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Abstract

The rise of single-molecule localization microscopy (SMLM) and related super-resolution
methods over the past 15 years has revolutionized how we study biological and materials

systems. In this perspective, we reflect on the underlying philosophy of how diffraction-unlimited
pictures containing rich spatial and functional information may gradually emerge through the local
accumulation of single-molecule measurements. Starting with the basic concepts, we analyze the
uniqueness and opportunities in building up the final picture one molecule at a time. Then, after
brief introductions to the more established multicolor and three-dimensional measurements, we
highlight emerging efforts to extend SMLM to new dimensions and functionalities as fluorescence
polarization, emission spectra, and molecular motions, and discuss rising opportunities and future
directions. With single molecules as our quanta, the bottom-up accumulation approach provides a
powerful conduit for multidimensional microscopy at the nanoscale.
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Building up diffraction-unlimited pictures one molecule at a time

The double-slit experiment offers a striking demonstration of the mystery of quantum
mechanics:12 as single particles (quanta), e.g., photons or electrons, are allowed to pass
through one at a time, even though each quantum offers minimal information, accumulation
of the positions of many independently measured quanta gradually gives rise to the
underlying picture from the bottom up, with continuously improving signal-to-noise ratio
over time.

It is thus remarkable that over the past ~15 years, an analogous process overcomes the
diffraction-limited resolution barrier of microscopy to reach ~10 nm spatial resolutions, but
here the quanta are single molecules. In these approaches, which we collectively discuss

as single-molecule localization microscopy (SMLM), single fluorescent molecules sparsely
emitting in the wide field, e.g., as a small subset of the probes labeled to an intracellular
structure, are recorded with a high-sensitivity camera (Figure 1a). As the single-molecule
images are well isolated from each other, they can be separately evaluated for their super-
resolved positions (at ~10 nm precision) and other properties (Figure 1b) over a minimal
background. Although the resultant, few-molecule positions and additional parameters
appear insignificant on their own, a fluorescence on-off switching mechanism is introduced
to allow different, random subsets of the labeled probes to be detected over different camera
frames (Figure 1c). Thus, by accumulating the results of a large amount (often >10°)

of molecules over many (often >10%) frames, a super-resolved image, potentially with
additional high-dimensional information, gradually emerges (Figure 1e) over the time scale
of minutes. This SMLM scheme is first achieved through the photoswitching of fluorescent
dyes (STORM3) and fluorescent proteins (FPs) [(F)PALM#2]. The reversible binding of
fluorescent probes to the target (PAINTS) provides another powerful strategy.

Whereas many excellent review articles have discussed the glorious resolution and other
technical aspects of SMLM, 712 as well as the broader field of super-resolution microscopy
(aka “nanoscopy”),13-15 in this perspective we reflect on the underlying philosophy of how
high-resolution, potentially multidimensional pictures gradually emerge through the local
accumulation of single-molecule measurements carried out at low densities. In particular,
whereas earlier efforts on SMLM focus on achieving multicolor capabilities and resolving
the three-dimensional (3D) positions, we highlight recent work that generalizes SMLM

by locally accumulating new dimensionalities of the single-molecule signal, including
fluorescence polarization, emission spectra, and transient displacements, which enables the
construction of functional maps of varying new parameters at the super-resolution level.

The single-molecule quanta: uniqueness and opportunities

The above-described mechanism to generate high-resolution images through single-
molecule accumulation challenges the mindset of traditional microscopy. With typical
top-down approaches, including super-resolution methods as stimulated emission depletion
(STED) microscopy, 16 high resolution is achieved by shrinking the effective detection region
to the smallest possible size; resolution is defined by this size, and the signal is the ensemble
sum of all fluorophores in the detection region.
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In contrast, SMLM works from the bottom up: it imposes no spatial confinement in
illumination or detection, but utilizes the sparsity of single molecules in the wide field to
enable their individual super-localization at the nanoscale (Figure 1a), and builds up the final
image through accumulating the single-molecule quanta over time (Figure 1c). Resolution

is now defined by how precisely one can determine the position of each molecule;17:18
whereas this trait does limit SMLM to systems in which single molecules can be detected
with adequate signal-to-noise ratios, very high resolutions, down to a few nanometers, can
be achieved using very bright fluorophores.1®

Meanwhile, the sparsity of molecules in the wide-field implies that each molecule can be
measured and analyzed independently. Excellent opportunities thus arise for the parallel
detection of diverse single-molecule properties (Figure 1b), including the three-dimensional
positions, fluorescence polarization, emission spectra, and molecular motions, for multiple
molecules in the same camera frame. The fluorescence on-off switching mechanism,

then, provides a convenient way to stochastically sample different molecules over many
frames (Figure 1c), thus versatile measurements of single-molecule properties at ultrahigh
throughputs.

Together, as the achieved single-molecule measurements offer the ultimate sensitivity

and resolution for fluorescence detection, the rapid accumulation of massive amounts of
molecules with super-localized positions enables local statistical analysis (Figure 1d) to
overcome the potentially low signal-to-noise ratio (e.g., for spectra) and the stochastic nature
of single-molecule behavior (e.g., for molecular diffusion). High-resolution images can thus
be constructed with valuable insights into diverse local structural and functional properties
(Figure 1e), as analyzed in detail below.

Technically, it is further helpful to comment on the unique data format of SMLM

due to its single-molecule origin, a topic under-discussed in the literature. Traditional
digital micrographs record pixelated images, /.¢e., bitmaps presenting intensities in a two-
dimensional array. Although the pixel-based format is readily stored on a computer, it

does not well accommodate image operations as subpixel shifting, non-integral scaling,
non-90° rotations, and shearing. SMLM, in contrast, amasses a list containing the positions
(coordinates) and other possible attributes like brightness, single-molecule image shape,
and spectrum, of all the detected molecules. The length of this list is proportional to the
number of molecules detected in the experiment, rather than defined by the size of the view.
Moreover, although the raw single-molecule data, as recorded by the camera, are pixelated,
the super-localized single-molecule positions take continuous values that depend little on
pixelation.}” We thus enter an interesting regime in which each molecule reports a quantized
description of the underlying structure in a continuous coordinate system.

The above “point-cloud” data format of SMLM affords exceptional versatilities for image
processing and data mining. For example, subpixel image drifts, which often occur during
SMLM data acquisition, are readily removed by shifting the molecular coordinates in
different frames. Meanwhile, no distortion or loss of information is expected in SMLM
for image operations like scaling, rotation, and projection. Consequently, it becomes
straightforward to translate the SMLM data between different coordinates. This feature

ACS Nano. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al.

Page 4

is particularly helpful for matching and comparing different datasets, both for multi-view
referencing (below) and for correlation with other microscopy methods.2° For the final
presentation of results, the continuous spatial coordinates and the near-continuous (1 over
>104 frames) timestamps further offer great flexibility in how to spatiotemporally divide
the detected molecules to best define structures and extract local functional parameters.
The resultant tradeoffs between spatial resolution, temporal resolution, and sensitivity are
discussed below.

The multicolor and 3D challenges

As SMLM builds up images by accumulating single molecules, to achieve multicolor (multi-
probe) SMLM necessitates the correct identification of each detected molecule. This goal

is first realized in STORM through the controlled photoactivation of the same emitter dye
paired with different activator dyes.2! As fluorescence emission is from a single emitter

dye, this approach precludes chromatic aberration between color channels. On the flip

side, non-specific activation leads to high color crosstalks. In contrast, sequential SMLM

of spectrally well-separated probes?2:23 achieves lower crosstalk. However, the typical filter-
switching scheme is slow, and alignment between channels is difficult when convolved

with sample drift. Exciting with different lasers using a multi-band filter set?*2> overcomes
these limitations. Still, the use of fluorophores of substantially different spectra incurs
chromatic aberrations, and different probes may not achieve the best performance in the
same imaging buffer. These issues are partly addressed with the ratiometric and spectrally
resolved approaches below. Separately, multicolor SMLM may also be achieved by reusing
the same fluorophore via the sequential labeling-imaging of different targets,26-27 but at the
expense of time.

For 3D imaging, the single-molecule origin of SMLM similarly demands the axial position
(depth 2) of every detected molecule. A common approach is to encode zinto the shape of
the single-molecule image, or effectively, the point spread function (PSF) of the microscope
system. In 3D-STORM, 28 a cylindrical lens is simply inserted into the optical path to
induce astigmatism, /.e., a shift in the focal plane for two orthogonal directions, so that

the PSF elongates in opposite directions for molecules below and above the focal plane,
thus enabling depth encoding/decoding. Meanwhile, numerous efforts have created other
depth-encoded PSFs (“PSF engineering”) to enable extended working zranges and other
functionalities.29

Multi-view referencing for 3D, multicolor, and polarization SMLM

In addition to encoding into the PSF shape, comparing the behavior of the same molecules
in carefully designed, complementary views offers another powerful means to extract single-
molecule properties, a strategy we discuss here collectively as multi-view referencing.

As SMLM, partly owing to its stochastic on-off switching mechanism, often yields a
broad distribution of photon counts between molecules, it is difficult to directly extract
useful information from the absolute single-molecule brightness. By referring between
complementary views, the relative (ratiometric) brightness becomes relevant. Meanwhile,

ACS Nano. Author manuscript; available in PMC 2022 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiang et al.

Page 5

alterations in single-molecule position and image shape can be further engineered into

the different views. Technically, as discussed above, the point-cloud data type of SMLM

is ideal for mapping molecules between different coordinates. Mismatches in finding the
same molecules across different views are further minimal, considering that with the typical
sparsity condition of SMLM, less than one molecule is detected within the diffraction limit
in each frame.

For 3D-SMLM, biplane FPALM?30 thus employs a beamsplitter to create a pair of views
with shifted focal planes (e.g., green box in Figure 2a). Depth information is thus decoded
by comparing the images of the same single molecules recorded in the two views (Figure
2b)30:31 The use of a secondary objective lens at the backside of the sample offers another
way to obtain two views. Besides simply combining these two views with the above
cylindrical-lens scheme,32 more sophisticated 3D approaches contrive single-molecule
interferometry (e.g., Figure 2e): comparison of the single-molecule intensities,33 plus PSF
shapes,3*35 in the resultant multiple interferometry views (e.g., Figure 2f) helps determine z
with outstanding precisions.

For multicolor SMLM, splitting the single-molecule fluorescence into different views based
on the wavelength, e.g., using a dichroic mirror (e.g., blue box in Figure 2a), enables the
ratiometric color identification of spectrally overlapping probes.36-3% Here, a unique feature
rises due to the single-molecule nature of SMLM: unmixing between different fluorophores,
as often required in bulk spectral microscopy,*041 becomes unnecessary. Consequently, by
just comparing the single-molecule brightness in two views corresponding to the long- and
short-wavelength components (e.g., Figure 2c), up to 4 probes can be concurrently imaged
(Figure 2d), albeit with increased crosstalk as more color channels are added. The split
long- and short-wavelength channels may be further focused to different planes to integrate
biplane 3D localization (Figure 2a).42

Multi-view referencing has also greatly facilitated fluorescence polarization and anisotropy
detections,*3-4> which provide valuable insights into molecular orientations and rotational
mobility. Whereas for SMLM, it remains difficult to extract polarization orientations from
the PSF shape, polarizing beamsplitters provide an intuitive way to split the fluorescence
(e.g., Figure 2g), so that polarization can be evaluated for single molecules by comparing
their intensity ratios between the different split views (e.g., Figure 2hi),*6-48 with the
additional option of PSF engineering.#449 In a different approach, the detected fluorescence
is unsplit, but the linear polarization direction of the excitation laser is alternated in
consecutive camera frames (Figure 2j).5%°1 The modulated single-molecule intensities

over different frames thus create a mechanism for self-referencing within the same

imaging channel (Figure 2k). Together, these approaches have enabled the high-throughput
accumulation of single-molecule fluorescence anisotropy, orientation, and wobble behaviors.
With the concurrently obtained super-resolved position of each molecule, they thus resolved,
at the nanoscale, protein rotational mobility in live (Figure 2I) and fixed cells,46:47:52
orientational order in biological filaments including actin fibers (Figure 2m),*8 DNA strands
(Figure 2n),48:51 and amyloid fibrils,>3>4 and compositional heterogeneity in supported lipid
bilayers (Figure 20).49
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The fluorescence spectrum

The integration of spectroscopy and microscopy offers powerful pathways to multiplexed
and functional imaging.#941 Although the fluorescence spectrum has been a key component
of single-molecule experiments,®>:°6 typical approaches adopt the top-down strategies from
bulk spectral microscopy,*%41 so that the fluorescence excitation and/or detection are
confined to the smallest possible spot, e.g., in a confocal setting, to ensure the signal is from
one molecule at a time. Such single-spot approaches afford low throughputs and usually
cannot resolve multiple molecules within the diffraction limit.

The sparsity of single molecules in SMLM, however, creates a situation in which the
fluorescence from many molecules in the wide field, as spatially “self-confined” individual
point sources, can be parallelly dispersed spectrally without interfering with each other
(Figure 3ab). After adding the on-off switching mechanism native to SMLM, millions of
single-molecule spectra can thus be collected in minutes, a concept dubbed as “ultrahigh-
throughput single-molecule spectroscopy”.>’:58 This wide-field spectral imaging scheme,
however, is complicated by the issue that the spatial and spectral information of a
randomly located molecule are convolved. Referencing with an undispersed image of the
same molecules readily decouples the two: this secondary view may be obtained using a
secondary objective lens from the backside of the sample,>” a beamsplitter (e.g., Figure
3a),%9 or the zeroth order of a grating.60 Separately, the spectral/color information may be
encoded into the PSF shape, which eliminates the need for a reference image but does not
record the actual spectrum.61.62

With the concurrently obtained spatial and spectral information of millions of single
molecules, the resultant spectrally resolved SMLM (SR-SMLM) data are first employed
for multicolor imaging.>7:59:60 By comparing the measured spectrum of each detected
molecule with standards, four spectrally overlapped fluorophores ~10 nm apart in emission
wavelength are thus separated in immunolabeled cells with < 1% misidentification.®’

The capability to identify different fluorophore species is also utilized to characterize
diverse chemical and materials systems, including single-molecule reaction pathways,53:64
heterogeneities in polymers,55 and defects in two-dimensional materials (Figure 3gh).86.67

The integration of SR-SMLM with environmentally sensitive fluorophores further enabled
functional super-resolution microscopy.58 In particular, with the solvatochromic dye Nile
Red and derivatives, SR-SMLM has mapped out, at the nanoscale, local variations in
chemical polarity for cellular and artificial lipid membranes (Figure 3de),%%-"1 jn vitro
protein aggregates (Figure 3f),6%.72 and surface adlayers.”3 In these experiments, the
accumulation and averaging of single-molecule spectra, through the gradual buildup over
many camera frames, help improve the otherwise low signal-to-noise ratios of individual
molecules (Figure 3c). Yet at the same time, the high spatial resolution achieved in super-
localizing each molecule allows local spectra to be obtained for arbitrary regions of interest
at the nanoscale. These capabilities, for example, helped unveil spectral differences for
Nile Red molecules labeled to the plasma membrane vs. the membranes of nanoscale
intracellular organelles with excellent contrast (Figure 3de).”% Separately, an analogous
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wide-field spectral imaging strategy has been applied to detect voltage-induced spectral
shifts in the emission of single nanoparticles.”

motion and diffusion

Molecular motion and diffusion underlie vital (bio)physical and chemical processes that
govern the complex, dynamic behaviors of systems far away from the thermodynamic
equilibrium, e.g., the living cell. While single-particle tracking (SPT) has been an
established tool for studying single-molecule motion and diffusion at the nanoscale,”>~77
historically the requirement to resolve different trajectories with diffraction-limited optics
seriously limits the number of particles (molecules) that can be tracked in a sample.

The advent of SMLM has inspired new approaches to achieve SPT at drastically increased
densities. Thus, by employing photoactivation analogous to PALM/STORM?8-80 and probe
exchange analogous to PAINT,81-84 thousands of molecules can now be tracked in the same
view (Figure 4a—c), yet with excellent spatial sparsity, by spreading out the measurement

in the temporal dimension over many camera frames. We refer in-depth discussion to
Reference®®.

However, as the starting point of SPT is usually to obtain long single-particle trajectories

to enable their individual diffusivity evaluation (e.g., Figure 4a inset and Figure 4c),

the application is often limited to slow diffusions in spatially confined systems, e.g.,

lipid membranes.”” In contrast, for an unbound FP that rapidly diffuses inside the
mammalian cytoplasm, severe motion-blur occurs at the typical imaging framerates.
Although stroboscopic illumination overcomes motion-blur,86 molecules readily diffuse out
of focus between consecutive frames, thus forbidding tracking.

To overcome these challenges, a recent method, single-molecule displacement/diffusivity
mapping (SMaM),87 forgoes trajectories, but instead focuses on obtaining the transient
displacements of single molecules. This is achieved by applying a pair of closely timed

(~1 ms center-to-center) stroboscopic excitation pulses across two tandem camera frames
(Figure 4d). By cross-referencing the single-molecule positions super-localized in the two
paired frames (Figure 4e), the nanoscale displacements of single molecules (a) are thus
evaluated for the ~1 ms transient window, during which period molecules remain in focus.
The obtained d'values, however, are not individually meaningful. Owing to the stochastic
nature of diffusion, even for a fixed diffusion coefficient D, the displacement of a molecule
in any given time window obeys a distribution rather than settles on a single value. The
philosophy of bottom-up buildup now holds the key to extracting useful local parameters:
after repeating the above paired excitation scheme for ~10% cycles, the accumulated o
values, as single-molecule quanta, are spatially binned, e.g., onto 100x100 nm? grids, so that
the distribution of din each bin is fit to a diffusion model (Figure 4hi). Color-plotting the
resultant D values for each spatial bin thus yields a super-resolution map of local diffusivity
(Figure 4fg). Additional parameters, including the principal direction of diffusion, can be
further extracted by accumulating 2D displacement vectors.88
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Integration and combination

The above approaches to measure the different properties of single molecules do not
necessarily interfere with each other. It is thus often possible to integrate different
measurements into the same experiment, so that multidimensional information can be
extracted from the same molecules. The integration of 3D-SMLM and multicolor-SMLM
is achieved early on.89 SR-SMLM and 3D-SMLM is also readily integrated by inserting

a cylindrical lens into the spectrally undispersed single-molecule reference images.>’
Single-molecule emission from four fluorophores is thus concurrently recorded and

well distinguished in the resultant four-dimensional (3D spatial + 1D spectral) super-
resolution data (Figure 5a—c). Polarization detection has been concurrently integrated

with both cylindrical lens-based 3D-localization and SR-SMLM-like wide-field single-
particle spectroscopy for tracking quantum rods (Figure 5de).% A recent study on live-
cell membranes integrates SMaM with 3D-SMLM and SR-SMLM (Figure 5fg), and

thus resolved and differentiated between nanoscale diffusional heterogeneities of different
origins.88 Meanwhile, a machine-learning approach has simultaneously extracted both 3D
and color information from unmodified PSFs to achieve two-color 3D-SMLM.®! It remains
interesting to see how related approaches could help unleash multidimensional information
in single-molecule signals and guide future experiments.92:93

Combination and correlation of data from different experiments present another important
direction. Whereas correlative approaches for super-resolution microscopy have been
previously reviewed,20 recent SMaM experiments provide additional, cogent cases:87 by
correlating SMaM diffusivity maps of unbound FPs with SMLM spatial images of probes
labeling actin and DNA (Figure 5hi), it is thus shown that the nanoscale diffusivity
variations in the cytoplasm and the nucleus correlate with the ultrastructure of the actin
cytoskeleton and the genome, respectively.

Tradeoffs between spatial resolution, temporal resolution, and functionality

Whereas the spatial resolution of SMLM is ultimately limited by how precisely each
molecule is localized (“optical resolution”),1718 additional tradeoffs exist between the final
effective spatial resolution, temporal resolution, and accuracies of the intended functional
parameters.

For the construction of SMLM images, previous studies and reviews have well examined
the tradeoff between spatial and temporal resolutions.®11:94 As SMLM images are formed
from individual molecules separately reporting their own positions, one can reasonably
assume that features smaller than the typical spacing between the detected molecules are
not captured. Formally, the Nyquist criterion argues that structures finer than 2/0Y%m where
pis the density of detected molecules and dim is the dimensionality of the image, cannot
be resolved. Thus, for typical images to be rendered in two dimensions, structural details
improve as the square root of the count of detected molecules. For stationary structures like
fixed cells, this consideration is helpful in deciding when enough frames of single-molecule
raw data have been collected. For dynamic structures, e.g., live cells, the recorded dataset
may be divided in time to construct multiple SMLM images as a series. Finer division
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yields higher temporal resolutions, but at the expense of structural details due to insufficient
localizations. Conversely, dividing into fewer time brackets increases structural details in
each SMLM image, but loses fast dynamics and is vulnerable to motion blur.

Faster accumulation of single-molecule data eases the above contention between spatial and
temporal resolutions. One approach is to record at increased framerates while concurrently
accelerating single-molecule on-off switching. This strategy, however, is limited by the
camera readout rate, probe properties, as well as cell health under the high laser powers
needed to squeeze out the fluorescence in the reduced time. Another strategy is to increase
the count of emitting molecules in each frame. However, as the molecules crowd up, their
signals start to overlap, and one deviates from the key assumption in SMLM that each
molecule is independently measured and analyzed. Multiple-emitter fitting,%>-% compressed
sensing,%” and deep learning®8:99 are among the various approaches to handle dense SMLM
data with overlapping PSFs.

For high-dimensional SMLM beyond structure, the achieved accuracies for the intended
functional parameters also depend on the count of detected molecules. For measurements
that work with intensities, including various forms of multi-view referencing and SR-
SMLM, the obtained signal-to-noise ratios, based on simple fluorescence summing-
averaging, should improve to the square root of the count of molecules N. For SMaM,

as discussed above, diffusion coefficients are obtained by fitting the distribution of single-
molecule transient displacements. For simple random-walk models, the uncertainty of this
fit scales inversely with the square root of the degree of freedom, A~1. These square-

root dependencies warrant strategic spatiotemporal binning of the data, so that improved
confidences in local functional parameters are achieved in reasonable manners by either
increasing the size of the spatial bin, at the expense of spatial resolution, or allowing longer
accumulation times, at the expense of temporal resolution. It is further worth mentioning
that to meet the criterion that the signals from different molecules do not interfere with each
other, the allowed single-molecule density in high-dimensional SMLM may be yet lower
than that of the image-only SMLM, e.g., the increased footprint taken by the dispersed
spectra in SR-SMLM?®7 and the need to avoid multiple emitters within the search radius
between tandem frames in SMaM.87 Recent successes with deep learning in analyzing
overlapped, complex PSFs (Figure 6j)%3:9 point to potential ways to alleviate this issue.

Rising opportunities and future directions

Since its demonstration ~15 years ago, SMLM and related methods have progressed rapidly,
hence enormous opportunities for wide-ranging fields.

Optical designs.

Continued innovations in both illumination and detection designs have kept pushing

the achievable spatiotemporal resolution, sample depth,190 and throughput191 of SMLM.

In particular, new methods have emerged that substantially enhance the localization
precision of single molecules viathe modulation of the illumination pattern (Figure 6a),192
remarkably with both patterns analogous to that used in STED microscopy93.104 and that
used in structured illumination microscopy.195-108 |nterestingly, the multi-view referencing
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concept discussed above is utilized here to improve localization precision, whereby the
brightness of the same single molecules is referred between altered illumination patterns

in different views (Figure 6b)105108 or over time.103.104,106,107 The |atter strategy may be
compared with the above-discussed polarization SMLM approach in which the illumination
polarization direction is modulated in consecutive camera frames (Figure 2jk).5%51 Given
the recent demonstration that frame-synchronized modulation of the illumination wavelength
enables fast excitation spectral microscopy in the wide-field,199 it is further interesting

to speculate whether similar tactics may extend SMLM to the new dimension of the
fluorescence excitation spectrum.

Another potentially important future dimension for SMLM is the fluorescence lifetime,

an often-examined parameter in functional microscopy.110-111 A recent study achieves
lifetime-resolved SMLM through confocal scanning, thus resolving two spectrally similar
fluorescent probes in labeled beads (Figure 6¢d) and fixed cells.112 Although the confocal
scheme employed in this study benefits from an established technique, the single-spot
scanning approach notably limits the imaging speed. Recently demonstrated wide-field
single-molecule fluorescence lifetime approaches, e.g., viacomparing the intensity between
gated and ungated channels (Figure 6ef)113 and the use of special detectors,114 if applicable
to SMLM, could help bring the throughput to be comparable to the typical wide-field
SMLM experiments. The potential to thus map out local environments at the nanoscale
represents an exciting possibility.

Beyond the nanosecond dynamics of fluorescence lifetime, it is further tempting to speculate
whether SMLM could be pushed to the ultrafast regime. Although ultrafast spectroscopy

has been achieved for isolated single molecules, 11116 jt remains unclear whether such
experiments may be carried out with high throughput and/or achieve the signal on-off
switching needed for imaging multiple molecules within the diffraction limit. The extension
of SMLM to non-fluorescence single-molecule detection schemes!1’ presents another
challenge. In particular, recent advances in interferometric scattering microscopy have
enabled the label-free detection and super-localization of single proteins,118 thus pointing

to novel avenues to achieving SMLM and encoding functions.

Molecular designs.

Molecular designs have been at the heart of SMLM development. Recent reviews have

well summarized the desired characteristics of, as well as the multifaceted efforts toward,
new SMLM probes.119-122 An ideal probe would emit strongly as single molecules and
possess either good photoswitching [for photoactivation-based approaches like STORM and
(F)PALM] or reversible-binding (for PAINT) properties. For live-cell experiments, labeling
specificity, cell toxicity, and membrane permeability are additional concerns; for the last
issue, new approaches have enabled the high-throughput intracellular delivery of membrane
non-permeable probes for SMLM applications.123.124

Beyond the usual efforts to attain brighter probes, recent work has further utilized novel
interactions between biomolecules for encoding functional information into SMLM.125.126
In particular, utilizing the highly controllable interactions of DNA strands, new probes have
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enabled the SMLM imaging of cellular traction forces'27:128 and single-molecule-based
super-resolution labeling.129.130

The rise of high-dimensional SMLM methods beyond the traditional multicolor and 3D
efforts affords new challenges and opportunities. For polarization-resolved SMLM, one
recurring finding is that the detected single-molecule polarization orientation, as well as its
dynamics, depends strongly on both the molecular structure of the fluorescent probe and
how it is tagged to the target. For example, when actin fibers in fixed cells are labeled by
dye-linked phalloidin, three different dyes respectively exhibit parallel, perpendicular, and
random orientations with respect to the fiber direction.#® Similarly, contrasting orientational
behaviors are found for dyes that insert differently into DNA strands®! and lipid bilayers.4?
Thus, the future design and utilization of probes for polarization-resolved SMLM would
benefit greatly from well-defined probe-target interactions, in addition to the common
SMLM quest for bright, switchable probes.

Meanwhile, while SR-SMLM has been highly successful in resolving local chemical
polarity, experiments have largely relied on a single, classic solvatochromic dye, Nile

Red. A recent study reports the rational design for a Nile Red derivative tailored for the
SR-SMLM of live-cell plasma membranes.”? Still, beyond chemical polarity, many other
functional parameters131-133 could potentially be encoded into the single-molecule spectra,
hence tremendous opportunities for probe development. For example, pH-dependent spectral
variations have been measured for sparse single pH-indicator molecules in the wide field
through ratiometric fluorescence detection (Figure 6gh),134.135 yet it remains to be shown
how such probes may achieve on-off switching for SMLM, as well as be introduced into
dynamic systems like live cells.

In connection with the above discussions, it is worth mentioning that SMaM opens

up possibilities to work with fluorescently non-switching probes. In SMaM, the paired
stroboscopic pulses across tandem frames (Figure 4d) leave ample time between the
unpaired pulses for probes outside the illuminated area to diffuse in, hence a mechanism

to replenish photobleached molecules without photoactivation [as required in STORM/
(F)PALM]. Meanwhile, the stroboscopic excitation eliminates the need for target-binding
to register clear single-molecule images (as required in PAINT). Thus, SMaM has been
achieved with conventional, non-photoactivatable and non-binding fluorophores, €.g., the
common FP mEmerald (Figure 6i).87 The prospect of thus being able to utilize any bright
probes, together with the recently demonstrated integration of SMaM and SR-SMLM
(Figure 5fg),88 bodes well for the future incorporation of diverse sensor probes. In particular,
whereas single-molecule Férster resonance energy transfer (smFRET)!36 has been a great
tool for studying the dynamics of biomolecules in vitro, recent work has demonstrated its
application in live cells.137 The possible integration of SMFRET with SMaM and related
SMLM approaches could thus unlock great potentials for probing intracellular dynamics at
the super-resolution level.

Algorithm and theory.

The development of SMLM and related methods goes hand-in-hand with algorithms, from
how the single-molecule signals are generated and collected to the analysis, presentation,
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and interpretation of the collected data.11138-140 Whereas we are thus guaranteed to
continue witnessing algorithms coevolve with optical and molecular designs at all levels,
emerging efforts to incorporate machine learning afford fresh insights.%3 While we have
already discussed several specific examples above (e.g., Figure 6j), generally, machine
learning offers facile ways to achieve near-optimal solutions without presumptions of
underlying models or formulas. Instead, optimizations at different levels, from the design
and analysis of PSFs to the formation and presentation of final images, are driven by the big
training data. Here, SMLM readily provides millions of experimental PSFs; yet, to construct
the perfect training sets, it often remains a challenge to associate each PSF with the “ground
truth”.

At a more fundamental level, the new paradigm of constructing functional super-resolution
images through the single-molecule quanta also calls for new theoretical discussions.
Whereas the traditional top-down approach of microscopy reports the assembly behavior
of many molecules, SMLM arrives at the final picture from the bottom up, and the
exceptionally large (~106) statistics of single-molecule measurements may afford new
insights on their own. For example, when SR-SMLM is applied with Nile Red to probe
the cell membrane, statistics of the single-molecule spectra unveil the existence of a
low-polarity phase in cholesterol-treated cells independent of spatial information.”® When
compared to the classic single-molecule experiments, the local accumulation philosophy
of SMLM and related methods is further unique. For example, in SPT, single particles

are tracked over consecutive frames to enable the individual fitting of their trajectories.
This particle-centered approach implies each particle is unique and/or “remembers” its
history, but overlooks the issue that as a particle diffuses, it samples different locations
that may be characterized by dissimilar local properties. SMaM, in contrast, assumes

all probe molecules equivalent, but accumulates, for each fixed location, how fast these
identical molecules travel. This location-centered strategy is powerful in unveiling spatial
heterogeneity, and together with the other high-dimensional SMLM approaches discussed
above, raises interesting questions on how to best define physicochemical parameters in
heterogeneous systems at the nanoscale.

Together, with single molecules as our quanta, the bottom-up accumulation philosophy of
SMLM provides a powerful conduit for multidimensional microscopy beyond the diffraction
limit. We look forward to the future development and application of related methods: when
we look back in another 15 years, it would be a real surprise if new innovations had not
advanced far beyond the realm discussed in this perspective.
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Figurel.
A bottom-up approach toward multidimensional super-resolution microscopy. (a) Emitting

single molecules are kept at a low density in the wide field, so that they could be each
independently evaluated for their nanoscale positions and high-dimensional properties. (b)
Examples of multidimensional single-molecule observables that may be encoded-decoded,
including localization in 3D, color identity, spectrum, fluorescence polarization, motion
and diffusion, and fluorescence lifetime. (c) Stochastic sampling of single molecules

over many camera frames, e.g., through photoswitching or diffusional exchange, to

enable accumulation of the single-molecule quanta. (d) The accumulated single-molecule
measurements enable local statistics to extract meaningful parameters at the nanoscale.

(e) Resultant multidimensional super-resolution images, with the possibility to integrate
measurements of different dimensions. The palette scheme in (b) is adapted from ref120,
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Figure2.
Multi-view referencing for 3D, multicolor, and polarization SMLM. (@) Integration of

biplane 3D imaging (green box: shifted focal planes between two views) and ratiometric
color detection (blue box: fluorescence split into long- and short-wavelength components).
LP-DM: long-pass dichroic mirror. Inset: single-molecule images obtained in the two views.
(b) Simulated images of a point source at different axial positions for two views with a
500-nm focal shift. (c) Density heatmaps of photon counts recorded in the long- and short-
wavelength channels, for individual molecules of four different dyes with their emission
spectra (colored curves) and the transmission of the dichroic mirror (black curve) shown

in the inset. (d) Four-color SMLM of a fixed cell by separating the four probes based

on (c). () 3D-SMLM based on multiphase interference between fluorescence collected
from two opposing objective lenses. (f) Expected brightness detected by the three cameras
in (e) for single molecules at different axial positions. (g) Splitting the fluorescence into
two orthogonal polarizations. (h) (top) Fluorescence images of single pcRhB molecules in
PMMA, recorded in two channels of orthogonal polarizations. (bottom) Density heatmaps
of photon counts recorded in the two channels for different single molecules. (i) Same

as (h), but for pcRhB in mowiol. (j) An electro-optic modulator (EOM) rotates the linear
polarization direction of the excitation laser in consecutive frames. (k) Resultant images

of two rhodamine 101 molecules in PMMA, showing dissimilar changes in brightness in
consecutive frames. (I) Classification of single g-actin-tdEosFP molecules in the SMLM
image into immobile (green) and mabile (red) fractions based on the brightness in two
channels of orthogonal polarizations (inset). (m) Single-molecule orientations measured for
Alexa Fluor 488-phalloidin labeled to two actin fibers in fixed cells. Red arrows: averaged
fiber direction. Red boxes: regions of structural heterogeneity. (n) Color-coded orientation-
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resolved SMLM image for SYTOX Orange labeled to a DNA strand /n vitro. Arrows: abrupt
bends. Inset: absorption dipole moment of the dye is perpendicular to the DNA axis. (0)
Orientation-resolved SMLM image of Nile Red in a phase-separated supported lipid bilayer,
shown as maps of solid angle (), polar angle (6), and combined phase index. () is from
ref42. (b) is from ref3. (c,d) are from ref3’. (e,f) are from ref33. (g,m) are from ref48. (h,i,)
are from ref4”. (j,k,n) are from ref°L. (o) is from ref49.
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Figure 3.
Spectrally resolved SMLM unveils nanoscale heterogeneities in biological and materials

systems. (a) Schematic of a beamsplitter-based system. IP, intermediate image plane of

the microscope; BS, beamsplitter. (b) A small region of single-molecule images (top)

and spectra (bottom) concurrently acquired in a 6 ms snapshot from Paths 1 and 2 in

(@), respectively, for Nile Red molecules in a supported lipid bilayer (SLB). Crosses

in the spectral channel denote the spectral position of 590 nm for each molecule, as
obtained by referring to the positions of the same molecules in the image channel. (c)
Spectra of the three molecules in (b), compared to that averaged from 280,898 single
molecules from the same sample. (d) Averaged spectra of single Nile Red molecules at

the live-cell plasma membrane and at the nanoscale organelle membranes, versus that at
SLBs of different compositions. (¢) SR-SMLM image of a Nile Red-labeled live PtK2 cell.
Color presents single-molecule spectral mean. (f) SR-SMLM image of Nile Red-labeled
a-synuclein aggregates after 1 h (left) and 48 h (right) incubation. (g) SR-SMLM image of
fluorescent defects in a flake of hexagonal boron nitride, colored by emission wavelength.
(h) Distribution of center emission wavelengths for individual defects in (g). (a—€) are from
ref’0. (f) is from ref’2. (g,h) is from ref56.
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Figure 4.
From single-molecule motion to nanoscale diffusivity mapping. (a) High-density single-

molecule tracking in a live COS-7 cell via photoactivation of the Eos FP tagged to the
membrane protein VSVG. Each color indicates a different single-molecule trajectory. Inset:
mean-squared displacement as a function of time lag for two trajectories of Gag and

VSVG. (b) High-density single-molecule tracking of GPI-GFP in the plasma membrane

of a live COS-7 cell through the /in situbinding of anti-GFP-AT647Ns. (c) High-density
single-molecule tracking of the lipophilic dye Dil in the plasma membrane of a live neuron.
Color presents the fitted diffusion coefficients D for each molecule. (d) Detecting the
transient displacements of single molecules by applying a pair of closely timed stroboscopic
excitation pulses across two tandem camera frames. (e) Resultant images recorded in the
two frames for two mEo0s3.2 FP molecules freely diffusing inside a living cell. Cyan and

red crosses: positions of the two molecules in Frame 1 and Frame 2, respectively. (f) SMaM
D map obtained from ~10% pairs of the above excitation pulses by binning the resultant
single-molecule displacements onto 100x100 nm? grids for local fitting to a diffusion model.
(9) Zoom-in of the white box in (f). (h,i) Distribution of 1-ms single-molecule displacements
for two adjacent 300 x 300-nm? areas [orange and red boxes in (g)]. Blue curves: fits with
resultant D values and uncertainties labeled. (a) is from ref’®. (b) is from ref8. (c) is from
ref’®. (d-i) are from refé’,
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Figure5.
Integration and combination of multidimensional single-molecule signals. (a,b) Integration

of SR-SMLM (a; color for emission wavelength) and 3D-SMLM (b; color for axial depth
2) for a fixed cell labeled by four spectrally overlapped dyes. (c) Vertical sections along
the three dashed lines in (b). Here each molecule is categorized as one of the four dyes

and accordingly recolored. (d) Concurrent detections of orientation (arrows) and emission
wavelength (color) for single quantum rods in the wide field. (¢) Three complementary
views are obtained for single quantum rods: two for polarization directions plus 3D
localizations (left two panels) and one for spectra in the wide field (right). (f,g) Concurrent
SMaM (f; color for diffusivity D) and SR-SMLM (g; color for emission wavelength) for
Nile Red in cellular membranes, showing reduced D but unchanged emission wavelength
at endoplasmic reticulum-plasma membrane contact sites (arrows). (h,i) Correlated SMaM
(colored for D) of the mE0s3.2 FP in the nucleus of a mammalian cell (h) and SMLM of
the same cell with a DNA stain (i). Asterisk: reduced D in the nucleolus. Red and orange
arrows: highest and lowest D in the SMaM image, coinciding with regions devoid of DNA
and of high local DNA density in the SMLM image, respectively. (a-c) are from ref®’. (d,e)
are from ref%0. (f,g) are from ref88. (h,i) are from refé’.
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Figure 6.
Rising opportunities. (a) Improving single-molecule localization via modulating the

illumination pattern. (b) In one implementation, the wide-field image is fast scanned
between six recording positions, so that six images under different synchronized
illumination patterns are concurrently recorded in every frame. (c) Lifetime-resolved SMLM
image of two beads labeled by two different dyes, obtained using a confocal setup. (d)
Histograms of photon arrival time for two single molecules in (c). Blue lines: exponential
fits. (e) Wide-field fluorescence images of single Alexa Fluor 532 molecules, with (top)

and without (bottom) gating at 1.6 ns with a Pockels cell. (f) Brightness vs. the estimated
lifetime for the molecules numbered in (e), based on the relative intensities in the two views.
(9) Wide-field fluorescence images of single C-SNARF-1 molecules in an aluminosilicate
film in 580 (top) and 640 (bottom) nm emission channels. (h) Emission ratio image for
identified single molecules. (i) SMaM diffusivity map obtained using the non-switchable FP
mEmerald. Inset: Distribution of 1-ms single-molecule displacements for a typical region. (j)
A convolutional neural network (CNN) receives a raw image of overlapping complex PSFs
and outputs a 3D high-resolution volume. (a) is from refl94, (b) is from ref19°, (c,d) are from
refl12, (e,f) are from refl13, (g,h) are from ref!35, (i) is from ref®’. (j) is from ref®,
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