor cell metabolism and protein secretion™. The activities
of organelles and their components directly influence cells’
growth, repair, and proliferation abilities. Each organelle not only
performs its own function, but also cooperates with others to
achieve complex physiological functions regulating the cell sta-
tus under physiological or pathological conditions such as oxi-
dative stress, metabolism, autophagy, uptake, and escape!®***.,
The cell activity and homeostasis are observably regulated by
nano-scale organelles such as mitochondria, ER, microtubules,
and lysosomes. Modern biomedicine obtained quick and com-
prehensive development from the perspective of super-resolution
imaging.

Different techniques enable super-resolution imaging of live
or fixed cells. For example, it is critical for live cells to choose
reactive dyes. In the early phase of staining, cells in the best
condition were selected for plating. The density of cells is
maintained at 50% to 70% because of interaction effects. The
fluorescent probes were diluted by a serum-free medium, the
working concentration of which was 100 nmol to 1 mol. The
optimal staining time is tested by pre-experiment because of dif-
ferent sensitivities of cells. It is necessary to turn on the live cell
culture device in advance to maintain the working temperature.
For fixed cells, the immunohistochemical staining process is
complex, and the quality of samples is greatly deteriorated.
Pre-fixation is required for some special cell structures such
as nuclear pores. Conventional fixative solutions damage the
cellular structure such as paraformaldehyde or methanol, caus-
ing cell water absorption failure and deterioration. Physical
fixation such as the frozen method gradually replaces chemical
fixation. In addition, it is necessary to eliminate fluorescence
artifacts caused by chemical reagents and glass slides. At
present, the common methods are sodium borohydride or
acid-base treatment. It is noted that a short cleaning with pure
water is required before mounting. It availably removes residual
reagents to avoid salt precipitation on the surface of the samples.
Therefore, a variety of factors should be considered to improve
the accuracy and reliability of the super-resolution images in the
immunohistochemical staining process.

Here, we review the interaction effects between tumor organ-
elles from the perspective of super-resolution microscopy,
including mitochondria, lysosomes, nuclei, endoplasmic reticu-
lum, and Golgi apparatus. This section aims to elaborate on the
physiological and pathological phenomena and guide treatment
from the subcellular level. Meanwhile, this part systematically
analyzes the structural and functional information of organelles
by different super-resolution techniques, which promotes the
application and development of super-resolution microscopy
imaging in oncology.

3.1. The Interaction Effect between Mitochondria and
Lysosomes

Lysosomes and mitochondria are important dynamic organelles
that are widely involved in many important cellular processes,
whose dysfunction is associated with various diseases, such as
neurodegenerative diseases, diabetes, cancer, and cardiovascular
diseases™'. Mitochondria with a diameter of 0.5-1.0 pm, a dou-
ble-membrane organelle, provide the necessary energy for cel-
lular activity through electron transport chains and oxidative
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phosphorylation reactions®. The inner membrane is folded
and highly coiled to form the inner cristae, which is in contrast
with the outer membrane. Super-resolution microscopy made up
for the deficiencies of electron microscopy and traditional fluo-
rescence imaging®”. Betzig et al.™” first localized mitochondria
based on mitochondrial respiratory chain protein cytochrome C
oxidase by PALM. The mitochondrial dynamic tube is the basic
mechanism for the mitochondrial network, which was driven by
the motor protein KIF5B, such as in Fig. 5(a). Consequently,
it continuously elongated and combined with others to form
the mitochondrial network, while the integrity and function of
DNA were damaged®™. Qin et al.™" used double fluorescent-
labeled grazing-incidence SIM (GI-SIM) to perform continuous
multi-frame fast super-resolution imaging of mitochondrial
tubules. Chen et al® realized wide-field imaging during
the process of mitochondrial tube fission and fusion labeled
by the dithiol chemical bond, and the processing algorithm
of the image significantly increased time resolution to 0.8 s,
as shown in Fig. 5(c). Morphological changes of mitochondria
have also been confirmed by SIM such as in Fig. 5(d)"". The
TOM complex, the nanometer mitochondrial outer membrane
protein, is the main transmission pore of encoded proteins in
mitochondria, the spatial distribution of which cannot be located
precisely. Wurm et al.”"! used STED technology to locate the
spatial distribution of Tom 20 in real-time, the result of which
was that its distribution followed a gradient from the perinuclear
to the peripheral mitochondria. Donnert et al.”” achieved co-
localization of TOM 20 and ATP synthase by two-color STED
microscopy with a resolution of 5 nm. The structure of the
mitochondrial inner cristae, about 100 nm, was imaged by
isoSTED with a spatial resolution of 30-40 nm™'. Huang
et al.®" realized the real-time imaging of the mitochondrial
structure transfected with GFP by SIM, which realized the visu-
alization during the dynamic process of mitochondrial fission
and fusion. Lysosome is a single-layered vesicle organelle with
various shapes, the diameters of which are from 0.025 to
0.8 pm. It removes damaged organelles and cellular metabolites
through the endocytosis effect, which maintains normal metabo-
lism™, Fang et al.® designed a fluorescent nanoprobe with
high selectivity, photostability, and low cytotoxicity, which real-
ized real-time tracking imaging of lysosome dynamics and its
uptake ability by SIM, such as in Fig. 5(b).

As membrane-structured organelles, morphological regula-
tion and bioinformation usually communicate by the mem-
brane-membrane contact site (MCS). Deficiency of the MCS
reduces mitochondrial tethering, which defects its functional
characteristics. Calcium ion is an important biological molecule
in cell activity, the concentration of which has a direct effect on
cell apoptosis, mitochondrial metabolism, and ATP synthesis.
Mitochondria are important regulators of calcium ions, and their
homeostasis is closely related to the uptake of internal calcium
ion pairs. Transient receptor potential mucin channel 1
(TRPML1) was regarded as an important point for the interac-
tion between lysosomes and mitochondria to regulate ion trans-
fer, as shown in Fig. 5(f)®. The average distance between
mitochondria and lysosomes is about 10 nm in normal
conditions; therefore, the light diffraction limit of traditional
fluorescence microscopy makes structural imaging impossible.
Wong et al.”” demonstrated that the formation and unbinding of
the MCS between mitochondria and lysosomes occurred simul-
taneously, and the dynamic homeostasis of fission and fusion
was regulated by their MCS. Studies have found that Rab7 also
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Fig. 5 The properties and interaction of mitochondria and lysosomes. (a) Comparative summed-
molecule TIRF, PALM, TEM, and PALM+TEM overlay images of mitochondria in a cryo-prepared
thin section from a COS-7 cell expressing dEosFP-tagged cytochrome-C oxidase import se-
quence®. (b) SIM image of lysosome in HelLa cell magnified images from the dashed box at
different time points®. (c) The movement status of mitochondria at different time points (left)
and the whole tubulation retraction process (right) were imaged by STORM®, (d) The fusion
of two mitochondria®". (e) The fission of one mitochondrion (bottom) was imaged by SIME",
(f) TRPML1 activation preferentially increases mitochondrial calcium at mitochondria (red)-lyso-
some green contacts!'®". (g) The behavior of autophagy after the treatment of the antimicrobial
drug (autophagy marker protein LC3 and p63)®". (h) Dual-color SIM images of dynamic physical
interactions between lysosomes and mitochondria in live U20S cells (Atto 647 N-magenta,
Lysosome-565-green®. (i) Determination of co-localization of mitochondria with lysosomes after

serum starvation®®.

could regulate the formation and unbinding of the MCS be-
tween lysosomes and mitochondria®”. Autophagy is a protein-
degrading behavior that efficiently removes long-lifetime and
misfolded proteins, which contributes to maintaining cellular
homeostasis”. Notably, lysosomes combine with intracellular
autophagy ability to form autophagolysosomes, whose number,
morphology, pH value, and distribution are related to tumori-
genesis and progression!’*”!, Therefore, it is necessary to visu-
alize and dynamically monitor the activity of autophagy-related
proteins and their molecular mechanisms. Lumkwana et al.””
visualized the correlation between the autophagy marker protein
light chain 3 (LC3) and autophagy substrate (p63) with a res-
olution of 80 nm before and after treatment of antimicrobial
drugs, as shown in Fig. 5(g). In addition, dSTORM with a res-
olution of 20 to 30 nm randomly alternated between light and
dark to achieve the tracking and localization of p62, which pro-
vided a quantifiable method. Cisplatin has a good antitumor ef-
fect, but drug resistance reduces its effect during the treatment
process. The reason for this is autophagy-enhanced MCS
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between mitochondria and lysosomes. Sheng et al.”™ found that
cisplatin with a PI3K/mTOR inhibitor interfered with the mito-
chondria—lysosome interaction of liver cancer cells, which
enhanced lysosomal membrane permeabilization, and drug re-
sistance was relieved absolutely. The study of the interaction of
organelles has guiding significance for the study of side effects
of the chemotherapy effect. Han er al.®” achieved real-time im-
aging for mitochondrial-lysozyme interaction during starvation
therapy through SIM, whose spatial resolution and temporal res-
olution were 90 and 270, respectively, as illustrated in Figs. 5(h)
and 5(i). More interestingly, it found that the behavior of auto-
lysosomes was similar to lysosome behavior, which provides a
new strategy for autophagy. Also, it has been discovered
that mitochondrial-lysozyme interaction could regulate the pro-
gression of neurodegenerative diseases'*”. The activities of mi-
tochondria and lysosomes are closely linked. The mitochondrial
dysfunction leads to lysosomal damage due to increased reactive
oxygen species, and dysfunctional lysosomes can also impair
mitochondrial function.
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3.2. The Interaction Effect between Mitochondria and
Endoplasmic Reticulum

The endoplasmic reticulum (ER) is the largest organelle in the
cell, the morphology of which is a network with a thickness of
5-6 nm. It is widely distributed in the cytoplasm and directly
contacts the common intracellular membrane system to main-
tain the basic structure and function of the cell™'*. The spatial
distribution of the endoplasmic reticulum was changed rela-
tively by cellular fluidity, as depicted in Fig. 6(b)™). Among
them, it communicates with mitochondria at a distance of 10
to 25 nm, which is suitable with fluorescence super-resolution
technology. In addition, bioinformation such as ionic homeosta-
sis, unfolded protein response (UPR), autophagy, and apoptosis
is regulated by ER"®!. Compared with traditional light micro-
scopes, FLSR could visualize the tightly packed diaphragm and
tubular structures of ER. Schroeder et al."™ realized dynamic
substructural imaging in live cells by STED with a resolution

Mitochondria

nteraction Effect

of 50 nm and proved that its membrane contained a large num-
ber of small micropores synergistically regulated to tubules and
cytoskeletons, as shown in Fig. 6(a). Man et al."® performed
the chemical probe CLP-TMR combined with gene coding tech-
nology to detect the full width at half-maxima (FWHM), area,
length, and number of nodes per unit area of ER in live cells by
dSTORM, as shown in Fig. 6(c). In addition, temperature is an
important factor for protein expression and cell activity, espe-
cially signaling pathways. Rodriguez-Gallardo et al."* used 3D
super-resolution confocal live imaging microscopy (SCLIM)
to compare and analyze the distribution of protein cargo in
ER at different temperatures. The results clearly showed that
protein cargo could easily penetrate the membrane of ER, which
was distributed across membranes at medium temperature. The
activity of protein cargo decreased at low temperatures.

As genetically characteristic organelles, mitochondrial DNA
(mtDNA) regulates cellular-function-related RNA, protein tran-
scription, and translation. On the one hand, the MCS between
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Fig. 6 The properties and interaction of mitochondria and endoplasmic reticulum. (a) The diam-
eter of ER tubules labeled with SNAP-Sec61p was imaged. The spatial distribution of endoplasmic
reticulum changes with the fluidity of live cells by STED"*. (b) ER distribution changes during
autophagy in U208 cells!"”, (c) The morphological change of mitochondria during the process
of autophagy®. (d) The morphological change of ER in live Hela cells was monitored by
dSTORM under stress conditions!'®. (e) MDT at ER (magenta)-mitochondria (green) contacts
were imaged by SIM®. (f) Two-color STED time-lapse imaging of ER-mitochondria interaction

within a neuritel'%®,
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ER and mitochondria, which is inherited by the next mitochon-
dria, coordinates the synthesis and division of mtDNA. On the
other hand, mitochondrial dynamic tubes promote the active
transport of mtDNA. Qin et al.® performed real-time dynamic
imaging of the mitochondrial dynamic tubulation (MDT) driven
by KIF5B protein around the MCS by SIM, which verified the
activity and transport mode of mtDNA, as presented in Fig. 6(d).
In recent years, more and more studies have found that changes
in structure and function around MCS play an important role in
maintaining cell activity and the progression of disease. In ad-
dition, thinomycin antimicrobials mitigated the progression of
inflammation by improving the area of the MCS"”"\. The dy-
namic process of mitochondrial division and fusion is also
closely related to the interaction effect of multiple organelles
such as ER and lysosome. Boutry et al."® labeled vesicle-as-
sociated membrane proteins (VAPs) and lipid transfer protein
ORPIL to test the three-way interaction effect between the
ER, lysosome, and mitochondria, finding that the division of
mitochondria was inhibited gradually. Guo et al'"® used
GI-SIM to monitor organelle interaction for a long time, whose
temporal resolution and spatial resolution were 266 and 97 nm,
respectively, confirming that MCS between ER and mitochon-
dria promoted the growth of endoplasmic reticulum tubules and
morphological changes in mitochondria, as shown in Fig. 6(f).
Damenti et al."'” used STED with a spatial resolution of 30 to
35 nm to track ER and mitochondria and found that the space of

ER tubules was 120 to 500 nm apart, as depicted in Fig. 6(e).
The ER tubules changed mitochondrial morphology, but mito-
chondrial deformation did not change the size of the ER. More
interestingly, scholars also found that the size of the MCS was
closely related to mitochondrial dynamics and local Ca?* sig-
naling, which can regulate the dynamics and structure of mito-
chondrial cristae membranes (CMs) to promote ionic balance
between mitochondria and endoplasmic reticulum''". MCS be-
tween mitochondria and ER is involved in the replication and
division of mitochondrial genetic material, which has broad
implications for mechanisms of cell function, aging, and a range
of diseases.

3.3. The Interaction Effect between Mitochondria and
Nucleus

The nucleus consists of chromatin, RNA, nucleoli, and proteins,
which is essential for genome folding and regulation. It is an
important regulatory center for cytogenetics and metabolism'®”,
The morphology of the nucleus is different, such as round or
oval, with a diameter of 5 to 10 pm. As the most important
organelle, nuclear pore complexes (NPCs) were fused by the
inner and outer nuclear membranes to achieve the transmission
of genetic material and information. With improved technology,
STED could achieve super-resolution images for organelles, as
illustrated in Fig. 7(D"". Ma et al."'” tracked the 3D spatial
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distribution of passive transport through NPCs in live cells by
single-point edge-excitation sub-diffraction (SPEED) and pro-
posed that NPCs provided necessary competitive conditions
for transportation, the results of which are shown in Fig. 7(c).
The nucleus is located at the center of the cell, which requires
higher-resolution techniques. The size of the NPCs is about
120 nm, but its internal structure is very fine. They can realize
selective channel transmission of molecules of different proper-
ties and participate in multiple biological processes such as
regulating the material exchange between the nucleus and the
cytoplasm, gene expression, cellular signaling, and cell cycle.
Gwosch et al"™ conducted multicolor imaging and 3D
reconstruction of the internal structure of fixed or living cells
by MINFLUX. To demonstrate the differences in DNA struc-
ture, Eilers et al."'" applied MINFLUX to the detection of rapid
movements of a custom-designed DNA origami sample at dif-
ferent dimensions. Okada et al."'' designed various fluorescent
probes to compare differences in the nucleus and its internal
structure by CLSM, SLM, and STED, in which STED obtained
more precise nuclei structure. Chromatin is the core point of the
nucleus and contains all human genetic information. Although
the whole sequential genome has been detected, genetic regu-
lation is still a challenge for biomedicine. Cremer et al.!"'®
designed spectral precision distance microscopy (SPDM) to
achieve the visualization of genic regulation, which had the ad-
vantages of precise localization and quantitative analysis at the
single-molecule level for the nucleus, such as in Fig. 7(b). The
function of mitochondria is strictly regulated by nuclear activity,
and their interaction plays a significant role in their function dur-
ing the physiological and pathological progression. Eisenberg-
Bord et al."" localized MCSs between mitochondria and organ-
elles in yeast based on their membrane surface proteins, which
provided channels for information exchange. The distribution of
mitochondria in various cells is different. The density of the
MCS between the mitochondria and nucleus in the cell mem-
brane system is enhanced, and the morphology of mitochondria
near the nucleus is easily observed during super-resolution
imaging. Ramadani-Muja et al."'® quantitatively analyzed sub-
cellular localization and organelle distribution during the regu-
lation of protein Sirt4 in stressful conditions, which mainly
entered into the nucleus through the MCS, such as in Fig. 7(a).
In addition, some scholars have found that the MCS promoted
retrograde communication between mitochondria and the
nucleus to improve cellular adaptation to stress, such as in
Fig. 7(e)"". Xu et al."™ designed aggregation-induced lumi-
nescence (AlEgen) with high photoluminescence quantum
yield, good photostability, and biocompatibility, which achieved
specific and dynamic imaging of subcellular structures for
STED, as shown in Fig. 7(d). It increased the half-peak full
width and imaging resolution during the migration processes
of single nanoparticles. The interaction effect between mito-
chondria and the nucleus regulates the major epigenome and
the mechanisms of the aging process, which promotes an under-
standing of interventions for human health and longevity.

3.4. The Interaction Effect between Endoplasmic
Reticulum and Golgi Apparatus

As the last place for protein processing, the Golgi apparatus
realizes the processing and packaging of proteins synthesized
from ER. The morphology of the Golgi apparatus is usually
arched or hemispherical with a thickness of 6 nm, which is
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composed of 3 to 7 flat vesicles with a diameter of 50 nm. Live
cell fluorescence imaging puts forward higher requirements for
the stability, phototoxicity, and photobleaching of dyes to main-
tain the normal activity and functional role of cells. Erdmann
et al."*"" innovatively designed two photostable active dyes and
compared the differences during dynamic processes of the Golgi
apparatus in living cells by 3D confocal and STED, as shown in
Fig. 8(a). The Trans-Golgi Network (TGN) is an important seg-
ment during the process of protein processing, classification,
and transport, as depicted in Fig. 8(d)""*. Shimizu et al."*' de-
signed a confocal microscopy technique with a multicolor and
high spatiotemporal resolution for qualitative and quantitative
analysis of the TGN in Arabidopsis thaliana herbaceous plants,
and the TGN-related secretory transport and vacuole transport
had different distribution and dynamic changes, as illustrated
in Fig. 8(e). Zhang et al."* uses 4Pi single-molecule switch
super-resolution microscopy with a resolution of 5 to 10 nm to
accurately locate flat vesicle matrices and transporters in the
Golgi apparatus, which can realize efficient analysis for the
Golgi curled structure and MCS, as presented in Fig. 8(b).
Some research verified that methionine sulfoxide oxidase was
related to the tube bubble structure and exhibited significant
co-determination with markers of the Golgi apparatus and cir-
culating endosomes. Sikora et al."* observed a high correlation
distribution of GM130 and MICAL-L1 around the nucleus
by confocal imaging, which was precisely located at different
Golgi cisternae by STORM, as shown in Fig. 8(c). Herrera
et al."* achieved located imaging for reverse transport of bac-
terial toxins around TGN by STED, such as ricin and chol-
era toxin.

3.5. The Interaction Effect between Membraneless
Organelles

The cells maintain their normal structure and function through
the cell membrane system for material exchange and informa-
tion communication. The centrosome is distributed in the
cell matrix near the nucleus and consists of two mutually
perpendicular centrioles, while the diameter and length are
0.16 to 0.23 pm and 0.16 to 0.56 pm, respectively, the results
of which are shown in Fig. 9(d)"*"\. It is important for centro-
somes to regulate cell activity and organelle interaction effects.
It is the center of the microtubule that plays a regulatory role in
maintaining the number, stability, and spatial distribution of mi-
crotubules. The shape of the distal centriole assembly (DAP) is
described as a pinwheel. Yang et al."** redefined the pinwheel
as a cone-shaped structure by dSTORM with a frequency of
50 frame/s as shown in Fig. 9(b). Sydor et al.!* found the
PPPI1R35 widely was distributed in the proximal lumen of
the centrosome, which co-work with RTTN to affect the number
of centrosomes and the structure of centrioles. Expansion
microscopy (ExM) was first proposed by Ed Boyden in 2015.
Its resolution can reach 70 nm under a typical expansion of
about four times based on the traditional confocal micro-
scope!*!. Zwettler et al."*" combined dSTORM with ExM to
improve imaging resolution to 20 nm, the result of which en-
hanced the ultrastructural imaging and labeling rate of microtu-
bules and centrioles, as depicted in Fig. 9(e). As an intracellular
membraneless organelle, the ribosome, mainly composed of
protein and RNA, is the place for intracellular protein synthesis.
Ribosomes are ellipsoidal granular bodies with a diameter of
20-30 nm. It can be divided into a 60 S large subunit and
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Fig. 8 The properties and interaction of the endoplasmic reticulum and Golgi apparatus.
(a) Confocal and STED images of the Golgil™". (b) Complex stacked architecture of the Golgi
apparatus by the 4Pi single-molecule switched super-resolution microscope'. (c) The distribution
of MICAL-L1/TGN46, MICAL-L1/ GM130, and MICAL-L1/TfR colocalization was evaluated by
STORM!'*!, (d) Cargo (green) is transported from cis-Golgi (red) to TGN (blue) while being main-
tained in a maturing cisternal'??. (e) 4D images of the Golgi apparatus, TGN, and secretory traf-
ficking zone component clathrin in the epidermal cell of the root elongation zone under SCLIM!"??.,

a 40 S small subunit according to the sedimentation coefficient.
Ruland et al."** combined single-molecule tracking and super-
resolution confocal microscopy with an imaging time of 24 ms
to realize the intracellular transport kinetics of the ribosome
large subunit structure in the NPC, the results of which are
shown in Fig. 9(c). Deng et al.™** conducted single-molecule
activity and real-time dynamic localization of the ribosome sub-
structure and its cell-matrix interaction effects in motor neuron
injury diseases by STORM, whose numerical aperture (NA)
was 1.49. It further showed that neurological dysfunction
changed the subcellular structure of ribosome and axonal ER
interaction effector responses. Ribosomes are responsible for
completing the “translation” process from RNA to protein in
the “central dogma” in cells. Simply, the small subunit of the
ribosome before translation is combined with the messenger
RNA (mRNA) transcribed from the nucleus and then met with
the large subunit to form a complete ribosome. Polypeptides
were synthesized through the transfer RNA (tRNA) in the cy-
toplasmic matrix, which is the first key step in the ribosome
synthesis of proteins. Maiser et al."* analyzed the spatial fluo-
rescence distribution of the transcribed gene rDNA by 3D-SIM.
That was inconsistent with the spatial distribution of rRNA,
which makes up for the corresponding spatial proteomics, as
illustrated in Fig. 9(a).
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Super-resolution imaging techniques enable localization and
tracking of proteins at the subcellular level by breaking through
the diffraction limit. And biologists are trying to improve sam-
ple quality from the sample labeling techniques and dye up-
grade, for example, the combination of 3D super-resolution
and block-face electron microscopy, PAINT techniques, and ex-
pansion techniques breaks. Hoffman er al."*' developed a plat-
form for 3D cryogenic super-resolution imaging and focused
ion-beam-milled block-face EM across entire vitreously frozen
cells with an accuracy of 40 nm. This technique could achieve
super-resolution imaging for endoplasmic reticulum, peroxi-
somes, and neurons, which elucidated these details by directly
visualizing the nanoscale relationship of specific proteins in the
context of the global cellular ultrastructure. Klimas et al."*®
used a mechanically sturdy gel that retains nucleic acids, pro-
teins, and lipids without the need for a separate anchoring step,
and the sturdy gel could magnify the cell-specific markers. The
resolution was increased to 15 nm, which was suitable for sub-
cellular structures. In response to fluorescence artifacts caused
by chemical fixation, Laporte et al."*" used a combination of
cryofixation and expansion microscopy (Cryo-ExM) to preserve
the native cellular state. The fluorescent labeling size of tradi-
tional primary and secondary antibodies is 15 to 20 nm, while
the interaction effect of a single biomolecule is generally below
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10 nm. So it is necessary to improve the resolution of super-res-
olution imaging techniques. Reinhardt et al.™** used effectively
acquired localization of the single protein molecules CD20 by
sequential imaging (RESI) techniques.

It is essential for the quality of the fluorescence super-reso-
lution image to choose the optimal performance and size of
dyes. The brightness and stability are necessary for STED
and SIM, especially for the real-time imaging of live cells. In
addition, the fluorophore should also have reversible scintilla-
tion characteristics for SMLM techniques. Specific targeting
groups are targeted by small molecule dyes during labeling
of different organelles. Mitochondria, an energy source for
cellular activities, has complicated and diverse structures and
functions. According to its potential and lipid solubility,
IMMBright660, MitoPB Yellow, mtDNA, and SYBRTMGold
were designed to achieve super-resolution imaging of mitochon-
drial membranes, internal cristae, mitochondrial matrix, and
DNA. With the maturity of super-resolution fluorescence imag-
ing techniques, the development of fluorochromes has acquired
new opportunities and challenges at the beginning of the 21st
century. The next generation of fluorescent dyes will focus
on dye performance, super-resolution fluorescence imaging res-
olution, multi-imaging mode fusion, and multi-level targeted
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labeling to drive new breakthroughs in basic research involved
in cell biology and medicine.

4. Conclusion and Outlook

Methodologically, super-resolution microscopy technology had
excellent high-resolution superiorities compared with other
fluorescent technologies represented by confocal imaging tech-
niques, which have been widely applied in the field of life sci-
ences. In this review, we have declared the original principles
and developments of the FLSR technique. Based on each char-
acteristic, more details of biomedical sciences have been found
gradually. This not only acquires a large field of view of the
morphology and spatial distribution of biological molecules
but also obtains three-dimensional interaction effects of differ-
ent organelles such as mitochondria and lysosomes during cell
dynamic processes. The super-resolution technologies provide
accurate analysis for physiological and pathological problems,
which have great potential for biomedical applications during
the process of precision medicine.

In the past two decades, technological innovation has led to
the development of a still-growing number of useful super-
resolution microscopy methods that are able to fulfill many
of the requirements for detailed analysis of basic biology on the
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nanoscale. The imaging system may be further optimized with
increasing application. Since the reconstruction process requires
a mass of samples and time, it decreases its real-time analysis
capabilities. For example, the image processing method based
on deep learning can shorten the super-resolution imaging time
to a certain extent. The optimization and update of the algorithm
are feasible means. Multi-modal imaging analysis can combine
the advantages of various technologies at the maximum, the re-
sults of which will improve the sensitivity of super-resolution
technology. The good biosafety of fluorescence should be con-
sidered indispensably in vivo, so fluorescent probes or dyes
can ensure high-resolution imaging while reducing their ability
to damage cells, such as phototoxicity and photobleaching.
Overall, the performance of various super-resolution imaging
technologies could be improved by algorithms, hardware
platforms, and fluorescent probes, which will discover more
breakthroughs and medical applications for scientists. That
novel perspective may monitor a series of dynamic processes
comprehensively represented by extracellular or intracellular in-
teraction, nanoparticle tracking, disease progression, and nano-
medicine or nano-investigations in the future.
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