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ABSTRACT: The introduction of super-resolution microscopy (SRM) has significantly
advanced our understanding of cellular and molecular dynamics, offering a detailed view
previously beyond our reach. Implementing SRM in biophysical research, however, presents
numerous challenges. This review addresses the crucial aspects of utilizing SRM effectively,
from selecting appropriate fluorophores and preparing samples to analyzing complex data sets.
We explore recent technological advancements and methodological improvements that
enhance the capabilities of SRM. Emphasizing the integration of SRM with other analytical
methods, we aim to overcome inherent limitations and expand the scope of biological insights
achievable. By providing a comprehensive guide for choosing the most suitable SRM methods
based on specific research objectives, we aim to empower researchers to explore complex
biological processes with enhanced precision and clarity, thereby advancing the frontiers of
biophysical research.

KEYWORDS: Super-resolution Microscopy, Single-molecule Approach, Protein Complexes, Cellular Assemblies, Biomolecular Structures,
In Situ Analysis, Fluorescent Tags, Physiological Conditions, Imaging Penetration Depth

1. INTRODUCTION
In the dynamic field of biological research, pursuing an
understanding of the complexities of cellular processes and
molecular interactions in cells is a relentless endeavor. The
advent and continual refinement of super-resolution microscopy
(SRM) have marked a transformative era in this quest.1−5 This
review focuses on the pivotal role of SRM techniques in
deciphering complex biological problems, offering a window
into the previously unseen world of molecular dynamics and
interactions at the nanoscale.

The necessity to transcend beyond the conventional
diffraction limit of light microscopy spearheaded the develop-
ment of various SRM techniques, such as stimulated emission
depletion (STED) microscopy,6 structured illumination mi-
croscopy (SIM),7,8 and single-molecule localization microscopy
(SMLM).9,10 These methodologies have unlocked new
potentials in biological research, enabling the visualization and
analysis of cellular components and molecular assemblies with
unprecedented precision.

At the heart of SRM’s impact is its ability to provide detailed
insights into individual molecules’ spatial organization, dynam-
ics, and interactions within their native cellular environments.
This granular view is crucial in understanding the fundamental

processes of life at a molecular level, such as protein−protein
interactions, protein oligomeric states, DNA-RNA transactions,
the intricate workings of cellular organelles, and drug catalysis
efficiency in the cells.3,11−17 Moreover, the application of SRM
has been instrumental in studying the pathophysiology of
diseases, aiding in the visualization of disease progression at a
molecular scale, and offering new avenues for therapeutic
interventions.12,18−34

Despite its profound capabilities, SRM is not without
challenges. Issues such as fluorophore stability, the potential
interference of fluorescent tags with protein function, optimal
sample preparation, and handling complex data sets have
necessitated ongoing technological and methodological im-
provements. Additionally, integrating SRM with other imaging
modalities and computational analysis tools has become
increasingly important to address its inherent limitations and
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extract more comprehensive insights from the data. In this
review, we will navigate through the advancements, applications,
challenges, and future prospects of SRM in biological research.
Our focus will be on how SRM has reshaped our understanding
of cellular mechanisms and how it continues to propel the
frontiers of biological sciences.

2. SUPER-RESOLUTION MICROSCOPY: UNVEILING
FINE STRUCTURES AND MOLECULAR DYNAMICS
IN BIOLOGICAL RESEARCH

SRM techniques, such as STED, SIM, and SMLM, have
drastically advanced our capability to examine protein
formations in situ. These techniques achieve this by surpassing
the diffraction boundary of conventional light microscopy.2,35 In
this section, we comprehensively compare these widely used
SRM techniques, discuss how these techniques can be integrated
with single-molecule imaging, and suggest factors to consider
while choosing the proper SRM based on the biological
questions (Table 1).
2.1. Working Principles, Resolutions, and Image Analysis of
SRM

STED microscopy utilizes the nonlinear characteristics of
fluorophores to surpass the diffraction limit of traditional light
microscopy.36,37 It operates using two laser beams: an excitation
beam that stimulates the fluorophores in the sample to emit
fluorescence and a doughnut-shaped depletion beam that
quenches the fluorophores via stimulated emission. By super-
imposing the excitation and depletion beams, STED microscopy
effectively minimizes the effective point spread function (PSF)
of the fluorophore, thereby augmenting its spatial resolution
(Figure 1a). Typically, STED microscopy has a lateral resolution
of 20−50 nm and an axial resolution of 50−100 nm.37,38

Although early STED microscopes had relatively slow imaging
speeds, progress in laser technology, fluorophore creation, and
detector sensitivity has improved imaging speeds of up to several
frames per second, making STED microscopy suitable for
studying fast cellular processes.37,39

SIM is another SRM technique that surpasses the diffraction
limit of conventional widefield fluorescence microscopy by
using patterned light and computational image processing to
obtain high-resolution images.7,8,40 SIM illuminates the sample
with a series of sinusoidal striped patterns. These patterns result
from interfered light beams, whose frequency and orientation
are controlled by an optical system (Figure 1b). The resulting
images, known as Moire ́ fringes, carry both low-frequency and
high-frequency (super-resolution) data. By capturing multiple
images with varying pattern orientations and phases, the high-
frequency data can be computationally isolated, and a high-
resolution image can be reconstructed using a Fourier-based
algorithm. SIM can achieve a lateral resolution of approximately
100−130 nm and an axial resolution of 300−400 nm.40,41 While
early SIM implementations were relatively slow, advances in
camera technology and computational methods have signifi-
cantly increased the imaging speed, allowing modern SIM
systems to achieve frame rates up to several frames per second
for live-cell imaging.42

SMLM techniques, such as Photoactivated Localization
Microscopy (PALM),9 Stochastic Optical Reconstruction
Microscopy (STORM),10 and direct STORM (dSTORM),48,49

surpass the diffraction limit of conventional fluorescence
microscopy by exploiting the stochastic presence of fluoro-
phores and the precise localization of individual molecules.
STORM typically requires an activator-reporter pair to achieve
stochastic activation and subsequent imaging of individual
fluorophores, whereas direct STORM, or dSTORM, simplifies

Table 1. Comparison of SRM Techniques

SMLM

Technique STED SIM PALM and STORM/dSTORM

Principle Exploits nonlinear properties of fluorophores Patterned light and computational
image processing

PALM: Stochastic activation of fluorophores and precise
localization; STORM/dSTORM: stochastic blinking of
fluorophores and precise localization

Lateral
resolution

20−50 nm 100−130 nm 10−30 nm

Axial
resolution

50−100 nm 300−400 nm 50−100 nm

Live-cell
imaging

Yes Yes Yes, with optimized fluorophores and conditions

Fluorophores Specific fluorophores with suitable
photophysical properties; commonly used
dyes: Atto, Alexa Fluor, Abberior STAR

Compatible with a wide range of
samples and fluorophores

Requires fluorophores with specific photophysical properties
to achieve single molecule detections

PALM: photoactivatable/convertible fluorophores
STORM: a pair of photoswitchable activator-reporter

fluorophores
dSTORM: a single fluorophore in specific buffers

Software
program

Imspector SIMcheck QuickPALM, ThunderSTORM, custom software

Single-
molecule
imaging

Limited Limited Suitable

Limitations Photobleaching, potential phototoxicity Limited resolution improvement
compared to other techniques

Requires specific fluorophores, slower imaging speed

Best for Intermediate resolution, larger cellular
structures

Wide compatibility, lower
resolution requirements, cellular
structures and organelles

Structural resolving: using highest resolution 3D SMLM

Molecular dynamics: using sptPALM or SMT through
stochastically switching, smFRET, smFA, smND

refs 36−39, 43 40−44 10, 43, 45−47
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this by using a single fluorophore, necessitating specific buffers
to induce the requisite blinking behavior for super-resolution
imaging. The working principle of SMLM relies on the
controlled activation and detection of sparse subsets of
fluorophores in the sample (Figure 1c). By ensuring that only
a small fraction of fluorophores is emitting light at any given
time, the centroid of each fluorophore’s PSF can be pinpointed
with nanometric accuracy. The process of activating, imaging,
and localizing fluorophores is repeated numerous times, and the

final high-resolution image is constructed by combining the
localized positions of all detected fluorophores in the sample.
SMLM can achieve a lateral resolution of approximately 10−30
nm and an axial resolution of 50−100 nm.35 The detection
speed of SMLM depends on several factors, including the
blinking properties of the fluorophores, the imaging frame rate,
and the total number of imaging cycles required to accumulate a
sufficient number of localizations for constructing the final
image. Typically, SMLM acquisition times can range from

Figure 1. Working principle, optical setup, and data processing scheme for various SRM. (a) STED microscopy combines focused excitation and
doughnut-shaped depletion beams to enhance spatial resolution. The optical setup uses a phase plate to shape the depletion laser, and the system
employs a confocal scanning module and pinhole setup. Photomultipliers measure fluorescence intensity at predetermined grid locations, providing
improved resolution compared to confocal microscopy. (b) SIM uses Moire ́ fringes and Fourier-based processing to produce high-resolution images.
The optical setup directs an excitation laser through a phase plate, forming a sinusoidal pattern. Fluorescent images are captured and processed by
separating, shifting, and joining object components. Finally, a reverse Fourier transformation yields images with better spatial resolution than confocal
microscopy. (c) SMLM distinguishes fluorescent molecules through temporal and spatial separation using controlled activation, conversion, or
switching. In the optical setup, the activation laser’s power density is managed to maintain low molecular density, while the excitation laser stimulates
single-molecule fluorescence, enabling precise molecule location (with tens of nanometers resolution) using Gaussian fitting.
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seconds to minutes per frame, with faster imaging speeds
achievable using optimized fluorophores, camera technology,
and computational methods.47

The rapid advancement of SRM opened new realms of
understanding the structure and behavior of protein complexes
within cells. However, the complexity of the resulting data
requires refined computational methods to fully leverage their
imaging power. The increasing quality and quantity of super-
resolution microscopy data calls for creating high-level image
analysis and quantification tools that can extract significant
information from these data sets. Customized software and
algorithms have been developed to process, analyze, and
quantify the spatial organization, molecular interactions, and
dynamic properties of protein complexes and assemblies in cells.
There are several publicly available software programs and tools
for analyzing super-resolution microscopy images, including
those obtained from STED, SIM, PALM, and STORM/
dSTORM techniques, such as Imspector, SIMcheck, Quick-
PALM, and ThunderSTORM, that offer a wide range of plugins
and modules for processing and analyzing SRM data.43−46,50

2.2. Enhancing SRM through Single-Molecule Approaches

The integration of single-molecule imaging approaches with
SRM further expands the power of these techniques, allowing
researchers to visualize extended fine structures and probe
dynamic protein interactions and molecular behaviors, offering a
comprehensive way to explore biological complexity.1−5,51,52

A key advantage of single-molecule conditions in SRM is the
ability for PSF engineering, utilizing techniques such as
astigmatism and double-helix patterns to enhance three-
dimensional (3D) resolutions.53−56 Further integration of light
sheet microscopy leverages a thin sheet of light to selectively
illuminate and capture images of thin sample sections, enabling
deep tissue imaging with excellent clarity.57,58 Similarly, the
incorporation of 4Pi microscopy, which employs two opposing
objectives to focus on the same point from opposite sides of the
specimen, significantly enhances axial resolution below 100
nm.59 This technique increases the detail in three-dimensional
structures at the molecular level by effectively doubling the
numerical aperture in the axial direction. These advancements
facilitate a detailed examination of protein complexes and
subcellular structures.

Furthermore, the evolution of single-molecule tracking
(SMT) methods, including single particle tracking PALM
(sptPALM) and stochastic switching within STORM, extends
SRM’s utility to dynamic studies.60−63 These adaptations allow
for the exploration of protein behaviors and interactions within
the cellular milieu, offering spatial resolutions down to 10−30
nm and temporal resolutions from milliseconds to seconds. A
pivotal innovation in this field is the minimal photon fluxes
(MINFLUX) technique, which combines the targeted illumi-
nation strategy of STED with the localization precision of
PALM.64−67 By minimizing photon use and precisely locating
fluorophores with a donut-shaped excitation beam, MINFLUX
and its derivative MINSTED achieve near-atomic localization
precision (∼1 nm) and significantly enhances temporal
resolution (∼100 μs). This method, and its derivative
MINSTED, represents a leap forward in dynamic imaging,
facilitating long-duration tracking of molecules with minimal
photobleaching.68−70

Highlighting the power of single-molecule approaches in
dynamic studies, our work contributes two new methodologies:
single-molecule fluorescence anisotropy (smFA) and the single-

molecule neighboring density (smND) assay.15,16 smFA brings a
new dimension to SRM by enabling the observation of
intracellular viscosity through the measurement of rotational
mobility of fluorescent proteins. On the other hand, the smND
assay quantifies protein oligomeric states directly within cells by
analyzing the spatial distribution and density of individual
protein molecules.71 Utilizing the probability of neighbor
density model, which accounts for factors like protein
concentrations and photoactivation efficiency, the smND
assay can distinguish between various oligomeric states by
comparing experimental data against simulated distributions of
protein assemblies. This method offers a more nuanced and
accurate assessment of protein behavior in vivo, enabling the
detection of transient or less abundant oligomeric states that are
often overlooked in traditional in vitro studies.
2.3. General Guide to Choosing Appropriate SRM

While all SRM techniques provide resolutions beyond the
diffraction limit, each has unique advantages and limitations
(Table 1). STED microscopy offers higher spatial resolution
than SIM, but its reliance on specialized fluorophores and higher
laser intensities might pose challenges for some biological
samples.36−38 On the other hand, SIM is compatible with a
wider range of biological samples and fluorophores, but it offers
relatively lower spatial resolution compared to STED and
SMLM.40,41 SMLM techniques offer the highest spatial
resolution among the three techniques but have relatively
slower imaging speeds and require more complex data
processing.10,35 Additionally, SMLM techniques are sensitive
to the blinking properties of fluorophores, which might affect the
final image quality.47

Choosing the appropriate super-resolution microscopy
method for studying biological processes or protein complexes
depends on several factors, including the desired spatial
resolution, imaging speed, sample preparation requirements,
and the specific biological question being addressed. Below, we
provide general guidelines on choosing the right SRM. (i)
Spatial Resolution: If the study requires the highest possible
spatial resolution, SMLM techniques are the most suitable
options. (ii) Imaging Speed: For studies involving dynamic
cellular processes or live-cell imaging, STED microscopy and
SIM have faster imaging speeds, with frame rates of up to several
frames per second, making them suitable for capturing dynamic
cellular events. However, if the goal is to study dynamic
interactions between proteins, combining SMLM with single-
molecule imaging approaches provides the best spatial and
temporal resolution. (iii) Sample Preparation and Compati-
bility: SIM is compatible with a wide range of biological samples
and fluorophores, as it does not require specialized fluorophores
or complex sample preparation procedures. STED microscopy
and SMLM techniques often require specific fluorophores with
suitable photophysical properties, which may limit their
applicability to particular samples or experimental conditions.
(iv) Biological Question: For studies focused on protein−
protein interactions, molecular dynamics, or single-molecule
behavior, SMLM techniques may be more appropriate. In
contrast, for studies investigating larger cellular structures or
organelles, STED or SIM may be more suitable.

3. CASE STUDIES: SUPER-RESOLUTION MICROSCOPY
IN ACTION

SRM enables researchers to study protein complexes and
assemblies in cells with unprecedented detail. In this section, we
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summarize key SRM applications to understand the roles of
protein complexes and assemblies in the structural organization
of organelles, expression regulation, cellular functions, and
disease mechanisms (Table 2).
3.1. Structure Organization

The nanoscale architectures of organelles significantly govern
protein function and cellular processes. Techniques such as
STED, SIM, and SMLM, integral to SRM, have brought forth a
nuanced understanding of the complex organization of
chromosomes and membraneless organelles. They have
unveiled the higher-order chromatin structures, offering fresh
perspectives into the functional organization of the genome.
These techniques have challenged traditional views, exposing
the heterogeneity in nucleosome organization and presenting a
three-dimensional view of chromatin loops (Figure 2a), both of
which have significant implications for gene regulation.72−75

Similarly, SRM techniques have also been employed to study the
nanoscale organization of stress granules, processing bodies, and
Cajal bodies. These membraneless organelles78 are formed
through liquid−liquid phase separation and play critical roles in
cellular processes, including mRNA regulation, ribosome
biogenesis, and stress responses. Stress granules are formed in
response to cellular stress and have been suggested to act as hubs
for mRNA regulation. Findings from these studies, including the
core−shell structure of stress granules and the spatial
organization of the protein Coilin within Cajal bodies, have
provided novel insights into the assembly of these organelles,
emphasizing the role of specific protein−protein interac-
tions.76,77,79

3.2. Expression Regulation

SRM techniques also shed light on key aspects of cellular
function, such as mRNA processing and localization, tran-
scription regulation, and protein−DNA interactions. PALM,
SIM, and STED has enabled researchers to visualize the spatial
organization of the nuclear pore complex and the regulation of
RNA polymerase II (Figure 2b), which play a crucial role in
mRNA export, transcription initiation, and elongation.24,31,80−83

SRM offers insights into the spatial organization and dynamics
of transcription factors. These findings, including the discovery
of segregated clusters of nucleosomes and RNA polymerase II,
have brought new understanding to the operation of the
transcription machinery.12,72,84,85

3.3. Cellular Functions

Protein assemblies play a critical role in cellular function. These
complexes enable cells to coordinate and integrate a variety of
signals, ensuring that cellular responses are tightly regulated and
adapted to the changing environment. SRM techniques have
been widely used to understand the working mechanisms of
these protein assemblies.13,118 For example, they have been used
to study the organization and role of integrins at focal adhesions
and synaptic adhesion proteins at synapses (Figure 2c). These
investigations have yielded insights into their roles in adhesion,
signaling, synapse formation, and function.86−88 SRM has also
made considerable contributions to understanding signaling
networks and how they respond to external stimuli. Techniques
such as PALM have been used to study receptor activation,
dimerization, trafficking, and interactions (Figure 2d), which has
enriched our understanding of molecular mechanisms under-
pinning receptor-mediated signal transduction and activa-
tion.22,27,89−100 T
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3.4. Disease Mechanism

By investigating the assembly, aggregation, and localization of
disease-related proteins using super-resolution microscopy,
scientists can uncover crucial insights into pathological
processes in various diseases, including neurodegenerative
disorders, cancer, and viral infections.33,34,119 One of the most
studied protein complexes in neurodegenerative diseases is

amyloid-beta aggregates. SRM techniques have been used to
understand the kinetics of amyloid-beta aggregation and the
organization of amyloid precursor protein processing machinery
(Figure 2e).30,101−111 In cancer research, SRM has offered
insights into the nanoscale organization of the epidermal growth
factor receptor, linking receptor clustering to activation. It has
also provided insights into chromatin organization alterations

Figure 2. SRM Applications in Biophysical Research. (a) Top: STORM images display nucleosome organization in human fibroblast nuclei, revealing
clustered nanodomains. Bottom: Density images highlight areas with varying H2B concentrations. Binary images are created after thresholding, with
white regions representing H2B presence. Cluster identification algorithms group localizations into nanodomains based on proximity. Reproduced
with permission from ref 72. Copyright 2015 Elsevier. (b) Top: 3D-PALM reconstruction images revealed the spatial densities of RNA polymerase
(Pol) II catalytic subunit (RPB1) with various domains (25R, 52R, 70R) in the nucleus. Live-cell single-particle tracking assesses the molecular
mobility of RPB1, including bound fraction, diffusion coefficients, and FRAP recovery rate. Reproduced with permission from ref 83. Copyright 2018
Springer Nature. (c) sptPALM imaging tracks β3-integrins in MEF cells, revealing focal adhesion dynamics. Mean square displacement analysis
identifies three diffusion modes: diffusive, confined, and immobile. Reproduced with permission from ref 88. Copyright 2012 Springer Nature. (d)
Using smFRET to analyze receptor dimerization upon ligand binding. It is demonstrated by tracking Sf-mGluR2 receptors labeled with donor (Don)
and acceptor (Acc) fluorophores. Reproduced with permission from ref 100. Copyright 2021 Springer Nature. (e) SIM images depict the development
of intracellular Aβ42(E22G) aggregates over time, illustrating five progression phases. Reproduced with permission from ref 107. Copyright 2019
American Society for Biochemistry and Molecular Biology.
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associated with malignant transformation.27,52,112,113 In terms of
viral infections, SRM techniques have been applied to study the
assembly and organization of viral protein complexes in viruses
such as HIV and HSV-1, offering a more comprehensive
understanding of the viral replication process.21,25,29,114−117

4. CURRENT CHALLENGES AND FUTURE DIRECTIONS
SRM techniques have revolutionized the field of cell biology by
breaking the diffraction limit of light and allowing visualization
of cellular structures and protein complexes at the nanometer
scale. Despite these techniques’ significant advancements and
insights, several limitations persist in applying SRM to in situ
studies. This essay discusses the major limitations of SRM,
including fluorophore stability, effects of fluorescent tags on
protein function, appropriate biological sample setup and
physiological conditions, penetration depth, and the complexity
and size of the data sets.
4.1. Fluorophore Stability and Effects of Fluorescent Tags
on Perturbing Targeted Protein Function

In SRM, the choice of labeling strategy and fluorophore
significantly influences the data qualities of in situ studies
(Table 3). The choice between fluorescent proteins (FPs) or
synthetic dyes requires a careful evaluation of their photo-
physical properties and impacts for the biological systems or
processes.

Labeling methods, either through genetic or nongenetic
engineering, affect the study’s specificity and the potential
impact on the protein function under examination. Genetic
methods, employing FPs or tags like SNAP and Halo, provide
precise targeting at the cost of possible protein disruption. Using
non-natural amino acids (NAA) offers a potential solution to the
limitations. These NAA can be site-specifically incorporated into
proteins via genetic code expansion, allowing for covalent
attachment of small and photostable synthetic dyes.120 This
strategy enables the direct labeling of proteins with minimal
perturbation to their structure and functions. However, several
challenges are associated with using NAA for SRM. First, the
incorporation efficiency of NAA can be lower than that of
natural amino acids, leading to incomplete labeling and potential
misinterpretation of results.121 Second, introducing NAA
requires genetic manipulation, which can be more difficult in
certain cell types or organisms. Third, the availability and cost of
NAA and their corresponding synthetic fluorophores can limit
widespread adoption. Despite these challenges, using NAA is
promising to improve the specificity and minimal perturbation
of protein labeling, ultimately enabling a more accurate
investigation of protein function and interactions in situ.

Nongenetic engineering, including various immunolabeling
strategies, offer flexibility and specificity, though challenges such
as antibody availability can arise.122,123 Direct immunolabeling
involves attaching synthetic dyes directly to antibodies, ensuring
high specificity and stability, but can be limited by the availability
and quality of specific antibodies. Indirect immunolabeling, on
the other hand, uses unlabeled primary antibodies and dye-
coupled secondary antibodies, amplifying the fluorescent signal
and allowing for greater flexibility in dye selection. However, this
method introduces potential complexities, such as nonspecific
binding and cross-reactivity, which can impact the accuracy of
the results.124,125 Furthermore, the PAINT (points accumu-
lation for imaging in nanoscale topography) techniques, such as
DNA-PAINT, offer advanced super-resolution imaging capa-
bilities.126−130 These methods use transiently binding fluo- T
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rescent molecules, providing high precision and resolution
suitable for visualizing structures at the nanoscale. DNA-
PAINT, in particular, allows for multiplexed imaging using
different DNA sequences but may involve slower imaging speeds
and more complex sample preparation.

On the fluorophore side, FPs and synthetic dyes are the two
major classes of fluorophores used in SRM.131−133 Regarding
fluorophore photophysical properties, synthetic dyes generally
exhibit higher brightness, superior photostability, and narrower
emission spectra, resulting in better signal-to-noise ratios and
improved resolution in SRM than the FPs.133−135 However,
unlike FPs that naturally fluoresce after maturation within cells,
synthetic dyes require extra conjugation steps via conjugating
tags, such as SNAP and Halo tags, or antibody-based staining.
This process can introduce challenges, including the need for
thorough postlabeling cleanup.136,137 The selection of the most
suitable fluorophores is influenced by the specific requirements
of the biological system, the labeling technique, and the inherent
properties of the fluorophores themselves. For those delving into
SRM, numerous reviews offer in-depth analyses of fluorophores’
photophysical attributes, guiding researchers to identify the
optimal dye for their experiments.138,139

Considering these factors, appropriate control experiments
must be conducted to extract reliable scientific insights into
protein function from super-resolution microscopy data. These
may include (i) comparing the localization and function of the
labeled protein to an unlabeled counterpart to assess the impact
of the fluorescent tag on protein function and (ii) performing
colocalization studies with known marker proteins or organelles
to verify the subcellular localization of the labeled protein.
4.2. Biological Sample Setup and Physiological Conditions

Having a suitable biological sample setup and maintaining the
physiological conditions of target proteins are crucial for
obtaining reliable and biologically relevant data from SRM
studies. One common challenge in SRM studies is balancing the
need for a large number of detections while maintaining the
native physiological environment. Overexpression of a fluo-
rescently tagged protein can result in high data output, which is
advantageous for reaching statistically significant conclusions.
However, overexpression may also lead to artifacts, such as
protein aggregation, mislocalization, or alterations in cellular
processes due to an unnaturally high concentration of the
protein of interest.140 Endogenous expression of the protein of
interest is more biologically relevant, as it ensures that the
protein is expressed at physiological levels, avoiding the
potential artifacts associated with overexpression. However,
endogenous expression levels may be too low to yield a sufficient
signal for super-resolution microscopy, making it difficult to
visualize and analyze the protein of interest.48 Thus, careful
consideration must be given to the choice between over-
expression and endogenous expression when designing SRM
experiments.

To overcome the hurdle of obtaining SRM-applicable sample
formats while maintaining them under their closest physiological
setup, induced pluripotent stem cells (iPSCs) provide a
promising option for SRM studies. iPSCs are adult cells
reprogrammed to exhibit pluripotency, allowing them to
differentiate into various cell types.141 iPSCs offer several
advantages for SRM studies. First, they can be generated from
patient-derived cells, allowing for studying proteins in a disease-
relevant genetic background.142 This is particularly important
when investigating the role of protein dysfunction in disease, as

iPSCs can be used to model the disease in situ, providing a more
physiologically relevant environment. Second, in combination
with genome editing methods such as CRISPR, iPSCs can be
genetically modified to express fluorescently tagged proteins at
endogenous levels, ensuring that the protein of interest is
present at physiological concentrations. This enables researchers
to study proteins in their native cellular context without needing
overexpression or ectopic expression systems.143−145 This
approach circumvents the potential artifacts associated with
overexpression while still providing a detectable signal for super-
resolution microscopy. Finally, iPSCs can be differentiated into
various cell types, allowing researchers to study protein
localization and function in various cellular contexts. This is
particularly valuable when investigating proteins that play a role
in multiple cell types or examining cell type-specific differences
in protein function.

Choosing a proper biological sample setup and physiological
conditions is critical for obtaining biologically relevant data from
super-resolution microscopy studies. Balancing the advantages
and limitations of overexpression and endogenous expression is
essential, and iPSCs offer a promising avenue for addressing
these challenges. Using iPSCs and ensuring physiological
conditions, researchers can obtain more accurate and mean-
ingful insights into protein function and localization using super-
resolution microscopy techniques.146

4.3. Imaging Penetration Depth and Processing

The limited penetration depth of SRM techniques is a significant
obstacle for in situ studies of thick biological samples, such as
tissues or whole organisms. The imaging depth of STED or SIM
is often restricted to a few micrometers, limiting their
applicability for deep tissue imaging.35 To overcome this
limitation, researchers are developing new imaging modalities
that can achieve super-resolution at greater depths. One such
technique is lattice light-sheet microscopy (LLSM), which uses
ultrathin light sheets to illuminate the sample, minimizing
photobleaching and photodamage while allowing for high-
speed, three-dimensional imaging.57 This technique has been
successfully applied to image various biological processes, such
as cell division and neuronal activity, in thick samples and even
living organisms. LLSM has the potential to provide crucial
insights into protein interactions and functions in a more
physiologically relevant context.147,148 Adaptive optics (AO) is
another approach being explored to overcome depth limitations
in super-resolution microscopy. AO uses deformable mirrors or
spatial light modulators to correct for optical aberrations caused
by the inhomogeneous refractive index of biological samples,
thus improving image quality and resolution at greater
depths.149 AO has been combined with various super-resolution
microscopy techniques, such as STED and SMLM, to image
cellular structures and protein distributions deep within
tissues.150

Efforts are also being made to increase the imaging speed of
super-resolution microscopy techniques, enabling the capture of
dynamic processes and interactions in real time.151 For instance,
recent advances in high-speed cameras and image acquisition
methods have allowed researchers to capture rapid cellular
events and molecular interactions at the nanoscale level,
providing new insights into cellular components’ spatiotemporal
organization and dynamics.152 The large and complex data sets
generated by SRM also pose significant challenges for
downstream data analysis and interpretation. Future directions
in this field should focus on the development of advanced
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computational tools and machine learning algorithms to
automate image processing, segmentation, and analysis
tasks.153 These tools will facilitate the extraction of biologically
relevant information from super-resolution microscopy data,
accelerating the discovery of novel protein interactions and
functions.
4.4. Integration with Other Imaging Modalities for
Advancing Biophysical Studies

To fully leverage the advantages of SRM in biophysical studies, it
is vital to blend these methods with other imaging techniques.
Integrating SRM data with molecular simulations and structural
models is a powerful approach to bridging the gap between
structural information and in situ cellular context. Computa-
tional techniques, such as molecular dynamics simulations, can
provide atomistic insights into the structural dynamics and
interactions of protein complexes and assemblies.154 Combining
this information with experimental data from super-resolution
microscopy allows researchers to generate detailed models of
macromolecular structures and their dynamic behavior in the
cellular environment.15,155−157 Moreover, integrating super-
resolution data with electron microscopy and X-ray crystallog-
raphy-derived structures can help to refine the spatial
organization of protein complexes in situ and reveal conforma-
tional changes associated with their cellular functions.82,158

Machine learning (ML) and artificial intelligence (AI) have
emerged as powerful tools for analyzing and interpreting
complex biological data sets, including super-resolution
microscopy data. ML and AI algorithms can be employed to
automate image segmentation, feature extraction, and classi-
fication tasks, thus significantly reducing the time and effort
required for data analysis.159,160 Furthermore, deep learning
approaches, such as convolutional neural networks (CNNs),
have been successfully applied to denoise and enhance the
resolution of SRM images, enabling the visualization of finer
structural details and improving the accuracy of downstream
analyses.153,159,161 ML and AI can be integrated with other
computational approaches, such as molecular simulations and
structural modeling, to generate more accurate and compre-
hensive models of protein complexes and assemblies in their
native cellular contexts. This integration holds great promise for
advancing our understanding of the molecular mechanisms
underlying cellular functions and disease states.

This fusion not only enriches the informational value of the
data but also optimizes the opportunity to create more thorough
models of protein complexes and their dynamic actions within
the cell environment.71,162 Recent progress in correlative light
and electron microscopy has made it possible to visualize
fluorescently labeled proteins and cellular ultrastructure
concurrently, hence offering a potent tool for exploring the
structure−function relationships of macromolecular complexes
within their natural cellular environments.163 Similarly, the
integration of SRM with cryo-electron tomography can connect
high-resolution structural data acquired from isolated protein
complexes with the functional context that in situ imaging
provides.164 X-ray crystallography and nuclear magnetic
resonance spectroscopy are two synergistic techniques that are
particularly effective in demonstrating protein complexes’
conformational dynamics and functional states in situ.165

Raman imaging is another powerful technique that can be
integrated with SRM to provide additional information on the
chemical composition and molecular interactions within
cells.166 By integrating data from these diverse imaging

techniques with SRM, it is possible to achieve a more holistic
view of the spatial arrangement, conformational shifts, and
functional states of protein complexes in their natural setting,
hence supporting comprehensive biophysical studies.

5. CONCLUSION
Single-molecule biophysics, a blossoming field, marries super-
resolution microscopy techniques with sophisticated computa-
tional methods to examine protein complexes and their spatial
arrangement within cells. By directly observing and measuring
protein interactions and structural organization, scientists can
delve deeper into cellular operations, molecular mechanisms,
and the functional effects of protein assemblies.

Despite the significant progress in super-resolution micros-
copy and single-molecule imaging, several obstacles remain.
One major challenge is the development of robust and versatile
fluorophores with improved photophysical properties, such as
enhanced brightness, photostability, and switching properties,
for the quicker and more precise imaging of dynamic cellular
activities. Creating novel imaging modalities and computational
strategies to simultaneously access various cellular components
and pathways is necessary, enabling a comprehensive under-
standing of protein complexes and assemblies.

Another hurdle involves improving sample preparation and
labeling techniques to reduce potential artifacts and disturban-
ces to the natural cellular environment while boosting the signal-
to-noise ratio and imaging resolution. This involves devising
new genetically encoded tags and labeling methods to enable
specific and efficient labeling of target proteins without
disrupting their natural structure or function.

Finally, with the ever-increasing volume and complexity of
super-resolution microscopy and single-molecule imaging data,
new computational tools and algorithms will be necessary to
glean meaningful insights from these data sets. This includes
creating machine learning and AI-based methods for automated
image analysis, segmentation, and quantification, as well as
integrating super-resolution microscopy data with other omics
data sets like transcriptomics, proteomics, and metabolomics.
This would enable a more comprehensive understanding of
cellular processes and functions, laying the groundwork for
developing innovative therapeutic and diagnostic tools for
various diseases.
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■ VOCABULARY TERMS
smFA, single-molecule fluorescence anisotropy is a technique
that measures the rotational mobility of fluorescent molecules at
the single-molecule level, providing insights into molecular
dynamics, interactions, and conformations; smND, single-
molecule neighboring density is a method that quantifies the
spatial distribution and density of individual protein molecules
within cells, enabling the identification of different oligomeric
states based on their localization patterns; it leverages super-
resolution microscopy to offer a precise analysis of protein−
protein interactions and assembly processes in situ; LLSM,
lattice light-sheet microscopy is an advanced imaging technique
that uses a thin sheet of light to illuminate a small section of the
specimen at a time, minimizing photodamage while capturing
high-resolution, three-dimensional images of living cells;
MINFLUX, MINFLUX is a super-resolution microscopy
technique that combines the principles of STED microscopy
with the localization accuracy of single-molecule techniques,
achieving nanometer-scale resolution. It minimizes the number
of photons required to precisely localize fluorescent molecules,
enabling detailed imaging of molecular dynamics within cells;
4Pi microscopy, 4Pi microscopy is a super-resolution imaging
technique that significantly improves axial resolution by using
two opposing objectives to simultaneously focus light on the
same spot from both sides of the specimen. This configuration
effectively doubles the numerical aperture in the axial direction,
enhancing the detail of three-dimensional structures; NAA, non-
natural amino acids are artificially synthesized amino acids that
can be incorporated into proteins at specific sites, allowing for
the precise attachment of functional groups or fluorophores;
iPSC, induced pluripotent stem cells are a type of pluripotent
stem cell generated directly from adult cells through the
introduction of specific genes, enabling them to differentiate
into a wide range of cell types. They are a powerful tool for
studying disease mechanisms, drug development, and the
potential for regenerative medicine.
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ThunderSTORM: a comprehensive ImageJ plug-in for PALM and
STORM data analysis and super-resolution imaging. Bioinformatics
2014, 30 (16), 2389−2390.

(46) Levet, F.; Hosy, E.; Kechkar, A.; Butler, C.; Beghin, A.; Choquet,
D.; Sibarita, J.-B. SR-Tesseler: a method to segment and quantify
localization-based super-resolution microscopy data. Nat. Methods
2015, 12 (11), 1065−1071.

(47) Zeng, Z.; Chen, X.; Wang, H.; Huang, N.; Shan, C.; Zhang, H.;
Teng, J.; Xi, P. Fast super-resolution imaging with ultra-high labeling
density achieved by joint tagging super-resolution optical fluctuation
imaging. Sci. Rep. 2015, 5 (1), 8359.

(48) Van de Linde, S.; Löschberger, A.; Klein, T.; Heidbreder, M.;
Wolter, S.; Heilemann, M.; Sauer, M. Direct stochastic optical
reconstruction microscopy with standard fluorescent probes. Nat.
Protoc. 2011, 6 (7), 991−1009.

(49) Endesfelder, U.; Heilemann, M. Direct stochastic optical
reconstruction microscopy (d STORM). Advanced Fluorescence
Microscopy: Methods and Protocols 2015, 1251, 263−276.

(50) Wäldchen, S.; Lehmann, J.; Klein, T.; Van De Linde, S.; Sauer, M.
Light-induced cell damage in live-cell super-resolution microscopy. Sci.
Rep. 2015, 5 (1), 1−12.

(51) Baldering, T. N.; Karathanasis, C.; Harwardt, M.-L. I. E.; Freund,
P.; Meurer, M.; Rahm, J. V.; Knop, M.; Dietz, M. S.; Heilemann, M.
CRISPR/Cas12a-mediated labeling of MET receptor enables quanti-
tative single-molecule imaging of endogenous protein organization and
dynamics. iScience 2021, 24 (1), 101895.

(52) Harwardt, M.-L. I.E.; Schroder, M. S.; Li, Y.; Malkusch, S.;
Freund, P.; Gupta, S.; Janjic, N.; Strauss, S.; Jungmann, R.; Dietz, M. S.;
Heilemann, M. Single-molecule super-resolution microscopy reveals
heteromeric complexes of MET and EGFR upon ligand activation. Int.
J. Mol. Sci. 2020, 21 (8), 2803.

(53) Huang, B.; Jones, S. A.; Brandenburg, B.; Zhuang, X. Whole-cell
3D STORM reveals interactions between cellular structures with
nanometer-scale resolution. Nat. Methods 2008, 5 (12), 1047−1052.

(54) Temprine, K.; York, A. G.; Shroff, H. Three-dimensional
photoactivated localization microscopy with genetically expressed
probes. Advanced Fluorescence Microscopy: Methods and Protocols 2015,
1251, 231−261.

(55) Badieirostami, M.; Lew, M. D.; Thompson, M. A.; Moerner, W.
Three-dimensional localization precision of the double-helix point
spread function versus astigmatism and biplane. Applied physics letters
2010, 97 (16), 161103.

(56) Shechtman, Y.; Weiss, L. E.; Backer, A. S.; Sahl, S. J.; Moerner, W.
Precise three-dimensional scan-free multiple-particle tracking over
large axial ranges with tetrapod point spread functions. Nano Lett. 2015,
15 (6), 4194−4199.

(57) Chen, B.-C.; Legant, W. R.; Wang, K.; Shao, L.; Milkie, D. E.;
Davidson, M. W.; Janetopoulos, C.; Wu, X. S.; Hammer III, J. A.; Liu, Z.
Lattice light-sheet microscopy: imaging molecules to embryos at high
spatiotemporal resolution. Science 2014, 346 (6208), 1257998.

(58) Gustavsson, A.-K.; Petrov, P. N.; Lee, M. Y.; Shechtman, Y.;
Moerner, W. Tilted light sheet microscopy with 3D point spread
functions for single-molecule super-resolution imaging in mammalian
cells. In Single Molecule Spectroscopy and Superresolution Imaging XI,
International Society for Optics and Photonics: 2018; Vol. 10500, p
105000M.

(59) Wang, J.; Allgeyer, E. S.; Sirinakis, G.; Zhang, Y.; Hu, K.; Lessard,
M. D.; Li, Y.; Diekmann, R.; Phillips, M. A.; Dobbie, I. M.; Ries, J.;
Booth, M. J.; Bewersdorf, J. Implementation of a 4Pi-SMS super-
resolution microscope. Nat. Protoc. 2021, 16 (2), 677−727.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00019
Chem. Biomed. Imaging 2024, 2, 331−344

341

https://doi.org/10.1016/j.immuni.2011.10.004
https://doi.org/10.1016/j.immuni.2011.10.004
https://doi.org/10.1016/j.jviromet.2012.07.003
https://doi.org/10.1242/jcs.098822
https://doi.org/10.1242/jcs.098822
https://doi.org/10.1242/jcs.098822
https://doi.org/10.1242/jcs.098822
https://doi.org/10.3389/fpls.2013.00006
https://doi.org/10.3389/fpls.2013.00006
https://doi.org/10.1371/journal.ppat.1003198
https://doi.org/10.1371/journal.ppat.1003198
https://doi.org/10.1371/journal.ppat.1003198
https://doi.org/10.1039/C4NR04962D
https://doi.org/10.1039/C4NR04962D
https://doi.org/10.1038/nature16496
https://doi.org/10.1038/nature16496
https://doi.org/10.1038/nature16496
https://doi.org/10.1186/s12985-016-0521-7
https://doi.org/10.1186/s12985-016-0521-7
https://doi.org/10.1186/s40478-016-0296-5
https://doi.org/10.1186/s40478-016-0296-5
https://doi.org/10.1242/jcs.193912
https://doi.org/10.1242/jcs.193912
https://doi.org/10.1039/C9NR06364A
https://doi.org/10.1039/C9NR06364A
https://doi.org/10.1038/s41583-021-00531-y
https://doi.org/10.1038/s41583-021-00531-y
https://doi.org/10.1016/j.addr.2023.114791
https://doi.org/10.1016/j.addr.2023.114791
https://doi.org/10.1016/j.addr.2023.114791
https://doi.org/10.1016/j.cell.2010.12.002
https://doi.org/10.1016/j.cell.2010.12.002
https://doi.org/10.1073/pnas.97.15.8206
https://doi.org/10.1073/pnas.97.15.8206
https://doi.org/10.1126/science.1137395
https://doi.org/10.1038/nmeth.1624
https://doi.org/10.1038/nmeth.1624
https://doi.org/10.1016/j.expneurol.2012.10.004
https://doi.org/10.1016/j.expneurol.2012.10.004
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1038/nmeth.1324
https://doi.org/10.1038/nmeth.1324
https://doi.org/10.1038/nmeth.1605
https://doi.org/10.1038/nmeth.1605
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/srep15915
https://doi.org/10.1038/srep15915
https://doi.org/10.1093/bioinformatics/btu202
https://doi.org/10.1093/bioinformatics/btu202
https://doi.org/10.1038/nmeth.3579
https://doi.org/10.1038/nmeth.3579
https://doi.org/10.1038/srep08359
https://doi.org/10.1038/srep08359
https://doi.org/10.1038/srep08359
https://doi.org/10.1038/nprot.2011.336
https://doi.org/10.1038/nprot.2011.336
https://doi.org/10.1007/978-1-4939-2080-8_14
https://doi.org/10.1007/978-1-4939-2080-8_14
https://doi.org/10.1038/srep15348
https://doi.org/10.1016/j.isci.2020.101895
https://doi.org/10.1016/j.isci.2020.101895
https://doi.org/10.1016/j.isci.2020.101895
https://doi.org/10.3390/ijms21082803
https://doi.org/10.3390/ijms21082803
https://doi.org/10.1038/nmeth.1274
https://doi.org/10.1038/nmeth.1274
https://doi.org/10.1038/nmeth.1274
https://doi.org/10.1007/978-1-4939-2080-8_13
https://doi.org/10.1007/978-1-4939-2080-8_13
https://doi.org/10.1007/978-1-4939-2080-8_13
https://doi.org/10.1063/1.3499652
https://doi.org/10.1063/1.3499652
https://doi.org/10.1021/acs.nanolett.5b01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1257998
https://doi.org/10.1126/science.1257998
https://doi.org/10.1038/s41596-020-00428-7
https://doi.org/10.1038/s41596-020-00428-7
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(60) Zepeda O, J.; Bishop, L. D. C.; Dutta, C.; Sarkar-Banerjee, S.;
Leung, W. W.; Landes, C. F. Untying the Gordian KNOT: Unbiased
Single Particle Tracking Using Point Clouds and Adaptive Motion
Analysis. J. Phys. Chem. A 2021, 125 (39), 8723−8733.

(61) Sustarsic, M.; Kapanidis, A. N. Taking the ruler to the jungle:
single-molecule FRET for understanding biomolecular structure and
dynamics in live cells. Curr. Opin. Struct. Biol. 2015, 34, 52−59.

(62) Gahlmann, A.; Moerner, W. Exploring bacterial cell biology with
single-molecule tracking and super-resolution imaging. Nat. Rev.
Microbiol. 2014, 12 (1), 9−22.

(63) Liu, Y.-L.; Perillo, E. P.; Ang, P.; Kim, M.; Nguyen, D. T.;
Blocher, K.; Chen, Y.-A.; Liu, C.; Hassan, A. M.; Vu, H. T.; et al. Three-
Dimensional Two-Color Dual-Particle Tracking Microscope for
Monitoring DNA Conformational Changes and Nanoparticle Landings
on Live Cells. ACS Nano 2020, 14 (7), 7927−7939.

(64) Masullo, L. A.; Steiner, F.; Zähringer, J.; Lopez, L. F.; Bohlen, J.;
Richter, L.; Cole, F.; Tinnefeld, P.; Stefani, F. D. Pulsed interleaved
MINFLUX. Nano Lett. 2021, 21 (1), 840−846.

(65) Schmidt, R.; Weihs, T.; Wurm, C. A.; Jansen, I.; Rehman, J.; Sahl,
S. J.; Hell, S. W. MINFLUX nanometer-scale 3D imaging and
microsecond-range tracking on a common fluorescence microscope.
Nat. Commun. 2021, 12 (1), 1478.

(66) Gwosch, K. C.; Pape, J. K.; Balzarotti, F.; Hoess, P.; Ellenberg, J.;
Ries, J.; Hell, S. W. MINFLUX nanoscopy delivers 3D multicolor
nanometer resolution in cells. Nat. Methods 2020, 17 (2), 217−224.

(67) Balzarotti, F.; Eilers, Y.; Gwosch, K. C.; Gynnå, A. H.; Westphal,
V.; Stefani, F. D.; Elf, J.; Hell, S. W. Nanometer resolution imaging and
tracking of fluorescent molecules with minimal photon fluxes. Science
2017, 355 (6325), 606−612.

(68) Scheiderer, L.; von der Emde, H.; Hesselink, M.; Weber, M.;
Hell, S. W. MINSTED tracking of single biomolecules. Nat. Methods
2024, 21, 569.

(69) Weber, M.; Leutenegger, M.; Stoldt, S.; Jakobs, S.; Mihaila, T. S.;
Butkevich, A. N.; Hell, S. W. MINSTED fluorescence localization and
nanoscopy. Nat. Photonics 2021, 15 (5), 361−366.

(70) Weber, M.; von der Emde, H.; Leutenegger, M.; Gunkel, P.;
Sambandan, S.; Khan, T. A.; Keller-Findeisen, J.; Cordes, V. C.; Hell, S.
W. MINSTED nanoscopy enters the Ångström localization range. Nat.
Biotechnol. 2023, 41 (4), 569−576.

(71) Chen, H.; Chen, T.-Y. Probing Oxidant Effects on Superoxide
Dismutase 1 Oligomeric States in Live Cells Using Single-Molecule
Fluorescence Anisotropy. Chem. & Biomed. Imaging 2023, 1 (1), 49−
57.

(72) Ricci, M. A.; Manzo, C.; García-Parajo, M. F.; Lakadamyali, M.;
Cosma, M. P. Chromatin fibers are formed by heterogeneous groups of
nucleosomes in vivo. Cell 2015, 160 (6), 1145−1158.

(73) Davidson, I. F; Goetz, D.; Zaczek, M. P; Molodtsov, M. I; Huis in
't Veld, P. J; Weissmann, F.; Litos, G.; Cisneros, D. A; Ocampo-Hafalla,
M.; Ladurner, R.; Uhlmann, F.; Vaziri, A.; Peters, J.-M. Rapid
movement and transcriptional re-localization of human cohesin on
DNA. EMBO J. 2016, 35 (24), 2671−2685.

(74) Wang, S.; Su, J.-H.; Beliveau, B. J.; Bintu, B.; Moffitt, J. R.; Wu, C.-
t.; Zhuang, X. Spatial organization of chromatin domains and
compartments in single chromosomes. Science 2016, 353 (6299),
598−602.

(75) Baarlink, C.; Plessner, M.; Sherrard, A.; Morita, K.; Misu, S.;
Virant, D.; Kleinschnitz, E.-M.; Harniman, R.; Alibhai, D.; Baumeister,
S.; Miyamoto, K.; Endesfelder, U.; Kaidi, A.; Grosse, R. A transient pool
of nuclear F-actin at mitotic exit controls chromatin organization. Nat.
Cell Biol. 2017, 19 (12), 1389−1399.

(76) Jain, S.; Wheeler, J. R.; Walters, R. W.; Agrawal, A.; Barsic, A.;
Parker, R. ATPase-modulated stress granules contain a diverse
proteome and substructure. Cell 2016, 164 (3), 487−498.

(77) Cirillo, L.; Cieren, A.; Barbieri, S.; Khong, A.; Schwager, F.;
Parker, R.; Gotta, M. UBAP2L forms distinct cores that act in
nucleating stress granules upstream of G3BP1. Curr. Biol. 2020, 30 (4),
698−707.

(78) Hirose, T.; Ninomiya, K.; Nakagawa, S.; Yamazaki, T. A guide to
membraneless organelles and their various roles in gene regulation. Nat.
Rev. Mol. Cell Biol. 2023, 24 (4), 288−304.

(79) Machyna, M.; Heyn, P.; Neugebauer, K. M. Cajal bodies: where
form meets function. WIREs RNA 2013, 4 (1), 17−34.

(80) Mor, A.; Suliman, S.; Ben-Yishay, R.; Yunger, S.; Brody, Y.; Shav-
Tal, Y. Dynamics of single mRNP nucleocytoplasmic transport and
export through the nuclear pore in living cells. Nat. Cell Biol. 2010, 12
(6), 543−552.

(81) Spector, D. L.; Lamond, A. I. Nuclear speckles. Cold Spring Harb.
Perspect. Biol. 2011, 3 (2), a000646.

(82) Szymborska, A.; De Marco, A.; Daigle, N.; Cordes, V. C.; Briggs,
J. A.; Ellenberg, J. Nuclear pore scaffold structure analyzed by super-
resolution microscopy and particle averaging. Science 2013, 341 (6146),
655−658.

(83) Boehning, M.; Dugast-Darzacq, C.; Rankovic, M.; Hansen, A. S.;
Yu, T.; Marie-Nelly, H.; McSwiggen, D. T.; Kokic, G.; Dailey, G. M.;
Cramer, P.; Darzacq, X.; Zweckstetter, M. RNA polymerase II
clustering through carboxy-terminal domain phase separation. Nat.
Struct. Mol. Biol. 2018, 25 (9), 833−840.

(84) Cisse, I. I.; Izeddin, I.; Causse, S. Z.; Boudarene, L.; Senecal, A.;
Muresan, L.; Dugast-Darzacq, C.; Hajj, B.; Dahan, M.; Darzacq, X.
Real-time dynamics of RNA polymerase II clustering in live human
cells. Science 2013, 341 (6146), 664−667.

(85) Gebhardt, J. C. M.; Suter, D. M.; Roy, R.; Zhao, Z. W.; Chapman,
A. R.; Basu, S.; Maniatis, T.; Xie, X. S. Single-molecule imaging of
transcription factor binding to DNA in live mammalian cells. Nat.
Methods 2013, 10 (5), 421−426.

(86) Dani, A.; Huang, B.; Bergan, J.; Dulac, C.; Zhuang, X.
Superresolution imaging of chemical synapses in the brain. Neuron
2010, 68 (5), 843−856.

(87) Perycz, M.; Urbanska, A. S.; Krawczyk, P. S.; Parobczak, K.;
Jaworski, J. Zipcode binding protein 1 regulates the development of
dendritic arbors in hippocampal neurons. J. Neurosci. 2011, 31 (14),
5271−5285.

(88) Rossier, O.; Octeau, V.; Sibarita, J.-B.; Leduc, C.; Tessier, B.;
Nair, D.; Gatterdam, V.; Destaing, O.; Albiges-Rizo, C.; Tampe, R.;
Cognet, L.; Choquet, D.; Lounis, B.; Giannone, G. Integrins β1 and β3
exhibit distinct dynamic nanoscale organizations inside focal adhesions.
Nat. Cell Biol. 2012, 14 (10), 1057−1067.

(89) Teramura, Y.; Ichinose, J.; Takagi, H.; Nishida, K.; Yanagida, T.;
Sako, Y. Single-molecule analysis of epidermal growth factor binding on
the surface of living cells. EMBO J. 2006, 25 (18), 4215−4222.

(90) Eggeling, C.; Ringemann, C.; Medda, R.; Schwarzmann, G.;
Sandhoff, K.; Polyakova, S.; Belov, V. N.; Hein, B.; von Middendorff,
C.; Schonle, A.; Hell, S. W. Direct observation of the nanoscale
dynamics of membrane lipids in a living cell. Nature 2009, 457 (7233),
1159−1162.

(91) Lillemeier, B. F.; Mörtelmaier, M. A.; Forstner, M. B.; Huppa, J.
B.; Groves, J. T.; Davis, M. M. TCR and Lat are expressed on separate
protein islands on T cell membranes and concatenate during activation.
Nat. Immunol. 2010, 11 (1), 90−96.

(92) Shi, F.; Telesco, S. E.; Liu, Y.; Radhakrishnan, R.; Lemmon, M. A.
ErbB3/HER3 intracellular domain is competent to bind ATP and
catalyze autophosphorylation. Proc. Natl. Acad. Sci. U.S.A. 2010, 107
(17), 7692−7697.

(93) Sengupta, P.; Jovanovic-Talisman, T.; Skoko, D.; Renz, M.;
Veatch, S. L.; Lippincott-Schwartz, J. Probing protein heterogeneity in
the plasma membrane using PALM and pair correlation analysis. Nat.
Methods 2011, 8 (11), 969−975.

(94) Sherman, E.; Barr, V.; Samelson, L. E. Super-resolution
characterization of TCR-dependent signaling clusters. Immunol. Rev.
2013, 251 (1), 21−35.

(95) Das, S.; Yin, T.; Yang, Q.; Zhang, J.; Wu, Y. I.; Yu, J. Single-
molecule tracking of small GTPase Rac1 uncovers spatial regulation of
membrane translocation and mechanism for polarized signaling. Proc.
Natl. Acad. Sci. U.S.A. 2015, 112 (3), No. E267-E276.

(96) Jonas, K. C.; Fanelli, F.; Huhtaniemi, I. T.; Hanyaloglu, A. C.
Single Molecule Analysis of Functionally Asymmetric G Protein-

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00019
Chem. Biomed. Imaging 2024, 2, 331−344

342

https://doi.org/10.1021/acs.jpca.1c06100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c06100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.sbi.2015.07.001
https://doi.org/10.1016/j.sbi.2015.07.001
https://doi.org/10.1016/j.sbi.2015.07.001
https://doi.org/10.1038/nrmicro3154
https://doi.org/10.1038/nrmicro3154
https://doi.org/10.1021/acsnano.9b08045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c04600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c04600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-21652-z
https://doi.org/10.1038/s41467-021-21652-z
https://doi.org/10.1038/s41592-019-0688-0
https://doi.org/10.1038/s41592-019-0688-0
https://doi.org/10.1126/science.aak9913
https://doi.org/10.1126/science.aak9913
https://doi.org/10.1038/s41592-024-02209-6
https://doi.org/10.1038/s41566-021-00774-2
https://doi.org/10.1038/s41566-021-00774-2
https://doi.org/10.1038/s41587-022-01519-4
https://doi.org/10.1021/cbmi.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cbmi.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cbmi.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2015.01.054
https://doi.org/10.1016/j.cell.2015.01.054
https://doi.org/10.15252/embj.201695402
https://doi.org/10.15252/embj.201695402
https://doi.org/10.15252/embj.201695402
https://doi.org/10.1126/science.aaf8084
https://doi.org/10.1126/science.aaf8084
https://doi.org/10.1038/ncb3641
https://doi.org/10.1038/ncb3641
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1016/j.cub.2019.12.020
https://doi.org/10.1016/j.cub.2019.12.020
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.1002/wrna.1139
https://doi.org/10.1002/wrna.1139
https://doi.org/10.1038/ncb2056
https://doi.org/10.1038/ncb2056
https://doi.org/10.1101/cshperspect.a000646
https://doi.org/10.1126/science.1240672
https://doi.org/10.1126/science.1240672
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1126/science.1239053
https://doi.org/10.1126/science.1239053
https://doi.org/10.1038/nmeth.2411
https://doi.org/10.1038/nmeth.2411
https://doi.org/10.1016/j.neuron.2010.11.021
https://doi.org/10.1523/JNEUROSCI.2387-10.2011
https://doi.org/10.1523/JNEUROSCI.2387-10.2011
https://doi.org/10.1038/ncb2588
https://doi.org/10.1038/ncb2588
https://doi.org/10.1038/sj.emboj.7601308
https://doi.org/10.1038/sj.emboj.7601308
https://doi.org/10.1038/nature07596
https://doi.org/10.1038/nature07596
https://doi.org/10.1038/ni.1832
https://doi.org/10.1038/ni.1832
https://doi.org/10.1073/pnas.1002753107
https://doi.org/10.1073/pnas.1002753107
https://doi.org/10.1038/nmeth.1704
https://doi.org/10.1038/nmeth.1704
https://doi.org/10.1111/imr.12010
https://doi.org/10.1111/imr.12010
https://doi.org/10.1073/pnas.1409667112
https://doi.org/10.1073/pnas.1409667112
https://doi.org/10.1073/pnas.1409667112
https://doi.org/10.1074/jbc.M114.622498
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coupled Receptor (GPCR) Oligomers Reveals Diverse Spatial and
Structural Assemblies*⧫. J. Biol. Chem. 2015, 290 (7), 3875−3892.

(97) Scarselli, M.; Annibale, P.; McCormick, P. J.; Kolachalam, S.;
Aringhieri, S.; Radenovic, A.; Corsini, G. U.; Maggio, R. Revealing G-
protein-coupled receptor oligomerization at the single-molecule level
through a nanoscopic lens: methods, dynamics and biological function.
FEBS J. 2016, 283 (7), 1197−1217.

(98) Sungkaworn, T.; Jobin, M.-L.; Burnecki, K.; Weron, A.; Lohse,
M. J.; Calebiro, D. Single-molecule imaging reveals receptor-G protein
interactions at cell surface hot spots. Nature 2017, 550 (7677), 543−
547.

(99) Ghosh, S.; Di Bartolo, V.; Tubul, L.; Shimoni, E.; Kartvelishvily,
E.; Dadosh, T.; Feigelson, S. W.; Alon, R.; Alcover, A.; Haran, G. ERM-
Dependent Assembly of T Cell Receptor Signaling and Co-stimulatory
Molecules on Microvilli prior to Activation. Cell Reports 2020, 30 (10),
3434−3447.

(100) Asher, W. B.; Geggier, P.; Holsey, M. D.; Gilmore, G. T.; Pati, A.
K.; Meszaros, J.; Terry, D. S.; Mathiasen, S.; Kaliszewski, M. J.;
McCauley, M. D.; Govindaraju, A.; Zhou, Z.; Harikumar, K. G.;
Jaqaman, K.; Miller, L. J.; Smith, A. W.; Blanchard, S. C.; Javitch, J. A.
Single-molecule FRET imaging of GPCR dimers in living cells. Nat.
Methods 2021, 18 (4), 397−405.

(101) Renner, M.; Lacor, P. N.; Velasco, P. T.; Xu, J.; Contractor, A.;
Klein, W. L.; Triller, A. Deleterious effects of amyloid β oligomers
acting as an extracellular scaffold for mGluR5. Neuron 2010, 66 (5),
739−754.

(102) Calamai, M.; Pavone, F. S. Single molecule tracking analysis
reveals that the surface mobility of amyloid oligomers is driven by their
conformational structure. J. Am. Chem. Soc. 2011, 133 (31), 12001−
12008.

(103) Lu, H. E.; MacGillavry, H. D.; Frost, N. A.; Blanpied, T. A.
Multiple spatial and kinetic subpopulations of CaMKII in spines and
dendrites as resolved by single-molecule tracking PALM. J. Neurosci.
2014, 34 (22), 7600−7610.

(104) Xia, D.; Li, C.; Goetz, J. Pseudophosphorylation of Tau at
distinct epitopes or the presence of the P301L mutation targets the
microtubule-associated protein Tau to dendritic spines. Biochim.
Biophys. Acta 2015, 1852 (5), 913−924.

(105) Yuan, P.; Condello, C.; Keene, C. D.; Wang, Y.; Bird, T. D.;
Paul, S. M.; Luo, W.; Colonna, M.; Baddeley, D.; Grutzendler, J.
TREM2 haplodeficiency in mice and humans impairs the microglia
barrier function leading to decreased amyloid compaction and severe
axonal dystrophy. Neuron 2016, 90 (4), 724−739.

(106) de Coninck, D.; Schmidt, T. H.; Schloetel, J.-G.; Lang, T.
Packing density of the amyloid precursor protein in the cell membrane.
Biophysical journal 2018, 114 (5), 1128−1141.

(107) Lu, M.; Williamson, N.; Mishra, A.; Michel, C. H.; Kaminski, C.
F.; Tunnacliffe, A.; Kaminski Schierle, G. S. Structural progression of
amyloid-β Arctic mutant aggregation in cells revealed by multi-
parametric imaging. J. Biol. Chem. 2019, 294 (5), 1478−1487.

(108) Querol-Vilaseca, M.; Colom-Cadena, M.; Pegueroles, J.;
Nunez-Llaves, R.; Luque-Cabecerans, J.; Munoz-Llahuna, L.; Andilla,
J.; Belbin, O.; Spires-Jones, T. L.; Gelpi, E.; Clarimon, J.; Loza-Alvarez,
P.; Fortea, J.; Lleo, A. Nanoscale structure of amyloid-β plaques in
Alzheimer’s disease. Sci. Rep. 2019, 9 (1), 5181.

(109) Shrivastava, A. N.; Redeker, V.; Pieri, L.; Bousset, L.; Renner,
M.; Madiona, K.; Mailhes-Hamon, C.; Coens, A.; Buee, L.; Hantraye,
P.; Triller, A.; Melki, R. Clustering of Tau fibrils impairs the synaptic
composition of α3-Na+/K+-ATP ase and AMPA receptors. EMBO J.
2019, 38 (3), No. e99871.

(110) Kedia, S.; Ramakrishna, P.; Netrakanti, P. R.; Jose, M.; Sibarita,
J.-B.; Nadkarni, S.; Nair, D. Real-time nanoscale organization of
amyloid precursor protein. Nanoscale 2020, 12 (15), 8200−8215.

(111) Escamilla-Ayala, A. A.; Sannerud, R.; Mondin, M.; Poersch, K.;
Vermeire, W.; Paparelli, L.; Berlage, C.; Koenig, M.; Chavez-Gutierrez,
L.; Ulbrich, M. H; Munck, S.; Mizuno, H.; Annaert, W. Super-
resolution microscopy reveals majorly mono-and dimeric presenilin1/
γ-secretase at the cell surface. eLife 2020, 9, No. e56679.

(112) Winckler, P.; Lartigue, L.; Giannone, G.; De Giorgi, F.; Ichas, F.;
Sibarita, J.-B.; Lounis, B.; Cognet, L. Identification and super-resolution
imaging of ligand-activated receptor dimers in live cells. Sci. Rep. 2013, 3
(1), 2387.

(113) Lang, F.; Contreras-Gerenas, M. F.; Gelleri, M.; Neumann, J.;
Kroger, O.; Sadlo, F.; Berniak, K.; Marx, A.; Cremer, C.; Wagenknecht,
H.-A.; Allgayer, H. Tackling tumour cell heterogeneity at the super-
resolution level in human colorectal cancer tissue. Cancers 2021, 13
(15), 3692.

(114) Carlson, L.-A.; Briggs, J. A.; Glass, B.; Riches, J. D.; Simon, M.
N.; Johnson, M. C.; Müller, B.; Grünewald, K.; Kräusslich, H.-G. Three-
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