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ABSTRACT: Multidimensional Single-Molecule Localization Microscopy (mSMLM) represents a paradigm shift in the
realm of super-resolution microscopy techniques. It affords the simultaneous detection of single-molecule spatial locations
at the nanoscale and the functional information by interrogating the emission properties of switchable fluorophores. The
latter are finely tuned to report their local environment through carefully manipulated laser illumination and single-
molecule detection strategies. This Perspective highlights recent strides in mSMLM with a focus on fluorophore designs
and their integration with mSMLM imaging systems. Particular interests are the accomplishments in simultaneous
multiplexed super-resolution imaging, nanoscale polarity and hydrophobicity mapping, and single-molecule orientational
imaging. Challenges and prospects in mSMLM are also discussed which include the development of more vibrant and
functional fluorescent probes, the optimization of optical implementation to judiciously utilize the photon budget, and the
advancement of imaging analysis and machine learning techniques.
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Introduction In order to perform mSMLM, it is crucial to identify
Single-Molecule ~ Localization ~ Microscopy ~ (SMLM) fluorescent probes that convey distinct features besides

techniques such as Photoactivated Localization Microscopy
(PALM) and Stochastic Optical Reconstruction Microscopy
(STORM) are a collection of acclaimed super-resolution
optical imaging techniques that enable the visualization of
nanoscale architectures and molecular interactions in three
dimensions (3D) with an exceptional spatial resolution down
to 10 nm."> SMLM captures the fluorescence intermittency
(often referred to as stochastic single-molecule “blinking”) of
individual switchable fluorescent probes that are labeled to the
(bio)molecules of interest and reconstruct a super-resolution
map with 3D coordinates of every emitting molecule.! Beyond
capturing spatiotemporal information (x, y, z, time) of
individual molecules using single-molecule tracking®, recent
advances in SMLM have allowed us to decode the polarity-
diffusivity-1>4, and orientational information'>'7 of the
fluorescent probes by capturing the fluorescence spectra'®2,
polarization!'?3%,  lifetime*’?®, etc. The imaging of these
additional dimensions in SMLM has offered unprecedented
opportunities to investigate nanoscopic functional information,

which is referred to as multidimensional SMLM or mSMLM?°.
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stochastic fluorescence switching®, depending on the specific
dimension of interest. For instance, the detection of single-
molecule polarization is benefitted from the use of fluorescent
probes with a relatively large dipole moment to facilitate the
discrimination of two orthogonal polarized emission signals.'®
Similarly, the super-resolution polarity mapping exploits the
polarity-sensitive fluorescent dyes'®*' and detects their single-
molecule fluorescence spectral features in polar versus non-
polar local environments. To advance mSMLM towards a
better understanding of structurally, dynamically, and
functionally intricate biological systems, the development of
functional and switchable fluorophores that convey the signals
in a particular dimension is indispensable.

In recent years, substantial progress has been made in the
design and synthesis of switchable fluorescent probes with
improved photophysical properties, high brightness, and high
photostability for SMLM, as extensively reviewed in the
literature.?*3273 In this Perspective, we specifically focus on
the developments of (1) simultaneously photoswitchable
fluorophore sets, (2) polarity-sensitive and switchable
fluorescent sensors, (3) orientation-sensitive fluorescent



probes, and (4) fluorophores enabling fast super-resolution
diffusivity measurements. We also discussed their integration
with various mSMLM imaging techniques including
spectroscopic SMLM  (sSMLM)*, spectroscopic  Point
Accumulation In Nanoscale Topography (sPAINT)® single-
molecule orientation localization microscopy (SMOLM)!®,
single-molecule diffusivity mapping (SMdM)'3, fluorescence-
lifetime SMLM (FL-SMLM).? Furthermore, we will provide
insights into current challenges and future directions in
fluorescent probe design, optical implementation, and imaging
analysis to advance our understanding of biological processes
using mSMLM.

Simultaneous photoswitchable fluorophore sets for
parallel, multiplexed mSMLM

A simultaneous photoswitchable fluorophore set is referred to
as a set of fluorophores that can photoswitch/activate their
fluorescence under very similar illumination and buffer
conditions. Typically, the set of fluorophores should share
similar absorption peaks (Aas) that allow simultaneous
excitation using a single laser line. In addition, the set of
fluorophores needs to possess statistically resolvable single-
molecule emission signatures such as single-molecule
emission peaks (Asmem) or fluorescence lifetime (ty) for single-
molecule discrimination and multi-color mSMLM imaging.
Each dye species in the simultaneous switchable fluorophore
sets needs to be orthogonally labeled to the different imaging
targets (e.g., different proteins, lipids, DNA) using
immunofluorescence staining, stable or transient genetic
expression of self-labeling tags, or specific ligands to co-label
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the biomolecules with minimal cross-reactivity similar to the
dye labeling requirement for multiplexed SMLM.>’

However, unlike conventional multi-color PALM/STORM-
based SMLM imaging' which requires the set of
photoswitchable fluorophores (e.g., Cy3 and Cy5) to have
fully resolved emission spectra (e.g., emission peaks of 568
nm and 670 nm), in mSMLM the set of fluorophores only
needs to have distinct single-molecule emission signatures
(e.g., Asmem of 670 nm and 680 nm) regardless of their
emission spectral overlaps. These statistically distinguishable
single-molecule emission features minimize single-molecule
misidentifications®® caused by imaging background noise and
single-molecule fluorescence heterogeneity thus enabling
multiplexed mSMLM imaging. We discussed the three major
sets of simultaneous photoswitchable synthetic fluorophores
for sSSMLM and FL-SMLM imaging as well as simultaneous
photoswitchable fluorescent proteins used in SSMLM below.

Synthetic photoswitchable fluorophore sets for multiplexed
SSMLM

More than a dozen synthetic photoswitchable fluorophores
commonly used for SMLM #2334 have been investigated for
their use as sets of fluorophores for simultaneous multiplexed
sSMLM imaging. Most reported multiplexed sSSMLM sets use
cyanine-based far-red photoswitchable fluorophores including
Dyomics 634 (Dy634), Alexa Fluor 647 (AF647), Dylight 650,
CF660C, CyS5.5, and CF680 (representative dye structures are
shown in Fig. 1A). These probes can be all excited using a
single far-red laser line with wavelengths around 640-647 nm
at a power density of 2-20 kW ¢cm? in an oxygen-scavenging
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Fig. 1. (A) Representative molecular structures of far-red photoswitchable cyanine dyes for multiplexed sSMLM; R in dye structures indicates the
labeling site to attach biomolecules. (B-E) Concept of parallel multiplexed sSSMLM: (B) a set of photoswitchable fluorophores (shown as blue, orange,
yellow and purple circles) can simultaneously photoswitch under similar imaging condition; their single-molecule emission signals are captured by a
typical fluorescence microscope coupled with a dispersive element (grating shown as an example) to provide spatial and spectral images (C) of every
single molecule; simulated emission spectra (D) and histogram of Agusc probability distributions (E) of four hypothetical far-red photoswitchable
fluorophores demonstrate the concept of single-molecule spectral discrimination based on statistically resolved Agnsc distribution regardless of spectral
overlaps with Aguem separations about 10 nm; (F-J) Representative four-color simultaneous multiplexed sSSMLM overlayed image (F) in a PtK2 cell with
its peroxisome (G), vimentin (H), tubulin (I), mitochondria (J) structures separately displayed and labeled with Dy634, DL650, CF660C, and CF680,
respectively Images in F-J is adapted with permission from Ref. 18, Copyright 2015 Springer Nature.



buffer (referred to as GLOX) system to yield high-quality
“single-molecule blinking” events with photon budgets up to
~10*(Fig. 1B top).'84

The bottom part of Fig. 1B shows the concept of a
representative sSSMLM systems. Briefly, the single-molecule
emission signals are collected using a conventional
fluorescence microscopy system with a high-magnification
(60-100x%) objective lens. The emission signals are then passed
through a dispersive element (e.g. grating or prism) to provide
both spatial and spectral images (Fig. 1C) of individual
molecules using relay optics. A camera with single-molecule
sensitivity [e.g., electron-multiplying charge-coupled device
(EMCCD) or scientific complementary metal oxide
semiconductor (sCMOS)] is used to capture both images for
single-molecule localization, spectral discrimination, and
subsequent multi-color sSSMLM imaging reconstruction. Both
grating- and prism-based imaging spectrometer designs have
been implemented for sSSMLM. The existing grating-based
spectrometer is relatively compact and experiences minimal
aberrations while its transmission efficiency is relatively low
(~70%).2 On the other hand, a prism-based spectrometer has
higher transmission efficiency but more complications in
system alignment and it may have aberration/distortion
correction as it employs either separate focusing lenses or
beam paths.?* In addition, the prism offers a relatively
nonlinear wavelength-pixel relationship, while the grating
provides a linear wavelength-pixel relationship.

Since the full emission spectra (Fig. 1D) of individual
fluorophores are captured using sSSMLM, the single-molecule
emission peak (Asmem) or the intensity-weighted spectral
centroid (Asmsc) can be calculated to discriminate the
fluorophores. However, only maximally four fluorophores
have been demonstrated for their simultaneous imaging with >
~95% molecular identification accuracy due to the single-
molecule spectral variations observed from the same
fluorophore species.!® These spectral variations originated
from both intrinsic single-molecule fluorescence spectral
heterogeneity (smFSH)* and noise uncertainty in the single-
molecule spectral detection process.*? The collective spectral
variations are typically quantified by calculating the standard
deviation () of Asmem OF Asmsc distribution from ~103-107
single molecules of a pure fluorophore sample across different
imaging field of view (FOV). A hypothetical example of a set
of four fluorophores with Asmem separations about 10 nm from

each other and o values of ~3 nm allows the differentiation of
the four fluorophores statistically (Fig. 1E).

The Xu group reported a seminal four-color sSMLM
experiment that images the peroxisome (green), vimentin
(magenta), tubulin (yellow), and mitochondria (cyan) in a
fixed PtK2 cell (Fig. 1F). Its subcellular organelle marker
proteins for these structures are respectively labeled with
Dy634, Dylight 650, CF660C and CF680.'"* These four
cyanine fluorophores have relatively low o values for the
spectral variations (~1.5-4.5 nm)!3* ¥ We summarized the
key ensembled and single-molecule photophysical parameters
and imaging buffer conditions to operate these simultaneous
photoswitchable fluorophore sets in Table 1. Four different
dye-tagged secondary antibodies orthogonally targeting the
corresponding primary antibodies raised from four different
species (i.e., mouse, rabbit, chicken, and rat) to achieve
simultaneous multi-color labeling. The green, magenta, yellow,
and cyan channel exclusively showed cluster-like, fibrous,
linear, and worm-like structures which agree with the
morphologies of the four aforementioned organelles,
demonstrating the highly multiplexed imaging capability of
sSMLM (Fig. 1G-J). Several two or three-color sSMLM
experiments and ratiometric spectral detection with dichroic
filters have also been reported using the combinations of
AF647, CF660C, and CF680. 234043

Synthetic photoswitchable fluorophore sets for multiplexed
FL-SMLM imaging

A set of photoswitchable fluorophores can also be utilized to
achieve multi-color mSMLM by distinguishing their single-
molecule fluorescence lifetime () distributions. For instance,
Enderlein et al reported the use of two classical red
photoswitchable fluorophores Cy3B and ATTO550 (Fig. 2A)
to achieve two-color FL-SMLM imaging.?’ The selection of
the fluorophores exploits multiple fluorophore families (e.g.,
Cyanines, Rhodamines) which encode distinct fluorescence
lifetimes. Specifically, a HeLa cell was labeled with the two
dyes and imaged using the phosphate buffer saline with 500
mM NaCl. A representative fluorescence-lifetime color-coded
FL-SMLM image is shown in the top part of Fig. 2B. The
distinct morphologies (elliptical mitochondria and cluster-like
peroxisome) are illustrated in the orange and green channels,
respectively. Two distinct populations in the histogram of t¢
distribution (Fig. 2B bottom) from the images further

Table 1. Ensembled and single-molecule photophysics of photoswitchable fluorophore for simultaneous multiplexed sSSMLM

F]uorophore Aabs (Nnm)* AsmEm (nmM)® Asmsc (nm)© o (nm)? Buffer Aac/hEx (nm)
mEOS 4b 570 580 - - GLOX /bME® 405/532
PAmKate 586 600-625 - 5.4 - 405/561

PAmCherry 564 595 - 6.0 - 405/561
Dendra2 553 590-620 - 5.7 - 405/561

Dy634 635 664 681 1.9 GLOX /MEA' -/640-647
AF647 651 670 686-690 2.1 GLOX /MEA -/640-647
Dylight 650 650 672 690 3.1 GLOX /MEA -/640-647
CF660C 667 688 695-700 3.1 GLOX /MEA -/640-647
Cy5.5 683 697 701 3.5 GLOX /MEA -/640-647
CF680 681 704 706-710 22 GLOX /MEA -/640-647

#Values obtained from Thermofisher SpectraViewer, FPbase.org, and Biotium; ® averaged single-molecule emission peaks; ©averaged intensity-weighted
single-molecule spectral centroid; ¢ standard deviation value of single-molecule spectral peak or centroid variations; ' GLOX buffer consists of Catalase,
Glucose and Gluocose Oxidase in Tris HCI with ¢ 143mM f-mercaptoethanol (BME) or f100-1000mM mercaptoethylamine.
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Fig. 2. (A) A representative pair of photoswitchable fluorophores Cy3B
and ATTO550 used for simultaneous FL-SMLM imaging ; (B) top: FL-
SMLM images of a fixed HeLa cell labeled with Cy3B (green) and
Atto550 (orange); bottom: Histogram (bars) and double Gaussian fitting
(green and orange curves) of the fluorescence lifetime distributions of
Cy3B and ATTOS550 measured in the HeLa cell. (C) A schematic
illustration of an FL-SMLM system; L: lens; MB: magnetic base; Images
in B were adapted with permission from Ref. 27, Copyright 2022 American
Chemical Society

indicated the differences in t¢ (2.88 ns for Cy3B and 3.66 ns
for ATTO550) and validated the multiplexing capability in
FL-SMLM using 71 resolvable photoswitchable fluorophore
sets. AF647 (t¢= 1.51 ns)/ATTO655 (t¢= 3.42 ns) have also
been demonstrated as a pair of simultaneous photoswitchable
fluorophores for FL-SMLM imaging.?®

Instrumentation-wise, FL-SMLM combines the spatial
resolution of single-molecule localization microscopy (SMLM)
with the temporal information provided by fluorescence
lifetime imaging microscopy (FLIM).?"? Practically, two
detection channels, are switched by flipped optics using the
magnetic base (MB); the spatial information of the emitted
molecules is captured by the EMCCD camera while their
temporal information is obtained by a single-photon detector
(SPD) in another emission beam path with a synchronized
light source and detectors (Fig. 2C). These two pieces of
information can be simultaneously obtained using a beam-
splitting configuration and the lifetime trace can be used as a
signature of the individual molecules.

Photoswitchable fluorescent protein sets for multiplexed
SSMLM imaging

In addition to the use of simultaneous photoswitchable
synthetic fluorophores, multi-color sSSMLM experiments have
also been achieved using photoactivatable/photoconvertible
proteins'®?? (mEOS 4b, PamKate, PamCherry, and Dendra2).
Their photophysical parameters are also listed in Table 1. The
elevated o value, relatively low photon budget, and the need
for an activation wavelength (Aac) for the photoconvertible
proteins complicate the multiplexing capability and result in
elevated single-molecule misidentification.!>?> However,
unlike the photoswitchable dyes that often require
immunofluorescence labeling, the fluorescent proteins can be
transiently or stably expressed in cells, which is beneficial for
live-cell imaging of biomolecular interactions.

In sum, the development of simultaneous photoswitchable
fluorophore sets paired with sSSMLM and FL-SMLM optical
systems has allowed the parallel, multiplexed mSMLM
imaging of subcellular structures and protein interactions in

fixed and live cells independent of the emission spectral
overlap of the fluorophores. These simultaneous multiplexed
mSMLM imaging capabilities would be particularly valuable
for the investigation of complex nanoscopic interactions and
colocalizations among individual biomolecules (proteins,
DNAs) and subcellular organelles (mitochondria, lysosome,
chromatin) which have a profound impact on fundamental
molecular processes in life processes.*®

Polarity-sensitive and switchable fluorophores for
nanoscale polarity and hydrophobicity mapping

PAINT-based SMLM imaging method does not require the
exploit of photoswitchable  fluorophores.**  Instead,
fluorophores that can transiently bind to the substrate in a
millisecond time scale permit the operation of stochastic
single-molecule fluorescence switching and subsequent
SMLM imaging scheme. Bridging PAINT and sSMLM into
SPAINT imaging, several studies demonstrate the utility of
polarity-sensitive and transient-binding-based switchable
fluorophores for mMSMLM imaging towards nanoscale polarity
and  hydrophobicity = mapping.  This is  because
sSMLM/sPAINT can capture minute single-molecule spectral
responses of the same fluorescent probes at different local
environments.”™

Polarity-sensitive Nile Red (NR) and its derivatives have
extensively been exploited for sPAINT. Danylchuk et al
developed NR12S, NR12A, and NR4A to target cell
membranes (Fig. 3A).!° The attachment of short alkyl chains
in NR4A allows its transient interaction with the cell
membrane for live-cell SPAINT imaging (Fig. 3B). sPAINT
imaging of NR4A depicts ordered and smooth lipid bilayers
(blue) and observes 200-nm membrane pits with lower lipid
order and red-shifted NR4A spectra in the arrow-pointed areas
(Fig. 3C). Longer alkyl chains in NR12A resulted in stronger
binding to the plasma membrane and can be used as a
conventional ﬂuorescence microscopy membrane  stain.

N R
Ij b
NR12AINR4A . NR4A B

\Qversuble
:@,N\/ NR12S \/\S,O ,{A{VME \
o5 .

>
OFRON
Me AP
NR12A o g?”
O 57 15 G
e
\/‘\/N~R1 NR4A \/‘_)\’S’/O /\./ME

Oligomer Fibril

(wu) ybusjanepy

612 648
nm emission nm

Low Polarity High — B
Fig. 3. (A) Structures of NR and its derivatives designed for
superresolution polarity and hydrophobicity mapping using sPAINT; (B)
Principle of SPAINT with NR4A: the single-molecule fluorescence
blinkings signals are generated by the transient interactions between NR4A
and the lipid bilayers; (C) an sPAINT image of a live COS-7 cell with the
Asmim changes on the cell membranes; the arrow-pointed area in C
highlights the observed pits with significant bathochromic shifts in AsmEm
compared with those detected in the membrane; (D) an sPAINT image of
individual af} oligomers and fibrils. Images in C and D were adapted with
permission from Ref. 10, Copyright 2019 Wiley-VCH, and Ref. 8,
Copyright 2016 Springer Nature, respectively.



Bongiovanni et al reported the nanoscale hydrophobicity
mapping of amyloid-p (ap) protein misfolding related to
Alzheimer’s disease by capturing the distinct spectral shifts of
NR upon binding to the ap protein aggregate (Fig. 3D).
Depending on the protein aggregation status (Oligomers vs.
Fibrils), sSPAINT can capture significant spectral changes (600
nm to 635 nm) of NR which indicates the altered
hydrophobicity. A few studies have then reported the super-
resolution polarity mapping in cells™'® and biomaterials®!!
using similar approaches.

In short, taking advantage of polarity-responsive switchable
fluorophores, sSMLM reveals nanoscale polarity and
hydrophobicity changes in protein aggregates, cell membranes,
and self-assembling nanocarriers for the first time, opening up
the era of functional super-resolution microscopy.** Such
nanoscale polarity imaging would permit the understanding of
various alternations in lipid compositions and cell membrane
functions/integrity and other polarity/hydrophobicity changes
in the subcellular environment that would potentially be
associated with the pathogenesis of the disease.?

Orientation-sensitive and switchable fluorophores
for SMOLM

SMOLM is a recently emerged nanoscale imaging technique
based on mSMLM to visualize the nanoscale orientational
organizations of biological structures.!® Single-molecule
dipole moments or orientations have been extensively
studied***’. SMOLM further pushes the capability of single-
molecule orientation imaging towards the super-resolution
mapping in crowd biological samples taking advantage of
switchable fluorophores coupled with high-sensitivity
fluorescence polarization detection of individual probe
molecules. Particularly, SMOLM concurrently localizes the
position of individual molecules and determines the
orientational information of individual switchable probe
molecules. This is accomplished by analyzing the fluorescence
polarization of the emitted light from each molecule, which
provides information about the orientation of the fluorophore
relative to the microscope’s polarization axis.

To achieve optimal SMOLM imaging, it is critical to identify
orientation-sensitive fluorophores for the compositions of the
substrates of interest.'®?° For instance, Dil is a classical cell
membrane marker with a well-known parallel orientation to
the supported lipid bilayers (SLB) consisting of gel-phase
Dipalmitoylphosphatidylcholine (DPPC) while MC540 can
switch from a perpendicular orientation with respect to the
fluidic lipid membrane to a parallel orientation in cells (Fig.
4A). Fig. 4B illustrates the simplified and representative
schematics of the SMOLM systems to capture the molecular
orientation.'® The system includes a polarization-splitting
module in the emission beam path, and after the intermedial
image plane, relay optics, and a polarizing beam splitter (PBS)
are used to split the emission into two different polarization
directions, which are then captured by separate cameras.
Manipulating all the pixels of the phase mask at the back focal
plane (BFP) allows the encoding of the 3D positions and 3D
orientation of the molecules. !’

Lew et al recently reported the six-dimensional SMOLM
imaging (X, y, z, rotational angles ¢ and 6, and wobble angle
Q) of single MC540 molecules in a fixed HEK293T cell (Fig.
4C)." The colors in Fig 4C represents the differences in
azimuthal angles of each MC540 molecule relative to the cell

x-pol.

i ]

L VWP BgFpPBS

A SO,Na B ool
@[“{_ o Y -

Merocyanine 540

- > c
ARARAR _ARR(RRAR
ACRCATEC S A4 W ACARAY]

Fig. 4. (A) Structures of orientation-sensitive fluorophores MC540 and Dil
and an illustration of the fluorophore orientation changes from parallel to
perpendicular when interacting with lipid bilayers; (B) Simplified optical
detection scheme for SMOLM; VaWP: Variable wave plate; VWP: Voltex
wave plate; BFP: back focal plane; PBS: polarizing beam splitter; (C) A
presentative SMOLM image of a fixed HEK-293T cell imaged that were
color-coded by the detected azimuthal angles (¢) of each single MC540
molecule. Image in C was adapted with permission from Ref. 15, Copyright
2022 Springer Nature.

membrane which agrees well with the SMOLM measurement
on SLB. It was also found that NR (Fig. 3A) has a great
orientational sensitivity to image lipid-containing cholesterol's
and op42 protein aggregates'®. Furthermore, Rimoli et al
reported a 4polar-STORM method for the super-resolution
mapping of orientations of dye-labeled actin filaments using
2D orientation to infer 3D orientation of the probes.’® A
photoswitchable Alexa Fluor 488 probe is covalently attached
to Phallodin to label the actin with a rather immobilized
geometry along the actin fiber axis to enable orientation
imaging.%

Notably, since most of the fluorophores are considered as
dipole-like emitters with intrinsic fluorescence
anisotropy/polarization features, all SMLM-compatible dyes
can be, in principle, exploited for SMOLM imaging. However,
the compositions of the substrates of interest (e.g., different
lipids) and the fluorophore binding modes to the substrates to
reduce orientational flexibility should be investigated to
facilitate high-quality SMOLM imaging. SMOLM would
potentially provide invaluable insights into the molecular
orientation or rotational dynamics in probing diverse
biomolecular interactions such as protein-protein, protein-
DNA, and protein-lipid interacting patterns.

Bright and switchable fluorophores for fast single-
molecule diffusivity mapping

SMdM allows researchers to reconstruct super-resolution
maps of fast diffusing dynamics of individual molecules
within live biological systems.'>!%*® By tracking the
movement of individual molecules over a short period of time,
(<=1 ms) using stroboscopic illumination (Fig. 5A)'2, SMdM
enables the mapping of single-molecule diffusion coefficient
around 20-30 pm?/s that would otherwise be impossible to
achieve using other dynamics monitoring methods (e.g.,
Fluorescence Recovery After Photobleaching or Fluorescence
Correlation Spectroscopy). More specifically, the two
excitation pulses are placed towards the end of the first frame
and the beginning of the second frame to achieve a center-to-
center time separation between the two recorded images as
short as 1 ms (Fig. SA). Noting that the camera exposure time
remains at 9.1 ms to capture single-molecule images.
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Fig. 5. (A) The concept of stroboscopic illumination for SMdM which
excites the fluorophores using paired pulses of stroboscopic illumination,
synchronized with the camera acquisition; (B) Structures of SMdM
fluorophores BTF1-BTF3 and BODIPY-TMR alkyne; (C) A
representative SMdM image of a live COS-7 cell using BODIPY-TMR
alkyne; arrows indicate the nanodomains with lower diffusivity; inset in C
shows the distributions of single-molecule displacements for the
nanodomains (left) and other parts of the plasma membrane (right) together
with the maximum-likelihood fitttings for diffusivity distributions. Images
in C were adapted with permission from Ref. 14, Copyright 2020 American
Chemical Society

SMdM has used classical photoswitchable fluorescent proteins
such as mEos3.2'? and Dendra2®® to image live cells and
photoswitchable dye AF647 and Cy3B to image protein
charges* and enzymes!® respectively. Recently there are a few
switchable and functional fluorophores specifically developed
or screened for SMdM. For instance, Klymchenko et al
developed fluorogenic dimers (BTF1-3, Fig. 5B bottom)
based on Cyanine dye design.’! These fluorophores are in the
non-emissive state due to H-aggregation-induced fluorescence
quenching in an aqueous solution and switched to emissive
states when reversibly bind to the lipid membranes. Owing to
its higher photon budget (~3-fold increase than NR), it allows
SMdM mapping of intramembrane diffusion coefficient with a
10-fold reduced diffusion coefficient compared with the
measurement in NR, presumably due to the dimeric structure
of the probes with a high length of the molecule in the open
form.

Another commercially-available small switchable organic
fluorophore (BODIPY-TMR-Alkyne, Fig. 5B top) has been
used to wunveil the nanoscale membrane diffusivity
heterogeneity of cellular membranes.'* This probe has an
outstanding fluorescence quantum yield (95%) and shows a
fluorescence on-off switching feature upon binding to the cell
membrane to generate single-molecule blinking with a photon
budget of ~1000 within 1-ms excitation or 2-fold brighter than

that of NR measured at the same imaging condition. The
measured diffusion coefficient using BODIPY-TMR alkyne
(~2.2 um?/s) is comparable to those previously measured from
single-molecule tracking experiments. Using this switchable
fluorophore, Xu et al reported the SMdM mapping of cellular
membranes. Particularly, the endoplasmic reticulum (ER)-
tubule membrane (cyan) shows a lower diffusivity than those
of the plasma membrane (green) (Fig. 5C). Nanodomains
forms after the treatment of the cell with cholera toxin B
subunit with significant lower diffusivity (arrow-pointed
regions and inset of Fig. 5C).

The capability of SMdM has been pushed to probe the
ultrafast diffusions (up to 300 pm? s') of small solutes or dye
molecules (molecular weight < 1 Kilodalton)* with the careful
selection of dyes that have unhindered mobility in the
cytoplasm. Many existing fluorophores face a dilemma for
ultrafast SMdM monitoring as typical cell-permeable organic
small fluorophores are rather hydrophobic and tend to interact
with the lipid structures which hinder diffusion. Reversely,
introducing hydrophilic groups (e.g., sulfonate) would likely
prevent its penetration into the cell. Xu et al devised a
graphene-based in situ electroporation technique to deliver
hydrophilic and otherwise cell impermeable dyes (e.g., Cy3B
and AF647) to the cytoplasm to probe unhindered diffusions
of the cytoplasm* In sum, SMdM allows the super-resolution
mapping of fast dynamic events in live cells and materials
using cellularly diffusion-unhindered switchable and bright
fluorophores, shedding light on the mobility and intracellular
transport of proteins and small biomolecules and helping to
elucidate the mechanism of trafficking and diffusion process
in cells.!?

Challenges and outlook on fluorophores design and
integration with optical implementation and
imaging processing methods for mSMLM

Fluorophores’
mSMLM

As a classical observation in any single-molecule studies,
single-molecule fluorescence heterogeneity is often observed
in mSMLM experiments in spectral and lifetime domains
which partially account for the broadening of the histogram as
illustrated in Fig. 1E and 2D. It has been hypothesized that the
origin of such heterogeneity is associated with the
conformational changes of the chromophores coupled with or
affected by the physical or chemical properties of the local
environments.* The understanding of the origins and the
engineering of fluorescence heterogeneity is the key to
unleashing the capability of mSMLM.

sSMLM not only benefits from the development of low-
heterogeneity fluorophores but also facilitates the study of
such origins of smFSH with its high-throughput single-
molecule fluorescence spectroscopy function.’>**>! Kim et al
reported the investigation of trans-cis isomerizations of a
Merocyanine using sSSMLM (Fig. 6A).5' Specifically, they
immobilized a Spiropyran molecule on a poly-D-Lysine
coated glass substrate and use a 405-nm laser to promote ring-
opening reaction from the spiropyran to the merocyanine form.
The sample is filled with different organic solvents and the
merocyanine form is excited with a 561-nm laser. They
observed two distinct spectral populations with similar photon
budgets (Fig. 6B). The ratio of detected TTT isomer versus
TTC isomer (structure shown in Fig. 6A) was found to be

Single-Molecule  Heterogeneity in



inversely proportional to the increase of solvent polarity (Fig.
6C) which is consistent with the predicted differences in
dipole moments of TTT and TTC using density functional
theory (DFT).

We recently reported the observations of four different
conformational isomerizations of Boron Dippyrolemethne
(BODIPY) chromophores (Fig. 6D).>° Particularly, the two
single-bond flanked by the ethylene bridge between the
benzoxazole/benzothiazole and the BODIPY core can both
adapt trans and cis configurations. In addition, By correlating
with time-dependent DFT (TDDFT) simulations, we found
that the blue-shifted distinct spectral populations detected by
sSMLM originated from TTT and TTC isomers of the
BODIPY chromophores while the red-shifted populations are
from the CTC and CTT isomers. Presumably, all these
isomerizations and conformational changes have much faster
kinetics in ensembled solution measurement, which may slow
down due to the immobilization of the molecules on the
substrates.

Furthermore, we observed a counter-intuitive phenomenon
that rigid chromophores such as Rhodamine 101 and
Pentacene still have significant large single-molecule
fluorescence spectral heterogeneity (smFSH, ¢ = 6.7 nm and
9.0 nm respectively) compared with that of a Cyanine-based
dye AF647 (6 = 3.3 nm) (Fig. 6F-H). Cyanine dyes are known
for their flexible conformations due to the flexible
polymethine bridge. The origins of the smFSH remain unclear
and it is critical to investigate the fluorophore-substrate
interactions to design next-generation fluorophores for
mSMLM. We discussed the several aspects of fluorophore
designs for mSMLM below including the engineering of
fluorophores’ single-molecule heterogeneity.

Minimizing single-molecule fluorescence heterogeneity
for parallel, hyperplexed mSMLM

Despite several studies reporting simultaneous multiplexed
sSMLM or FL-SMLM imaging, the number of color channels
or resolvable fluorescence labels is limited to four in a single
far-red spectral channel (~650-800 nm). The major challenges
towards mSMLM towards hyperplexed imaging (>10 colors)
are mainly from the photophysical and photochemical
properties of the fluorophores. The spectral variations of

currently used fluorophores for multiplexed sSSMLM range
from ~2-6 nm (Gsmsc/smem, Table 1) which are both influenced
by smFSH and spectral precision® of the imaging system.

New strategies for minimizing smFSH of photoswitchable
fluorophores would allow for resolving more fluorophores in
the fixed codespace (visible spectral region of 400-800 nm)
using their high-dimensional spectral signatures in a
conventional fluorescence microscope. Similar concepts can
be extended to FL-SMLM to narrow down the fluorescence
lifetime distributions, thus enhancing its multiplexing
capability. Understanding the interplay of inhomogeneous
chromophore-environment interactions in the dimension of
interest that fundamentally underlines the single-molecule
heterogeneity will shed light on fluorophore engineering
strategies.’> Presumably, novel environmental insensitive
chromophore structures with different functional groups
encoding different net charges (e.g. sulfonate, polyethylene
glycol chains, ammonium salts) need to be explored to
minimize single-molecule fluorescence heterogeneity for
hyperplexed mSMLM.

Fluorescent probes engineering for functional mSMLM

In mSMLM functional imaging, the fluorophores probe the
distinct local environmental properties such as different
domains in lipid, and parallel vs. perpendicular orientations of
fluorophores in the cell membrane. Despite the great premise
of functional mSMLM, only a few dimensions have been
investigated and exploited so far to probe predominantly two
distinct phases of the substrates. Expanding the capability of
functional imaging requires the identification of switchable
fluorescent probes that can (1) generate stochastic single-
molecule fluorescence switching for localization and (2) show
large and distinct changes in their fluorescence profiles in the
respective dimensions of interest. The former challenges could
be largely addressed using PAINT-based SMLM imaging
strategies while the latter might benefit from revisiting the
extensively reported fluorescent sensors®>> for analyte
detection in the ensemble measurement.

The nature of intricate biological systems would be highly
benefited from the probing of multiple functions to
comprehend the coordination of different pieces of the
complex biomolecular machinery. The fluorescent probe
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designing strategies to detect multiple states are the key to
multi-functional mSMLM. For example, NR has been
demonstrated to be one of such ideal probes that can sense the
local polarity as well as the orientations of lipids. The optical
integration of different mSMLM imaging modalities would
allow the decoding of these functions simultaneously.
Furthermore, in intricate biological systems, many substrates
might have more than two phases, and designing strategies to
probe multiple phases or states at the nanoscopic level would
allow a better understanding of multi-functional biological
systems.

Even higher photon budgets are desired for mSMLM

In mSMLM, the relatively low SNR using existing switchable
fluorophores is inevitable due to the split and dispersion of the
single-molecule emission signals to obtain additional
information other than spatial coordinates.'®* However, a
high SNR is crucial for high-precision multidimensional
single-molecule detection. Therefore, a higher photon budget
is desired from the dye perspective.

New fluorophore design strategies to enhance the photon
budget would be the key to maximizing the capability of
mSMLM. The introduction of triplet-state quenchers and
oxygen depletion reagents in the solution of the sample is
typically used to increase the photon budget and suppress
photobleaching.®® Second, the DNA-PAINT-based imaging
approach significantly increases the photon budget by
programming the binding kinetics between a fluorophore-
labeled imager strand and a biomolecule-labeled docking
strand.”” Longer single-stranded oligonucleotides provide
extended binding and thus generate long-lasting single-
molecule blinkings at the expense of slowing down imaging
acquisition.®® Third, from a fundamental ensemble
photophysics point of view, the brightness of fluorophore is
equal to the multiplication of the fluorescence quantum yield
and the molecular absorption coefficient.”®> However, for
single-molecule  photophysics, the fluorophores are
predominantly staying in the excited state above the so-called
“saturated excitation condition”: because of the intense laser
illumination. The photon budget is governed predominantly by
the fluorescence quantum yield and triplet state lifetime.®
Recently developed self-healing fluorophores®®* which
covalently attach the triplet-state quencher to the
chromophores and functional group engineering to suppress
twisted intramolecular charge transfer®® are prominent
strategies to facilitate radiative decay, reduce triplet generation,
and thus increasing the photon budget of the fluorophores.

Furthermore, the photoswitchable fluorophores often require
different imaging buffers, excitation & activation laser
illumination schemes, and triplet state quenchers to induce
bright single-molecule blinkings case by case. In order to
achieve simultaneous multiplexed mSMLM imaging, it is
desired to design strategies that allow simultaneous
photoswitching of a broad spectrum of fluorophores with a
brightness that allows single-molecule detection.

Lastly, the limited choice of orthogonal labeling strategies to
label multiple biomolecules/substrates of interest is also a
major bottleneck in multiplexed SMLM. Existing labeling
strategies in mSMLM mainly used fluorophore-tagged
antibodies18 and endogenously expressed fluorescent proteins
and self-labeling peptides (e.g., SNAP-tag and HaloTag).
The simultaneous high-quality labeling of multiple
biomolecules within the same cell is challenging due to the

variations in antibody affinity and transfection efficiencies.
New strategies to develop small-molecules and peptide-based
targeting ligands conjugated with switchable fluorophores to
label different biomolecules directly would be beneficial.

Better utilizing photons in imaging collection/detection
path for mSMLM

Synergistically, better optical strategies for more efficiently
utilizing the precious photon budget are also needed to
advance mSMLM. As an example, in sSMLM, a compact
monolithic imaging spectrometer using a dual wedge prism
(DWP) was introduced for better sSSMLM imaging.?* This
DWP-based imaging spectrometer is a single unit of optics
based on a wedge prism pair, which minimizes the
transmission loss caused by either a grating or a series of
optics in the emission beam path, resulting in improved
localization precision. Sophisticated optical configurational
techniques, such as 4pi-SMLM,* or modulation-enhanced
SMLM (meSMLM - repetitive optical selective exposure
(ROSE)®; structured illumination-based point localization
estimator (SIMPLE)® can be incorporated into the existing
mSMLM to better collect or utilize the limited fluorescence
emission  signals. These advancements in optical
instrumentation will be able to not only improve the
mSMLM’s accessibility from researchers in diverse fields but
also accelerates the mSMLM imaging performance.

Machine learning-based imaging analytics

Additionally, it is vital to develop advanced imaging analysis
methods for mSMLM. The mSMLM imaging data contain
multidimensional molecular information and are often
complex and difficult to interpret. Innovative machine
learning-based imaging analysis methods provide invaluable
tools for decoding mSMLM data. In SMLM, machine learning
algorithms have been exploited to detect and localize
individual molecules in each frame in the SMLM video
sequence®” %, to perform background estimation and
subtraction”, and to speed up super-resolution maps of
cellular structures at the post-reconstruction stage.” These
strategies can further be extended to mSMLM. For example,
multiple strategies have reported the development of
convolutional neural networks (CNN) to reduce the
misidentification rate among different fluorophores in sSSMLM
using raw spectral images up to 10 times compared with the
identification based on discriminating Asmsc.>® Presumably, the
unprocessed images contain high-dimensional features that
provide additional information for classification and can only
be recognized by machine learning neural networks.

Beyond adopting existing machine learning methods in
SMLM for the acceleration of single-molecule functional
information extraction, improving precisions of functional
measurement,  background estimation, feature extraction,
object detection, semantic segmentation, etc. New neural
network architectures such as transformer-based feature
networks’”> and transfer learning” might potentially
outperform CNN-based neural networks. On the other hand, as
many real SMLM experiments do not have ground truth, it is
also critical to develop new physical-informed simulation
approaches as the ground truth for the training and validation
of developed neural networks.



Conclusion

In summary, we provided our perspective on the frontier
development in the emerging field of mSMLM with an
emphasis on the fluorophore designs tailored for each
mSMLM modality. We highlighted intriguing examples in
simultaneous multiplexed super-resolution imaging using
simultaneous photoswitchable fluorophore sets coupled with
sSMLM and FL-SMLM. We further discussed the use of
polarity-sensitive, orientation-sensitive, and bright switchable
fluorophores for functional nanoscale mapping of local
polarity/hydrophobicity, orientation, and diffusions paired
with sPAINT, SMOLM, and SMdM imaging systems,
respectively.

We further discussed the current challenges and future
outlooks, once again, from the synergistic developments of
fluorescent probe design, the optical imaging method, and
imaging analysis to fully unleash the power of mSMLM. We
envision that multidisciplinary efforts and collaborations from
dye chemistry, chemical biology, optical imaging method,
imaging processing, and many other related fields will greatly
promote the development of mSMLM toward decoding
molecular functions and interactions in the structurally and
dynamically complex biological environments and life
processes.
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