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Abstract

Opver the last 30 years, fluorescence microscopy, renowned for its sensitivity
and specificity, has undergone a revolution in resolving ever-smaller de-
tails. This advancement began with stimulated emission depletion (STED)
microscopy and progressed with techniques such as photoactivatable lo-
calization microscopy and stochastic optical reconstruction microscopy
(STORM). Single-molecule localization microscopy (SMLM), which en-
compasses methods like direct STORM, has significantly enhanced image
resolution. Even though its speed is slower than that of STED, SMLM
achieves higher resolution by overcoming photobleaching limitations, par-
ticularly through DNA point accumulation for imaging in nanoscale
topography (DNA-PAINT), which continuously renews fluorescent labels.
Additionally, cryo-fluorescence microscopy and advanced techniques like
minimal photon fluxes imaging (MINFLUX) have pushed the bound-
aries toward molecular resolution SMLM. This review discusses the latest
developments in SMLM, highlighting methods like resolution enhance-
ment by sequential imaging (RESI) and PAINT-MINFLUX and exploring
axial localization techniques such as supercritical angle fluorescence and
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metal-induced energy transfer. These advancements promise to revolutionize fluorescence
microscopy, providing resolution comparable to that of electron microscopy.
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1. INTRODUCTION

Fluorescence microscopy is one of the most powerful research tools in the life sciences due to its
extreme sensitivity (down to single molecules) and specificity (ability to specifically label targets
of interest by specific fluorescent dyes). In the last 30 years, fluorescence microscopy has seen a
tremendous revolution concerning its capability to resolve smaller and smaller details. This started
with the development of stimulated emission depletion (STED) microscopy by Hell & Wichmann
(38) and was continued with the quasi-simultaneous development of photoactivatable localiza-
tion microscopy (PALM) by Betzig et al. (4), fluorescent PALM (fPALM) by Hess et al. (41),
and stochastic optical reconstruction microscopy (STORM) by Zhuang and colleagues (81). Both
PALM and STORM are based on the localization of single molecules with a localization preci-
sion thatis tremendously better than the width of a single-molecule image itself (which is basically
the width of the point spread function of the microscope used). Nowadays, all methods based on
the localization of single emitters are subsumed under the name single-molecule localization mi-
croscopy (SMLM). With direct STORM (dSTORM), Sauer and colleagues (35) demonstrated
how to use almost any fluorescent dye for realizing STORM, and this method became extremely
popular and widely applied. Compared with STED microscopy, SMLM is technically much sim-
pler to realize because it requires only a conventional wide-field microscope with a sufficiently
sensitive wide-field camera, and it can routinely achieve a much-higher-resolved final image. The
disadvantage of SMLM is that it is intrinsically slow, because it requires the recording of thou-
sands of individual images for one final super-resolved image (although exceptions apply, see, e.g.,
References 90 and 101). Thus, when it comes to image speed or live-cell imaging, STED certainly
performs better than SMLM does.
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The final resolution of an SMLM image is determined solely by the number of photons that
can be detected from a single fluorescent molecule until its photobleaching (or switching into a
dark state). Although many different techniques to extend the survival time of fluorescent dyes un-
til bleaching have been developed (among them cryo-fluorescence microscopy, which is discussed
in Section 6), there is on average a limit of approximately 10° to 10* photons until photobleach-
ing for most dyes at room temperature and in an aqueous environment. Thus, when also taking
into account other effects that impact the final resolution, such as camera pixel size, scattering or
autofluorescent background, and electronic noise (for a quantitative analysis, see Reference 66),
the typical achievable resolution of SMLM is approximately 20 nm.

"This limitation due to photobleaching has fundamentally changed only with the advent of point
accumulation for imaging in nanoscale topography (PAINT) microscopy, which was first devel-
oped by Sharonov & Hochstrasser (92). In PAINT, switching of fluorescent labels is achieved
not by an actual photophysical switching between a nonfluorescent dark off-state and a fluo-
rescent on-state but by reversible binding of a fluorescent label (imager) to a target of interest.
PAINT has become the most popular method in the SMLM community with the introduction of
its modification, DNA-PAINT (50), which uses the versatility of DNA hybridization for realizing
such reversible binding between imager and target. DNA-PAINT completely lifts the restrictions
usually imposed on SMLM by photobleaching. Because the label at a given target is constantly
exchanged, PAINT allows for, in principle, infinite localization precision (and thus image resolu-
tion), provided that one is able to associate repeated binding and unbinding events to one and the
same target.

Another way of circumventing the restrictions of photobleaching is cryo-fluorescence mi-
croscopy. When cooling a sample to liquid nitrogen or liquid helium temperatures, rotational
and vibrational degrees of freedom of molecular motion are frozen out, which dramatically
improves the photostability of fluorescent molecules. This enhanced photostability promises
to allow for nanometer localization precision in SMLM, but it also mostly suppresses any
photoswitching/intensity blinking, which is one of the prerequisites of SMLM.

One of the latest additions to the zoo of SMLM methods is minimal photon fluxes imaging
(MINFLUX) (3), which pushes the accuracy of single-molecule localization per a given photon
budget to its limit by using a clever excitation and detection scheme. MINFLUX demonstrated
subnanometer localization of single molecules with unprecedented low photon detection num-
bers and has thus become the strongest contender against DNA-PAINT for molecular resolution
SMLM.

In this review, we report on the latest developments in fluorescent SMLM for molecular
resolution microscopy. The last few years have seen an extreme push in SMLM resolution, which
now comes close to the resolution typically achieved with electron microscopy. Excellent reviews
of extreme-resolution fluorescence microscopy have been previously published (2, 59); however,
the field is evolving quickly and we think it deserves a timely update, which is the main goal of
this review.

2. ANGSTROM-RESOLUTION DNA-PAINT

As mentioned in Section 1, DNA-PAINT is one of the most versatile SMLM techniques
(Figure 1a), promising true molecular resolution with moderate technical complexity. In DNA-
PAINT, specific sites on a target are labeled with short single strands of DNA that can reversibly
hybridize with fluorescently labeled conjugate DNA strands (imager strands) added to the sample
solution. This reversible binding of imager strands leads to continuous renewal of fluorescent dyes
at the targetsite, thus overcoming the photodestruction barrier of conventional PALM/dSTORM
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Figure 1

Principle of single-molecule localization microscopy techniques. (#7) STORM achieves high resolution by utilizing the stochastic
activation and precise localization of individual fluorescent molecules. STORM relies on photoswitchable fluorophores, which can be
toggled between fluorescent and dark states. Only a sparse subset of these fluorophores is activated at any given time, ensuring that
their emission profiles do not overlap. Each activated fluorophore emits light that is captured as a diffraction-limited spot. The center
of this spot is calculated with high precision to determine the fluorophore’s exact position. This process is repeated many times, with
different subsets of fluorophores being activated and localized in each cycle. The accumulation of these precise localizations over many
cycles allows for the reconstruction of a super-resolved image, where individual molecules are positioned with nanometer accuracy.

(b)) DNA-PAINT is a super-resolution microscopy technique that utilizes transient binding between short, single-stranded DNA
imager strands and their complementary docking strands attached to target molecules. This technique achieves high spatial resolution
by accumulating imaging data over time, where each binding event produces a fluorescence signal at a precise location. The repeated
binding and unbinding of imager strands result in the stochastic appearance of fluorescence points, which are then localized with
nanometer precision. By accumulating many such points, one can reconstruct a high-resolution image of the target structure. () RESI
is a variant of DNA-PAINT where closely localized targets are sequentially labeled using different imager strand and target strand
combinations. This approach allows for the collection of photons from each target over numerous binding—unbinding cycles, enabling
the precise localization of targets with Angstrt‘)m—level resolution. (d) MINFLUX is a super-resolution microscopy technique that
achieves ultrahigh resolution by combining fluorescence imaging with a targeted illumination approach using a structured illumination
with a zero-intensity point (usually doughnut-shaped intensity distribution). Unlike traditional methods that rely on high photon
counts, MINFLUX precisely determines the position of fluorescent molecules by triangulating them. This is achieved by directing a
doughnut-shaped laser beam at the target, and the position is calculated on the basis of the proximity of the molecule to the dark center
of the beam. MINFLUX can achieve resolutions as low as 1-3 nm, making it one of the most precise imaging techniques available.
Abbreviations: DNA-PAINT, DNA point accumulation for imaging in nanoscale topography; MINFLUX, minimal photon fluxes
imaging; NA, numerical aperture; PSF, point spread function; RESI, resolution enhancement by sequential imaging; STORM,
stochastic optical reconstruction microscopy.

(Figure 1b). This barrier limits the maximum number of detectable fluorescence photons per
target site and, consequently, the maximum achievable accuracy of localizing a single molecule.
In a recent paper, Sauer and colleagues (39) demonstrated that all fluorescent molecules
begin to photophysically interact if their distance is less than approximately 10 nm. Due to this
interaction, two separate dye molecules start to appear as one molecule when they are less than
10 nm apart, making it impossible to resolve structural details below this threshold with PALM
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or STORM, where dyes are covalently attached to target sites. This photophysical interaction
is not a principal problem for PAINT: By choosing the right imager strand concentrations and
binding kinetics, one can minimize the probability that two simultaneously bound dyes will be
closer than 10 nm.

Moreover, by selecting orthogonal binding sequences for closely separated target sites, one
can sequentially image and localize each site with virtually unlimited localization accuracy (by
collecting signals for each site over many binding and unbinding events). This approach results
in true Angstrom-scale molecular resolution, as demonstrated by Jungmann and colleagues in
their seminal paper (78), where they named this approach resolution enhancement by sequential
imaging (RESI) (Figure 1¢). This groundbreaking paper presents a relatively straightforward and
potentially widely applicable method for achieving molecular resolution SMLM, potentially rev-
olutionizing fluorescence imaging of molecular structures with a resolution that competes with
electron microscopy.

3. MINFLUX

The biggest competitor in SMLM for achieving molecular resolution is MINFLUX (3). The core
idea of MINFLUX is to scan a sample with structured excitation that features a zero-intensity sin-
gularity, typically a doughnut-shaped) beam excitation profile (Figure 1d). The scan path is chosen
to maximize the information about the emitter’s location. The method leverages the principle that
when the emitter’s position is close to the singularity, even small shifts of the excitation relative to
the emitter’s position result in significant relative changes in observable intensity.

Since the first publication on MINFLUX (3), the technique has seen several advancements,
particularly in 3D and multicolor imaging (33), demonstrating its ability to image protein arrange-
ments in three dimensions (e.g., in individual mitochondria) with nanometer resolution (72). One
unique feature of 3D-MINFLUX is its ability to achieve nearly isotropic nanometer resolution
by generating a suitable 3D excitation intensity distribution with a zero-intensity singularity in
the center. This capability is difficult to achieve with conventional wide-field SMLM, where the
axial and lateral resolutions typically differ by a factor of 2 to 3 due to the different transmission
efficiencies of axial and transverse spatial frequencies by a wide-field microscope.

The most significant hallmark of MINFLUX is its unparalleled localization accuracy per pho-
ton, which can be one order of magnitude better than what is achievable with wide-field SMLM.
This makes MINFLUX the method of choice for fast and high-precision single-molecule track-
ing, with temporal resolution down to microseconds (86), and for tracking individual GFP-tagged
proteins in bacteria (9). Using MINFLUX’s unmatched tracking capabilities, Hell and colleagues
(115) recently discovered a new locomotion mode of the motor protein kinesin-1 that had never
been observed before.

The original implementation of MINFLUX by Balzarotti et al. (3) was technically complex.
However, several groups have significantly improved the technique, making it more accessible.
The first improvement replaced the complex scanning of the doughnut beam with electro-optical
deflectors with an excitation scheme involving three independently and spatially shifted dough-
nut beams that are sequentially switched on and off in time [pulsed interleaved MINFLUX
(p-MINFLUX)] (61). This approach is technically simpler than the electro-optical deflection of
a single beam. The next major advancement was by Stefani and colleagues (120), who introduced
raster scan MINFLUX (RASTMIN). Their work showed, both theoretically and experimentally,
that one can achieve localization performance similar to that of the original MINFLUX by us-
ing a regular raster scan of a doughnut beam instead of the complex scan sequence of the original
method. This simplification greatly enhances the technique’s accessibility. Finally, Deguchi & Ries
(21) recently simplified 3D-MINFLUX by using a variable phase plate.
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When comparing MINFLUX to DNA-PAINT-RESI, several aspects stand out. The primary
difference is that MINFLUX is inherently a sequential method, while DNA-PAINT is highly
parallelized. MINFLUX localizes single molecules sequentially and requires a specific scan trajec-
tory for each localization, making the method slow (approximately one localization per second),
which can lead to total imaging times on the order of hours for small organelles such as single
mitochondria. In contrast, DNA-PAINT can be much faster because it is based on wide-field
imaging, allowing for simultaneous localization of hundreds of molecules. However, MINFLUX
tends to have better 3D resolution capabilities, although DNA-PAINT-RESI compensates for
this by collecting more photons (observing more binding and unbinding events). Technically,
MINFLUX remains more complex than DNA-PAINT, which requires only a sufficiently sensitive
and mechanically stable wide-field microscope, despite the advancements of p-MINFLUX and
RASTMIN. The greatest advantage of MINFLUX over DNA-PAINT is its ability to rapidly
track single molecules with nanometer spatial and microsecond temporal resolutions. However,
as shown by Ostersehlt et al. (70), combining DNA-PAINT with MINFLUX can overcome
the photostability barrier of conventional covalent labeling of a target, ultimately enhancing the
achievable resolution of MINFLUX.

4. ADVANCED SINGLE-MOLECULE LOCALIZATION TECHNIQUES

When it comes to molecular resolution, any advancement for better localization accuracy or elim-
ination of optical aberrations becomes important. In this section, we consider several new methods
that improve localization and circumvent aberrations.

4.1. Patterned Illumination

As first demonstrated by Gustafsson (31), the use of structured illumination in wide-field mi-
croscopy can improve spatial resolution by up to a factor of 2 (Figure 24). This is the principle of
structured illumination microscopy (SIM), now a common technique in wide-field fluorescence
microscopy. In SIM, the sample is illuminated sequentially with structured illumination at various
lateral positions and different orientations of the illumination pattern (typically a 1D sinusoidal
excitation grating). From the recorded images at different pattern positions and orientations a
doubly resolved final image can be computed (36).

Recent publications have transferred the core idea of SIM, namely using structured illumina-
tion for resolution doubling, to the realm of SMLM. The first of these was by Reymond et al. (80),
in which the authors demonstrated a doubling of the localization accuracy of SMLM using struc-
tured illumination. They generated the sinusoidally modulated intensity pattern using a digital
mirror device and named their method structured illumination-based point localization estimator
with enhanced precision (SIMPLE). Reymond et al. (79) presented a particularly interesting re-
alization of this concept; they measured the modulated fluorescence intensities of single emitters
in a precisely shifted structured illumination pattern to achieve enhanced localization accuracy in
three dimensions.

Shortly after SIMPLE was published, Cnossen et al. (18) realized the same idea by switch-
ing between different sinusoidal excitation patterns using fast Pockels cells, naming their method
SIMFLUX, in allusion to the zero-intensity singularities in the excitation intensity distribu-
tion characteristic of MINFLUX. In a subsequent paper, these authors extended the idea to 3D
SMLM (107).

The name SIMFLUX is somewhat misleading: MINFLUX relies on a peculiar scan pattern of
the doughnut excitation beam tailored to the constantly updated position estimate of a molecule
to be localized, whereas SIMFLUX cannot update and adapt the relative pattern position to the
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Figure 2

Techniques that can be used for increasing resolution in single-molecule localization microscopy. (#) SIM is a super-resolution imaging
technique that enhances the resolution of fluorescence microscopy by using patterned light to illuminate the sample. The interference
of this structured light with the sample’s fluorescence produces moiré patterns that contain high-frequency spatial information. By
capturing multiple images with different illumination patterns and then computationally reconstructing them, SIM can achieve a
resolution approximately twice that of conventional light microscopy, down to approximately 100 nm. SIM is particularly useful for
live-cell imaging due to its relatively low phototoxicity and fast acquisition times. (4) ISM is a super-resolution imaging technique that
enhances the resolution of confocal microscopy. In ISM, a confocal microscope is equipped with an array detector (e.g., a camera)
instead of a single-point detector. The size of the array pixels is small enough so that each scan image recorded by one pixel has a nearly
doubled resolution compared to that of a conventional confocal microscope with a large confocal aperture. However, despite the small
pixel size, no light is lost due to the presence of many pixels in the array detector. ISM effectively doubles the resolution compared to
conventional confocal microscopy, achieving lateral resolutions of approximately 120 nm and providing sharper, more detailed images.
(c) ExM is a super-resolution technique that physically enlarges biological samples by embedding them in a swellable hydrogel. The
sample is chemically anchored to the hydrogel, which is then expanded isotropically, allowing standard microscopes to visualize
nanoscale structures with enhanced resolution. ExM can achieve effective resolutions of approximately 60 to 70 nm or even better when
combined with other super-resolution methods. It is widely used for detailed imaging of cellular structures, proteins, and nucleic acids
in various biological contexts. (4) STED microscopy is a super-resolution imaging technique that improves optical resolution by
selectively deactivating fluorophores. In STED, a focused laser excites fluorophores, while a second, doughnut-shaped laser beam
depletes the excited state of fluorophores at the periphery, leaving only a small central region to emit light. This process effectively
sharpens the PSE, allowing the microscope to achieve resolutions well below the diffraction limit, down to 20-30 nm, making it ideal
for detailed imaging of subcellular structures. STED microscopy can be, to some extent, considered a technical precursor to
MINFLUX (doughnut-shaped excitation, sequential scanning). Abbreviations: ExM, expansion microscopy; ISM, image scanning
microscopy; MINFLUX, minimal photon fluxes imaging; PSF, point spread function; SIM, structured illumination microscopy; STED,
stimulated emission depletion.

estimated localization of single molecules. As a result, SIMFLUX offers only a two-fold improve-
ment in localization accuracy (similar to SIMPLE), whereas MINFLUX improves localization
accuracy by more than one order of magnitude for the same photon budget.

A drawback of combining SIM and SMLM is that a molecule must remain in the fluorescent
on-state for the entire sequence of SIM excitation patterns. This is not an issue for an alternative
method that combines structured illumination and SMLM: image scanning SMLM (iSMLM).
The principle of image scanning microscopy (ISM) was first proposed by Sheppard (94) in a the-
oretical paper in 1988 and is based on the same physical principles as those of SIM. In ISM, the
diffraction-limited excitation focus of a conventional confocal laser scanning microscope (CLSM)
is used as the structured illumination, and at each scan position, a small image of the illuminated
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region is recorded (in contrast, a conventional CLSM records only the total fluorescence signal
generated at a given scan position). Using a dedicated algorithm, ISM generates a doubly re-
solved final image from the stack of recorded mini-images (67). This concept can also be used to
double the localization accuracy of SMLM. This idea was experimentally realized as iSMLM by
Radmacher and colleagues (75). In their paper, the authors nearly doubled the localization accu-
racy, achieving a lateral resolution of approximately 5 nm for a photon budget of approximately
1,500 photons per molecule localization. In a recent theoretical study, the authors claim that by
applying a sophisticated data analysis, iSMLM can go beyond even a doubling of resolution, al-
though experimental confirmation is yet to be done. Finally, a theoretical study by Slenders &
Vicidomini (98) discusses the application of ISM to also improve MINFLUX localization accu-
racy, and they named this method ISM-FLUX. Their group (7) has applied this idea to the fast
3D tracking of single molecules.

The advantage of iSMLM over SIM-SMLM is that it requires only equipping a conventional
CLSM with a sufficiently sensitive and fast detector array (Figure 2b) instead of generating com-
plex excitation patterns as in SIM. Recent advances in single photon avalanche diode (SPAD)
array fabrication (8, 10, 54, 97) have made such detectors widely commercially available, which
will certainly spur their application for ISM and iSMLM. Moreover, these detectors offer the op-
tion of fluorescence lifetime imaging microscopy (FLIM), as discussed in Section 4.2. Finally,
iSMLM is more relaxed than SIM-SMLM concerning the survival or on-state duration of a
fluorescent molecule during image acquisition. Additionally, iSMLM shows an improved signal-
to-background ratio compared to wide-field-based SIM-SMLM due to its intrinsic confocality
inherited from being based on a CLSM.

4.2. Fluorescence Lifetime

The core goal of molecular scale SMLM is to record the relative positions of different labels
within the same molecule or small molecular complexes. As already discussed in Section 2, this is
achieved in RESI (78) by sequentially imaging different target sites using orthogonal DNA hy-
bridization sequences. However, this method is inherently slow, as it requires a full DNA-PAINT
localization cycle for each target site. In conventional SMLM, multicolor labeling is often used
to image several targets simultaneously. Yet, on a molecular scale, chromatic aberrations that are
never completely absent in real-world optical systems can easily introduce localization errors of
dozens of nanometers.

An attractive alternative to multicolor imaging is FLIM, where different targets are labeled
with dyes that have similar excitation and emission spectra but different fluorescence lifetimes.
Historically, the core obstacle to applying this concept to SMLM was the lack of suitable wide-
field-camera systems capable of picosecond/nanosecond fluorescence lifetime measurements and
sensitive enough for single-molecule detection and localization. This has changed recently with
two new approaches. Oleksiievets et al. (69) used a novel commercially available wide-field FLIM
camera, the LINCam (Photonscore, Magdeburg, Germany), to implement fluorescence lifetime
SMLM (FL-SMLM) and demonstrate its multiplexing capability for simultaneous SMLM of sev-
eral targets. Although the camera has a quantum yield of detection of only approximately 15%
in the blue spectral region and as low as 5% in the red spectral region, it boasts close-to-zero
electronic noise, allowing for high signal-to-noise measurements despite the low quantum yield.
The primary downside of this system is its high price, which limits its wider application.

An interesting alternative to this commercial wide-field FLIM camera was proposed by
Bowman et al. (6). The authors used clever nanosecond-fast switching of the optical detection
path between different areas of a conventional camera by way of a custom fast-switching Pockels
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cell. By applying pulsed (picosecond pulses) wide-field excitation and switching the optical detec-
tion path a few hundred picoseconds/few nanoseconds after each excitation, they generated two
images capturing the fluorescence light in two different nanosecond time windows after excita-
tion. From this information, Bowman et al. deduced the mean fluorescence decay time of imaged
single molecules.

Another approach is to use a CLSM, which was not previously used for SMLM due to its
slower image acquisition rate (each image requires sequential scanning of the field of view) and
low duty cycle (the excitation focus remains only a small fraction of the total image time over the
position of a single molecule). However, for FL-SMLM, a CLSM with pulsed excitation, equipped
with single-photon-sensitive point detectors (usually SPADs) and accompanied by time-correlated
single-photon data analysis, becomes an interesting option. The first realization of FL-SMLM
with a CLSM was achieved by the groups of Enderlein and Sauer (103), using the fluorescence
lifetime capability for multiplexing (i.e., simultaneous imaging of different targets in the same
spectral window). A subsequent study compared the wide-field LINCam-based FL-SMLM and
the CLSM-based FL-SMLM. The surprising result was that although the CLSM-based system
has an overall lower detection efficiency than the LINCam-based system does, the latter performs
comparatively well (in terms of achievable localization accuracy per detected photon budget) in the
blue spectral region and becomes inefficient only for fluorophores in the red spectral region (68).
Finally, an in-depth study by Thiele et al. (105) investigated optimal algorithms for extracting the
fluorescence lifetime of single molecules in FL-SMLM data and found that simple tail-fitting of
fluorescence decay curves performs only slightly worse than much more complex data evaluation
procedures based on full deconvolution and Bayes probabilistic analysis. This finding is important
for applications of FL-SMLM in molecular scale super-resolution microscopy, especially in the
context of axial localization via fluorescence lifetime modulation by metal-induced energy transfer
(MIET) (see Section 5).

4.3. Expansion Microscopy

Nearly all the methods and approaches to molecular level super-resolution fluorescence mi-
croscopy discussed here are based on SMLM. The notable exception, which is an interesting
alternative, is expansion microscopy (ExM) (13, 27). In ExM, a sample is embedded in a swellable
polymer, which is then isotropically expanded, effectively increasing the distance between indi-
vidual molecules (Figure 2¢). ExM involves several key steps. In the anchoring step, the sample
is treated with a cross-linking agent that attaches target molecules to a polymerizable gel. In the
polymerization step, a hydrogel is formed around the sample through radical polymerization, in-
tegrating the anchored molecules. In the homogenization step, the sample is treated to remove
noncovalent interactions, enabling uniform expansion. And finally, in the expansion step, the hy-
drogel is immersed in water, which causes it to swell isotropically, increasing the physical size of
the sample. Typically expanding the sample by a factor of 4 to 5 allows conventional optical mi-
croscopes to achieve nanoscale resolution. The key advantage of ExM is its ability to use standard
fluorescent dyes and microscopes, making it accessible and straightforward for a wide range of
applications in biological research.

A core issue of ExM is the fluorescent labeling of the sample. This can be performed either
before or after the expansion process, depending on the specific requirements of the experiment
(17, 106). Preexpansion labeling involves labeling the sample with fluorescent markers before
embedding it in the hydrogel and expanding it. This method is straightforward but may result
in a lower effective label density after expansion, as the distance between fluorophores increases
proportionally with the expansion factor. Preexpansion labeling is particularly useful when
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targeting proteins, nucleic acids, or other biomolecules with specific antibodies, dyes, or probes
that are introduced before the expansion process. Alternatively, in postexpansion labeling, the
sample is first expanded and then labeled. This method allows for higher effective label densities,
as the fluorophores can be introduced into the expanded structure, filling the increased volume.
Postexpansion labeling can also reveal epitopes that were previously inaccessible due to molecular
crowding or steric hindrance in the native, unexpanded state. This technique is particularly
essential when resolving structural details at the molecular level.

Achieving high label densities is crucial for maximizing the resolution benefits of ExM. Several
approaches achieve high label densities in ExM (13, 111). Using high concentrations of antibodies
or fluorescent probes during the labeling process ensures that more binding sites are occupied.
Using smaller probes such as small-molecule fluorescent dyes or nanobodies instead of bulky
antibodies enables better labeling efficiency and better access of the labels to the targets. And, as
mentioned above, postexpansion labeling allows for the use of smaller molecules that can penetrate
the expanded hydrogel matrix more effectively, resulting in denser and more uniform labeling.
Finally, multiple rounds of labeling can be used to increase the overall label density, especially in
dense or complex structures.

In a recent paper, Sauer and colleagues (123) combined ExM with SMLM to push the
resolution to true molecular levels. Collaborating with the groups of Rizzoli and Boyden, they
(91) demonstrated that it is possible to resolve the structure of single antibody molecules using
ExM together with super-resolution optical fluctuation microscopy, which they termed one-step
nanoscale expansion (ONE) microscopy. Additionally, using a combination of expansion and
SMLM, Chang et al. (12) resolved the ultrastructural composition of distal appendages in
expanded mammalian centrioles with nanometer resolution, an impressive achievement in a
cellular context.

The challenge of expansion SMLM, compared to SMLM of nonexpanded samples, is to ensure
the reproducibility and fidelity of the expansion process while avoiding artifacts introduced by the
expansion protocol and the chemicals used for digestion and swelling of the sample. For example,
the position of organic fluorescent labels may change due to the breaking of the covalent bond
between the label and target during sample preparation, or the final labeling efficiency may be
much lower than in conventional SMLM, leading to very sparse localizations. Nonetheless, ExM
combined with super-resolution imaging (such as ONE microscopy) is a promising avenue for
molecular level super-resolution, and we are only beginning to see its potential.

5. AXTAL SINGLE-MOLECULE LOCALIZATION

A major challenge of super-resolution microscopy is precisely localizing molecules not only lat-
erally but also axially to achieve true 3D super-resolution. Conventional SMLM employs various
methods for axial localization, with the most popular being astigmatic imaging (43), biplane imag-
ing (49), and point spread function engineering (55, 73, 93, 108). However, these methods typically
yield axial resolutions that are two to three times poorer than their lateral counterparts, due to
the limited transfer of axial spatial frequencies compared to lateral ones through a microscope
objective (24).

This ratio of transmitted frequencies is reversed in interferometric methods, where a sample
is observed from both sides with two objectives. The concept of imaging a sample from both
sides with high-numerical-aperture objectives to enhance the axial resolution of a CLSM was
pioneered by Hell & Stelzer (37) in 1992 and is known as 4Pi microscopy (alluding to the nearly
full solid angle of 47 over which fluorescence is collected) (22) (Figure 3c¢). The core idea is to
interfere two counterpropagating coherent and focused laser beams in the focal region, generating
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sevenfold improvement compared to conventional microscopy. 4Pi microscopy is particularly useful for imaging thick biological
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Figure 3

a standing intensity modulation along the optical axis with a modulation periodicity of one-quarter
of the wavelength. Scanning this modulated excitation intensity distribution over a sample in three
dimensions yields a 3D image with enhanced axial resolution, while the lateral resolution remains
that of a conventional CLSM. Additionally, interfering the fluorescence emission collected by the
two objectives can further double the axial resolution (32).

With the advent of super-resolution microscopy, the core idea of 4Pi microscopy was applied to
enhance the axial resolution of various super-resolution techniques. For instance, iso-STED em-
ploys two opposing objectives and an advanced interference scheme for the collected fluorescence
to enhance the axial resolution of STED microscopy (87, 96) (Figure 2d). Similarly, interfero-
metric PALM (95) and 4Pi single-molecule switching (109) use interferometric superposition of
collected fluorescence to improve axial resolution in SMLM.

The drawback of these methods is that they require a full-fledged interferometer with a wave-
front stability of a few nanometers, which is technically challenging. This complexity has limited
the broader adoption of these methods in biophysics and the life sciences. An alternative to inter-
ferometric methods involves using near-field effects to achieve nanometer axial resolution. The
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most straightforward approach utilizes the exponentially decaying intensity of the evanescent field
generated above a coverslip when illuminated from the glass side with a plane wave at an in-
cidence angle above the total internal reflection (TIR) angle. This technique, commonly used
in TIR fluorescence (TIRF) microscopy, targets structures close to the glass—sample interface.
By varying the incidence angle of the TIR excitation and recording corresponding fluorescence
images, one can determine the distance of a fluorescent emitter from the surface. This princi-
ple, known as variable-angle TIRF (VA-TIRF) microscopy (Figure 35), has also been applied in
SMLM to achieve nanometer-precise axial localization of single molecules (23). However, main-
taining fluorophore stability during image series acquisition is challenging. Therefore, we focus
on near-field-based methods for axial single-molecule localization that operate instantly with a
single image recording.

5.1. Supercritical Angle Fluorescence

The first family of near-field methods for axial localization that we discuss relies on the tunneling
of near-field virtual photons from a fluorescent molecule into propagating photon modes in an
optically denser medium, typically transitioning from an aqueous solution onto the glass coverslip.
This process results in supercritical angle fluorescence (SAF) (Figure 34), where emission occurs
at solid angles above the critical TIR angle between the glass and the sample medium. Fluorescent
molecules situated far from the glass surface (about half a wavelength) cannot emit into this an-
gular region, but as an emitter approaches the glass surface, the SAF emission increases, reaching
approximately 30% of the total emission for a molecule directly on the glass. By measuring the
ratio between the SAF emission intensity and the undercritical angle fluorescence (UAF) emission
intensity, one can determine the absolute distance of an emitter from the surface. This method was
pioneered by Ruckstuhl and colleagues (114) and further developed by the Lévéque-Fort group
(5) (direct optical nanoscopy with axially localized detection) and the Ries group (20) (supercriti-
cal angle localization microscopy) for 3D SMLM with nanometer axial localization accuracy. An
extensive description and comparison of SAF microscopy realizations for SMLM is presented in
Reference 121.

One challenge of SAF, besides requiring sophisticated measurement setups, is its reliance on
relative intensity measurements, which require careful calibration and are susceptible to any effect
that modifies the SAF-to-UAF intensity ratio. Slight refractive index modulations in a sample can
affect the final axial localization result, as they can alter the SAF-to-UAF intensity ratio of an
emitter. A potentially more robust method that utilizes near-field coupling of a fluorescent emitter
to surface plasmons or excitons in planar layers is discussed in Section 5.2.

5.2. Metal- and Graphene-Induced Energy Transfer

When a fluorescing molecule is near a metallic nanostructure, such as a metallic nanoparticle
or metal layer, its electromagnetic near-field components start to couple to the free electrons in
the metal. This interaction allows the molecule to transfer its excited state energy to electron
oscillations in the metal, known as plasmons. The efficiency of this energy transfer is highly de-
pendent on the distance between the fluorescent molecule and the metal, forming the basis for
MIET imaging (16). In MIET, a conventional microscopy coverslip is coated with a thin metal
layer (typically a 20-nm gold film), which induces a predictable distance-dependent fluorescence
lifetime modulation in nearby molecules (Figure 4). By measuring the fluorescence lifetime of
a molecule and applying an appropriate physical model (11), one can convert this lifetime into a
precise distance measurement from the surface, achieving nanometer accuracy.
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Figure 4

MIET and GIET imaging measure the nanoscale distance between fluorescent molecules and a metal and a graphene surface,
respectively. In MIET, energy transfer occurs between the excited fluorophores and the free electrons within a nearby metal layer,
leading to strongly distance-dependent fluorescence quenching and thus fluorescence lifedime and intensity modulation. GIET
operates similarly, but the energy transfer happens between the fluorophores and excitons in a graphene layer. (#) Both techniques allow
for precise measurements of distances down to the nanometer scale, making them valuable for studying membrane dynamics, protein
interactions, and cellular architecture. However, the dynamic range (the distance range over which the lifetime-versus-distance curve is
monotonous) of MIET is approximately eight times larger (up to approximately 250 nm) than the dynamic range for GIET (up to
approximately 30 nm). In contrast, GIET allows for an Angstrém axial resolution, which is particular useful for 3D SMLM at the
molecular level. () Representative fluorescence lifetime-versus-distance calibration curve for MIET with a 20-nm gold film on glass for
fluorescence at 670 nm. The three curves refer to different orientations of a fluorophore’s emission dipole with respect to the surface.
For samples where the fluorophores are not free to rotate, this orientation has to be measured independently, for example, by defocused
imaging (53). Abbreviations: GIET, graphene-induced energy transfer; MIET, metal-induced energy transfer; NA, numerical aperture;
SMLM, single-molecule localization microscopy.

MIET imaging is similar to Forster resonance energy transfer (FRET) and SAF imaging.
All three methods involve the near-field coupling of an emitting molecule to an acceptor in
a distance-dependent manner. In FRET, the acceptor is another molecule with an absorption
spectrum that overlaps the emission spectrum of the fluorescing molecule (the so-called donor
molecule). In SAF, the acceptor is the bulk glass of the coverslip. In MIET, the acceptor is the free
electron gas in the metal layer. Whereas FRET requires knowledge of the three relative angles
that describe the orientation of the donor and acceptor molecules (but see Reference 34 about
FRET-SMLM), which cannot be measured in totality by independent measurements, MIET and
SAF require only the two angles that describe the emitter’s orientation relative to the surface,
which can be independently measured.

Simultaneous measurement of orientation and 3D position using MIET and polarization-
resolved scan imaging was demonstrated by Karedla et al. (53), achieving isotropic nanometer
accuracy. This method was further extended by Thiele et al. (104) to resolve the 3D structure
of microtubules using FL-SMLM combined with MIET. MIET-FL-SMLM thus shows great
promise for achieving isotropic nanometric resolution. Like other near-field methods such as
VA-TIRF or SAF, MIET is limited by the spatial extent of the near field, typically approximately
200 nm, but within this range, it can deliver axial resolution of approximately 1 to 2 nm for
10,000 photons.

"To improve axial resolution even further, an alternative quenching mechanism using graphene
has been proposed. As first pointed out by Moerland & Hoogenboom (65), graphene can induce
strong distance-dependent modulation of fluorescence lifetime over a shorter range (approxi-
mately 25 nm). This interaction, more akin to FRET, is termed graphene-induced energy transfer
(GIET) or graphene energy transfer (GET). Due to its smaller interaction range, GIET offers
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increased spatial resolution, as demonstrated by Ghosh et al. (29) and Kaminska et al. (52). GIET
imaging has achieved exceptional axial resolution for measuring the thickness of single lipid bi-
layers both in vitro (14) and in vivo (76) with a resolution of approximately 5 A. The excellent
axial resolution of GIET makes it ideal for molecular level 3D SMLM, as recently demonstrated
by combining DNA-PAINT, GIET, and MINFLUX (119). Comprehensive protocols for MIET
and GIET experiments have been published (28). Moreover, the Tinnefeld group (30) has shown
that using multiple graphene layers can slightly extend the dynamic range of GIET imaging.

6. CRYO-FLUORESCENCE SINGLE-MOLECULE
LOCALIZATION MICROSCOPY

As discussed in Section 1, the primary limitation to achieving higher resolution in conventional
SMLM techniques like PALM and dSTORM stems from the finite number of emission cycles of
single fluorescent molecules before they photobleach. The main goal of PAINT is to overcome
this limitation by continuously replenishing the fluorescent label at a given target site. An alter-
native approach, pursued from the beginning, involves the use of cryo-fluorescence microscopy
to enhance the photostability of fluorescent molecules. Cooling fluorescent molecules down to
liquid nitrogen or liquid helium temperatures can increase their photostability by several orders
of magnitude (Figure 3d), allowing for single-molecule localization accuracy down to 1 A (56).

The significant challenge here is that this dramatically increased photostability comes at the
cost of suppressed photoswitching, which is crucial for SMLM. Whereas little or no blinking is
observed at liquid nitrogen temperatures (44), this appears to improve at liquid helium temper-
atures. Using the residual spontaneous blinking of fluorescent molecules at such temperatures,
Sandoghdar and colleagues (113) demonstrated single-molecule colocalization with nanometer
resolution and later resolved the four biotin binding sites on a single streptavidin molecule (112).
This was a remarkable achievement, but the main challenge remained the relatively small number
of target complexes showing sufficient blinking for successful colocalization measurements. This
group reviewed the challenges and potential of cryo-SMLM for resolving molecular structures in
a recent paper (62).

Substantial efforts have been invested in finding suitable fluorescent emitters that exhibit suf-
ficient photoswitching even under cryogenic conditions. Pioneering work in this area was done
by Dahlberg & Moerner (19), focusing on red fluorescent proteins with suitable photoswitching
properties. They reported on the proteins roGFP2 (74) and mApple (83) as promising candidates
for cryo-SMLM, although slow and uncontrollable switching kinetics still limit their application.
Another interesting candidate for cryo-SMLM is the fluorescent protein rsEGFP2, extensively
investigated by the Bourgeois group (60, 77), including elucidation of the molecular switching
mechanism.

If the goal is to resolve only two molecules on a given target molecule or complex, an interesting
alternative to photoswitching is polarization-modulated excitation combined with polarization-
resolved detection. This approach was first attempted by Lew and colleagues (122) using complex
radially and azimuthally polarized excitation beams in conjunction with polarized multiview de-
tection. Recently, they showed that it is possible to uniquely determine the orientations of two
optically unresolvable molecules and subsequently disentangle their positions, provided that their
orientations differ by a minimal angle, as low as 10° (15). The major advantage of this approach is
its independence from the photoswitching properties of the fluorescent molecules, making it ideal
for cryo-SMLM where the orientations of all emitters are fixed. Considering the vast available
photon budget per molecule in cryo-SMLM, this method could revolutionize colocalizing two
molecules with Angstrém resolution, offering a highly promising alternative to similar attempts
using single-molecule FRET (1).

Radmacher et al.



BBS54_Art09_Enderlein ARjats.cls February 6, 2025 13:40

7. CALIBRATTION AND DATA ANALYSIS

An important issue of molecular level SMLM is the precise calibration and performance validation
of an SMLM system using well-defined and easy-to-handle rulers. Additionally, the optimal eval-
uation of recorded data is crucial for achieving maximum accuracy and precise single-molecule
localizations. This is the focus of this final section.

7.1. Calibration and Validation Tools

"To ensure the reliability and accuracy of SMLM measurements, the use of calibration standards is
essential. These standards typically include DNA origami structures, protein-based nanorulers,
and virus-based nanorulers. These structures are designed with precise distances between
fluorophores, allowing researchers to verify the resolution and accuracy of their SMLM systems.

DNA origami is a popular tool for calibration due to its customizable and precise structural fea-
tures. It allows for the placement of fluorophores at known distances, providing a robust standard
for verifying SMLM resolution and accuracy (88, 100). DNA origami can be designed in both 2D
and 3D configurations, making it versatile for various calibration needs (57, 84). Recently, DNA
origamis were used for calibrating and validating 3D GIET/GET imaging (51). One challenge of
DNA origami rulers is the complexity of their design and correct prediction of the structure of the
single DNA strands used for their synthesis, and another challenge is that their actual structure
can also be very dependent on environmental factors such as the salt concentrations of the buffers
that are required for their stability.

As an alternative, protein-based nanorulers can be used. They are created using proteins with
defined binding sites for fluorophores. One example is the use of microtubules, but the most pop-
ular among them are nuclear pore complexes, which represent natural nanorulers due to their
known and consistent structural features (85, 102). An alternative, genetic code expansion was used
to incorporate single fluorescent molecules with a spacing as low as 6 nm into the homotrimeric
protein complex proliferating cell nuclear antigen to generate a molecular level SMLM ruler (40).

Finally, virus-based nanorulers seem to be an attractive alternative to DNA origamis and
protein structures. Viruses, due to their uniform size and stable structure, could serve as excel-
lent nanorulers for SMLM calibration. The T4 phage has been recently reported as a highly
reproducible and perfectly orientable structure for SMLM 3D calibration (26).

7.2. Data Evaluation and Analysis

Evaluating recorded data in SMLM requires meticulous attention to extract precise single-
molecule localizations. Advanced algorithms and software tools are employed to process the data,
correct for drift, and minimize noise, thereby enhancing the final resolution. The most popular
SMLM algorithms, such as ThunderSTORM (71) and rapidSTORM (116), provide robust frame-
works for analyzing SMLM data. These tools offer various fitting algorithms, drift correction
methods, and visualization options. Achieving high accuracy in SMLM necessitates correcting
for sample drift during image acquisition. The new MATLAB toolbox SMITE should also be
mentioned (89); it integrates a wealth of SMLM and particle-tracking analysis tools. Addition-
ally, the SMLM and single-molecule tracking package Track-N-Trace (99) offers single-molecule
fluorescence lifetime fitting for analyzing FL-SMLM data.

For molecular level SMLM, the requirements for optimal localization algorithms, drift correc-
tion, and noise reduction become even more stringent. In recent years, two approaches in SMLM
data analysis have gained increasing attention: rigorous Bayesian inference treatment of data, based
on a comprehensive model of the entire SMLM experiment, and machine learning approaches
using advanced neural networks.
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In PAINT imaging, a significant challenge is correctly attributing repeated single-molecule
localizations to the correct target position, especially when the distance between targets becomes
close to or smaller than the localization accuracy of one binding event. As discussed above, se-
quential imaging as realized by RESI is one solution. Additionally, sophisticated data analysis
approaches can assist in this direction. A Bayesian approach to correctly grouping single-molecule
events in SMLM was discussed by Fazel et al. (25). Similarly, Ries and colleagues (117) have used
rigorous maximum-likelihood estimators for SMLM. Particle fusion (110) and particle averag-
ing (42) were used to generate high-resolution structures of interest by compounding SMLM
data from many individual structures. The Pressé group (24), in collaboration with several collab-
orators around the world, has published a comprehensive review on Bayesian analysis of SMLM,
which is expected to become the gold standard for such methods in the future.

An alternative to full probabilistic models are deep learning approaches in SMILM data analysis,
which have seen significant advances over the past few years. Pioneering work in this area has been
done by Moerner and colleagues (48, 64) and Shechtman and colleagues (82). For an excellent
review on deep learning approaches in super-resolution microscopy, see Reference 63, and a recent
tutorial can be found in Reference 58.

8. DISCUSSION AND OUTLOOK

In this review, we have aimed to present a comprehensive overview of the various methods and
approaches to molecular level super-resolution microscopy, with a particular focus on SMLM. Due
to length constraints, we have inevitably left out many intriguing ideas and emerging techniques.
For instance, we did not cover the innovative use of temporally modulated excitation patterns for
converting temporally imprinted intensity modulation into single-molecule localizations (45-47)
or other promising concepts such as tip-enhanced single-molecule luminescence for Angstrom-
resolution imaging (118).

Based on the information and literature discussed in this review, the most promising
contenders for achieving molecular level super-resolution microscopy appear to be RESIT, PAINT-
MINFLUX, and polarization cryo-fluorescence microscopy (for two-molecule colocalization),
potentially in combination with axial localization approaches such as SAF or MIET. In partic-
ular, RESI seems to be the most straightforward method to implement and holds the potential
to revolutionize the application of fluorescence microscopy for elucidating structural details in
single proteins and biomolecular complexes. This advancement will add specificity to the superb
electron density maps provided by electron microscopy.
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