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In the last decade, point accumulation for imaging in nanoscale topography (PAINT) has emerged as a
versatile tool for single-molecule localization microscopy (SMLM). Currently, DNA-PAINT is the most
widely used, in which a transient stochastically binding DNA docking—imaging pair is used to reconstruct
specific characteristics of biological or synthetic materials on a single-molecule level. Slowly, the need
for PAINT probes that are not dependent on DNA has emerged. These probes can be based on (i)
endogenous interactions, (ii) engineered binders, (iii) fusion proteins, or (iv) synthetic molecules and
provide complementary applications for SMLM. Therefore, researchers have been expanding the PAINT
toolbox with new probes. In this review, we provide an overview of the currently existing probes that go
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beyond DNA and their applications and challenges.

Introduction

Super-resolution microscopy enabled researchers to study bio-
logical processes and synthetic materials with diffraction-
unlimited precision. Specifically, single-molecule localization
microscopy (SMLM) has been used extensively to obtain a ten-
fold increase in resolution by exciting individual fluorophores
sequentially, detecting them and reconstructing their position
(and dynamics) with nanometric precision. For biological

Roderick Tas obtained his MSc
degree in Molecular and Cellular
Life Sciences (2014) and a PhD in
Biophysics (2019) from Utrecht
University (UU, The Netherlands).
He then joined TUle as a
postdoctoral researcher. He was
awarded a NWO-VENI fellowship
in 2020 and became fellow of the
Institute for Complex Molecular
Systems (ICMS) in 2021. In 2023
he was appointed  Assistant
Professor in the department of
Biomechanical Engineering at Delft
University of Technology. During his studies Roderick has combined
molecular biology, biochemistry and biophysics to achieve molecular
understanding and visualisation of complex biological processes. Now
he continues this track to understand the interactions between cells and
engineered materials.

Roderick P. Tas

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-4066-6064
https://orcid.org/0000-0001-5175-8389
https://orcid.org/0000-0002-6837-0812
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cc00757j&domain=pdf&date_stamp=2023-06-10
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc00757j
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC059054

Open Access Article. Published on 29 May 2023. Downloaded on 12/4/2025 4:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

samples, SMLM opened the possibility for imaging cellular
ultrastructures below the diffraction limit'™ leading to key
discoveries such as the periodic cytoskeletal structure in
axons." SMLM is not only useful in biological sciences, but
also in materials sciences. For example, the exchange of mono-
mers in supramolecular fibres was quantified, which unra-
velled mechanisms on the single-molecule scale that were not
experimentally proven before.*

SMLM can be further divided into three main families
depending on the mechanism of single fluorescent molecule
separation: (i) photoactivation/switching based microscopy,
including photo-activated localization microscopy (PALM), sto-
chastic optical reconstruction microscopy (STORM), direct
STORM (dSTORM); (ii) dynamic labelling microscopy including
point accumulation for imaging in nanoscale topography
(PAINT) based on reversible binding, and (iii) fluorescence
life-time separation based microscopy. All these methods,
based on different separation methods, have their own advan-
tages and are useful in both biology and materials science, as
thoroughly reviewed elsewhere.>' Among them, PAINT is
growing in interest thanks to the practicality of dynamic label-
ling in various samples. In this perspective, we aim to provide
insights into the state of the art in probe design for PAINT
microscopy and extending the toolbox beyond DNA as probes.

The concept of PAINT is based on the premise that fluor-
escent probes, targeted to a molecule of interest freely diffusing
through the solution (Fig. 1, middle panel). Upon binding to
the target, they are immobilized, and the fluorescent signal of
the single-molecule appears on the camera, which can be
localized through a fitting procedure. As the kinetics of the
probe ensure unbinding, the fluorescent signal is turned off
again until a new molecule binds. As the probes are replenished
continuously, it is not sensitive to photobleaching, which is a
major advantage of this method over other SMLM techniques.
This allows for long imaging times and thus a higher accuracy.
Moreover, by combining multiple probes with different dyes,
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Fig. 1 An overview of the probes discussed in this paper. In the middle,
the general idea behind PAINT approaches is illustrated. The four
main categories for probes are: endogenous probes, engineered probes,
fusion-based probes and synthetic probes. Schematics created with
Biorender.com.

multiplexing can be achieved.'” In addition to high resolution
and reconstruction in all three dimensions, PAINT allows for
the quantitative analysis of synthetic and biological materials
whilst maintaining the sample integrity.®'* In recent years, the
technique has evolved to become a standard technique, and its
potential has interested a broad range of scientists across
various disciplines as was represented by numerous reports
and reviews.>®

The first study based on this PAINT principle used the
hydrophobic dye Nile Red that transiently binds hydrophobic

Dr Lorenzo Albertazzi obtained his
PhD in Biophysics (2011) from
Scuola Normale Superiore (Pisa,
Italy). He then joined TU/e as a
postdoctoral researcher. In 2013,
he was awarded a fellowship at
the ICMS, and in 2014 he became
a NWO/VENI fellow. In 2015, he
moved to IBEC to start the
‘Nanoscopy  for
group. In 2018, he was appointed
Associate Professor at the TUJe
department of Biomedical Engi-
neering. By combining chemistry
and biophysics, he is aiming to achieve a molecular understanding of

Nanomedicine’

Lorenzo Albertazzi

synthetic materials in the biological environment, using optical
microscopy and nanoscopy.

Chem. Commun., 2023, 59, 8332-8342 | 8333


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc00757j

Open Access Article. Published on 29 May 2023. Downloaded on 12/4/2025 4:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

regions."* Using this probe, Sharonov et al. (2006) showed the
potential of transiently binding fluorescent probes into large
unilamellar vesicles (LUVs) and supported bilayers, to sepa-
rate the fluorophores in space and time, resulting in a super-
resolution image. More recently, a key step towards the wide-
spread adoption of PAINT involved the development of DNA-
PAINT in 2010."> DNA-PAINT relies on two complementary
single-strand DNA sequences that can transiently bind to each
other: a “docking” strand bound to the target of interest and
an “imaging” strand that act as an affinity probe."* One of the
major advantages of this DNA-based PAINT approach is that
the interaction is highly tuneable in specificity and affinity by
modifying the base-pair sequence and length. As a result,
acquisition times can be fine-tuned, and multicolour imaging
can be achieved by having a mixture of specific docking/
imaging pairs. While Nile Red only allows for imaging hydro-
phobic materials, DNA can be used to tag a wide variety of
molecules using intermediate targeting agents (i.e. antibo-
dies, nanobodies, and affimers), opening up the possibility
of imaging a lot more characteristics of biological and syn-
thetic objects. Nowadays, multiplexing can be achieved by
sequential imaging up to 124 colours, by rational design of
docking and imaging strands."® Moreover, by concatenating
sequences, the speed can be increased by 100-fold.'® From the
data, the specific number of binding events can be derived
and by using the mean dark time (to¢) and association rate
(kon) of the DNA pair, the binding events can be translated
to number of molecules."”” This method, called qPAINT,
is an established complementary method to DNA-PAINT.
Therefore, DNA-PAINT is the current standard in PAINT
microscopy.

The high flexibility of DNA is the strong point of this
method, but using DNA also comes with pitfalls. Imaging
strands give rise to non-specific binding events due to charge
interactions, which complicates data interpretation.'® More-
over, the low stability of the DNA inside cells and labelling of
targets inside living cells provide obstacles for live-cell
imaging.'® For this last hurdle, labelling of the target of interest
with a docking strand is required, which usually means that an
endogenous molecule or antibody is modified with a small DNA
strand, which perturbs the cell or tissue. This introduces an
intermediate affinity probe, meaning that the measurements
are indirect. Although DNA-PAINT is still the golden standard,
there is a need to expand the current PAINT toolbox with new
probes that tackle these challenges and complement the DNA-
based probes.

In this review, we will shine light on the current status of
probes for PAINT that go beyond DNA, and how these probes
have a high potential for new PAINT applications. First, we will
discuss what should be considered when one wants to develop
a new probe for PAINT applications. Thereafter, we will divide
the existing probes into four main categories: (i) endogenous
targeting molecules, such as sugars, (ii) engineered probes,
such as aptamers, (iii) fusion protein-based probes and (iv)
synthetic probes (see Fig. 1). Furthermore, we will provide a
perspective on the future of PAINT. We hope that this review
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can act as inspiration for researchers in pursuit of the devel-
opment and use of DNA-free PAINT probes.

Challenges for probe design

The beauty of DNA-PAINT is its programmability. As discussed,
by adjusting the DNA sequence of the designed probe, one can
change the affinity between the pair and therewith the acquisi-
tion speed. When one wants to design a new PAINT probe for
super-resolution microscopy, without the use of DNA, a few
considerations have to be taken into account.

The first consideration is that the probe-target affinity
(defined by k,,, and k.¢) must be in the right range. To achieve
effective PAINT, the association and dissociation should take
place at a rate that is within a certain range, with a rule of
thumb that the equilibrium dissociation constant (eqn (1)) lies
between 100 nM and 1 puM.

kofr
Ky = o 1)
Weaker interactions (high k) may lead to too little or too
short events, for SMLM, whereas stronger interactions (low Ky)
make it harder to observe single interactions due to long
binding times (as illustrated in Fig. 2(A)). For weaker interac-
tions, it might be possible to increase the concentration in
order to increase the chances of binding. Moreover, once the
probe binds, the interaction will be very short (high k.¢) and
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Fig. 2 Schematic overview of the considerations that have to be made
while designing or choosing a PAINT probe. (A) The affinity of the probe
towards its target. Too weak will give no signal or the acquisition time is
long and too strong will not result in single molecule binding. (B) The
choice of fluorophores is important. The color and photophysical proper-
ties are of importance as is the buffer conditions in which is being imaged.
(C) For imaging in cells, a choice between live and fixed cells has to be
made. Furthermore, the permeability and the stability of the probe should
be optimized. During imaging, the pool of probes should be replenished
and the lasers should not be toxic to live cells. Schematics created with
Biorender.com.
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will not be detected or detected inaccurately. In the case of too
strong interactions, the point spread functions of the binding
events will overlap and single-molecule will be hard to distin-
guish. Moreover, saturation of the target molecules may lead to
error in counting. Potentially, one could lower the concen-
tration of probe to overcome this issue but this would result
in a significant extension of measurement time. The affinity
requirement must function as a guideline to design probes for a
direct PAINT approach. Endogenous biological interactions
span many orders of magnitude in terms of affinity, with Kq4
ranging from fM (e.g. streptavidin-biotin) to high uM (e.g. some
sugar-lectin interactions) and only a subcollection of them are
usable for PAINT. In the case of engineered probes, it is
important to target the right affinity range without sacrificing
too much specificity. These challenges must be tackled to go
beyond DNA-based PAINT probes.

The second consideration is the choice of fluorophores,
based on their photophysical properties, summarized in
Fig. 2(B). In SMLM, the localization precision is limited by
the Cramér-Rao lower bound (CRLB, eqn (2)), where g is the
standard deviation of the point-spread function (PSF), and N
the photon budget collected by the camera.

90
Oloc =~ \/ﬁ7 (2)

A higher number of photons detected from one event
increases the localization precision, while photostability poses
a threat for long-time measurement with a high precision. To
overcome this, specific imaging buffer compositions have been
used, to prevent bleaching and enhance photostability by using
an oxygen-scavenging system and a triplet-state quencher. As a
native advantage, the PAINT signal can be replenished after
bleaching by a large pool of probes in solution.”>*" ATTO and
Janelia fluor dyes, known for their photostability, are suitable
dyes that overcome most of these aforementioned issues.**** It
might be worth using fluorescent proteins (FPs) as the stoi-
chiometry is controlled, the labeling efficiency is 100% and they
are less prone to aspecific binding than DNA.**>® FPs have
typically worse photophysical properties than organic dyes but
new generation of mutants have massively improved brightness
and stability and are promising candidates for PAINT.

The third consideration is in cellular systems including live
and fixed cells, where PAINT imaging is performed. We outline
the cellular challenges in Fig. 2(C): (1) membrane-permeability
of the probes, (2) intracellular probe pool, (3) probe stability in
cells, and (4) probe toxicity and intrusiveness in cells. These
challenges present themselves differently between live and
fixed cells. In fixed cells membrane permeabilization for probes
is possible, allowing them to reach intracellular targets as well
as to equilibrate the intracellular pool of probes with the
external one. Though not sensitive to probe toxicity, cell fixa-
tion alters epitope presentation and cell ultrastructure and
could impact the affinity of probes designed to target native
proteins. In live cells, probe design is challenging, because only
membrane-permeable probes can be used, limiting the choice
of fluorophores to small and hydrophilic molecules. Genetically

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

encoded tags have been used for PAINT but inside the cell, the
intracellular pool is not infinite anymore and the acquisition
time can be limited.>”” Moreover, lowering the laser power
might be needed to prevent both bleaching of the probes and
phototoxicity, but results in a lower photon budget and there-
fore lower resolution. Moreover, live cell metabolism may
degrade the probes, which is a large hurdle in the case of
DNA in DNA-PAINT because of the presence of DNAses. Degra-
dation of these probes has limited the targets to extracellular
proteins at the membrane in live-cells."® Combined, there are a
wide range of parameters to consider while designing a new
probe for PAINT. Nevertheless, there is still a plethora of
options to choose from. In the next sections the state-of-the-
art and future perspectives of the four families of DNA-
independent probes for PAINT are discussed.

Endogenous targeting molecules

One approach for the development of highly specific PAINT
probes without the need for DNA is using endogenous purified,
fluorescently labelled, transient interaction partners to probe a
protein of interest (Fig. 3). By using such probes, the natural
interactions between proteins in biology are maintained, which
could give more insights into the kinetics of these interactions,
but also into processes in nature. One major advantage of this
approach over DNA-PAINT is that endogenous proteins can be
imaged without labeling or modification of the cells, rapidly
after fixation. Furthermore, no intermediate targeting probes

B. MotorPAINT
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Direction of movement

Actin — Microtubule —

C. Glyco-PAINT, uPAINT
W ——
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T Kot
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Fig. 3 Three examples of endogenous probes as discussed above. (A) IRIS
uses (fractions of) endogenous transient interaction partners to the target
of interest, e.g. the lifeAct fragment coupled to a fluorophore for PAINT
acquisition of actin filaments. (B) Motor-PAINT uses purified active kinesins
to reconstruct the microtubule cytoskeleton and directly infer the orienta-
tion of the microtubules. (B) Glyco-PAINT and uPAINT are live-cellimaging
methods that can be used to track the motion of receptors on the cell
membrane. The probe binds to the receptor with a certain ko, moves
along with the receptor, until it is released again (ko). Schematics created
with Biorender.com.
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(i.e. antibodies, nanobodies, genetic tags) are required resulting
in a minimal linkage error because only the small protein
fragments separate the localized fluorophore from the target.
Additionally, because well-characterized interactions are used,
the labelling stoichiometry is known, making this method
applicable for quantitative PAINT imaging. As discussed before,
one essential criterium for these probes to be suitable for
PAINT acquisitions is that they need high nM to low uM affinity
to the target molecule. One of the first studies that adopted this
principle to perform PAINT in order to resolve cellular proteins
was termed image reconstruction by integrating exchangeable
single-molecule localization (IRIS).>® In this work, schemati-
cally represented in Fig. 3(A), the authors screened well-
characterized endogenous binders to various cellular targets
in fixed cells. By testing purified fragments of well-known
protein interactors to actin, microtubules, focal adhesions
and intermediate filaments, they were able to find transient
binders to resolve these structures with nanometric accuracy
using the PAINT principle and demonstrate the potential of
proteins as alternatives to DNA.

Quantitative PAINT imaging was demonstrated by another
study using the PIPKy fragment, characterizing the number of
talin in focal adhesions.> Similar to IRIS, another study used
well-known downstream signaling proteins to perform protein-
PAINT of several membrane-bound signaling proteins such as
the T-cell receptor. Purification of downstream signaling mole-
cules such as the ZAP70-tSH domain, PI3K, Grb2 and other
proteins, allowed the diffraction unlimited detection of signal-
ing proteins and their specific modifications in fixed immuno-
logical synapses of T-cells that corresponded to the different
stages of synapse maturation.**

Motor-PAINT (Fig. 3(B)) extends the principle of PAINT
based on endogenous protein-protein interactions aimed to
resolve the actin and microtubule cytoskeleton.>® By using
purified motor-proteins that actively walk along extracted and
fixed cytoskeletons, this approach can provide a super-resolved
map of actin or microtubule cytoskeletons while simulta-
neously inferring the absolute polarity of the filaments in the
network obtained by single-molecule tracking. As a result, the
“directions” of the cellular highways can be studied for more
in-depth understanding of the cellular traffic rules, because the
polarity of the filaments directly dictates cellular transport by
the various motor-proteins.

All examples above show that PAINT-based on endogenous
interactions provides a powerful tool to resolve intracellular
structures based on a one-step labelling approach. However, it
should be noted that labelling using the IRIS or motor-PAINT
approaches requires prior knowledge of endogenous binders
and because intracellular proteins are targeted, fixation and
permeabilization is required to get the protein-based PAINT
probes to the structure of interest. As a consequence, screening
for probes with suitable affinity after chemical fixation remains
challenging and labor intensive, limiting the general applic-
ability of the method.

PAINT via endogenous interactors can also be performed on
live-cells to study the dynamics of proteins. One of the first
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examples for this strategy was universal PAINT (uPAINT), where
the authors used low concentrations of fluorescently labelled
epidermal growth factors (EGF) as ligand and imager for the
dynamics of EGF-receptors, as is illustrated in Fig. 3(B). By
tracking receptor dimers and comparing them to the whole
receptor population, they were able to show at the single
complex level that these had a higher tendency to become
immobile, likely due to being targeted for endocytosis. How-
ever, so far most uPAINT applications have relied on high
affinity probes such as strong ligand-receptor interactions or
nanobodies®™** and as a result, single molecule imaging is
achieved only at very low concentrations rather than through
transient binding.*

In our group, we developed an expansion of the concept of
visualizing proteins with endogenous ligands and binders
named glyco-PAINT (Fig. 3(C)).>* In this method, the mannose
receptor, a crucial receptor in the immune response against
pathogens, was visualized by fluorescently labelled sugar
ligands. By using specific carbohydrate-chemistry, we were able
to generate a library of glycan-containing probes with different
repeats and conformations. This allowed us to systematically
study how valency and structure affect the kinetics of the sugar-
lectin interaction in live cells. Additionally, by tracking the
probes upon binding, we were able to investigate how receptor
diffusion and uptake depend on the ligand. Using this strategy,
we found that valency, conformation and specificity are the
important driving forces in determining the on-rates and
receptor internalization.

uPAINT and glyco-PAINT are excellent examples of how
probe based endogenous interactions can track the differential
dynamics of populations of extracellular receptors at the single
molecule level in living cells. The latter is a major advantage
because it obtains extra information, not only about the recep-
tor but also about the affinity between probe and target,
compared to fixed cells. This comes at the cost of the ability
to reconstitute a snapshot of cellular structures, due to the long
integration times that are typically required. Therefore, these
approaches highlight the importance of selecting the inter-
action strength, because whereas the high affinity interactions
in uPAINT perform better in single particle tracking, PAINT
reconstructions and kinetic information is better obtained
using lower affinity interactions. Furthermore, whereas fixation
compatibility of the interactions does not need to be consid-
ered, these probes are limited to extracellular targets due to the
impermeability of the cell membrane for many conventional
probes.

IRIS, motorPAINT, protein-PAINT, uPAINT and glyco-PAINT
demonstrate the potential of using endogenous interactions to
obtain diffraction unlimited images and dynamics with con-
trolled labelling stoichiometry without intermediate targeting
molecules. Additionally, in contrast to DNA-PAINT, physiologi-
cally relevant data regarding the binding kinetics (e.g. kon/Kotr)
can be extracted because PAINT is performed through endo-
genous interactions. In the future, similar principles could be
extended to many other cellular targets, but it should be noted
that this approach is more labor intensive because the PAINT

This journal is © The Royal Society of Chemistry 2023
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interaction is directly encoded in the selectivity of the probes,
which needs to be tuned for transient binding every time a new
target needs to be imaged.

Engineered probes

As a consequence of their often incompatible or suboptimal
affinity towards their target, many endogenous binding part-
ners are in general not suitable for PAINT applications, making
the number of probes that can be developed in the previous
category limited. Alternatively, selective targeting in DNA-
PAINT is often achieved through highly specific, high affinity
intermediate coupled to a docking strand like antibodies
nanobodies or aptamers.*>*> Smart engineering of these exist-
ing probes coupled to organic fluorophores, in a way that they
become transient and thus suitable for PAINT themselves, is an
option that is explored for new PAINT probes (Fig. 4). This
strategy opens up the possibility to fine-tune interactions
between probe and target of interest. Furthermore, the probe
can be designed in a way that it is cell-permeable and stable,
enabling live-cell imaging. Often there are already probes

A. Aptamers
a) sequence mutations Q) /)
< ~
S
—  (J
b) secondary structure
prediction
High affinity Low affinity
aptamer aptamer
B. FDSAs

0'0’77‘9 A \

High affinity Low affinity
antibody antibody
(fragment)

Fig. 4 Two examples of engineered probes. (A) High affinity aptamers can
be adapted by mutations in the sequence, resulting in probes with a lower
affinity, but with the same specificity. (B) FDSAs are antibody fragments
that are rationally engineered by introducing point mutations in the
binding site. This results in antibody fragments with a lower affinity towards
their target, while the specificity is maintained. Schematics created with
Biorender.com.
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developed that work in fixed cells, for bulk staining, so the
starting point for the development of a probe in the PAINT
regime is already defined. However, modifying these probes,
specifically selected for very high affinity, to bind transiently
may pose a challenge.

One such approach where this was achieved, is the rational
engineering of aptamer sequences for transient conditions
(Fig. 4(A)).>® Aptamers are short sequences of DNA or RNA
artificially made to bind to a specific target molecule. While
generally aptamers are selected to have a high affinity for the
target, it is possible to obtain aptamers with weak and rever-
sible binding. This can be done during the selection process or
by changing the sequence to decrease the affinity of the lead
aptamer selected. This way, the protein of interest can be
imaged without limitations caused by photobleaching and no
perturbation of the endogenous behaviour. In this case, we
designed aptamers in a way that they have a tail that can bind
to the complementary fluorescently labelled anti-tail, resulting
in a 1:1 aptamer:fluorophore complex. As aptamers are gen-
erally not membrane-permeable, this approach is limited to
membrane receptors. Not only the number and density of
proteins of interest can be determined, but also the motion
on the cell membrane of live cells, much like uPAINT and glyco-
PAINT.*® Aptamers can also be used for RNA imaging by using
fluorescent light-up aptamers (FLAPs). These aptamers are able
to bind to a contact-quenched fluorophore-quencher conju-
gate, and upon binding the contact between the conjugate is
broken and the aptamer lights up. By introducing the sequence
of the aptamer in the cells by transfection, the imaging can also
be performed in live cells. Furthermore, RhoBAST is a FLAP
that was designed to function under physiological conditions
and with excellent brightness and thermostability. Together,
these characteristics make it an interesting tool for RNA
imaging in both fixed and live cells, with low background and
at low concentrations of target with high spatial precision.?”

When performing DNA-PAINT, antibodies linked to a dock-
ing strand are commonly used as the affinity probe.*®?° As
antibodies themselves usually have a high affinity for their
target, these proteins are not suitable for transient interactions
by themselves. It was found that, when adding potassium
thiocyanate (KSCN), a chaotropic agent, to a Fab domain of
an anti-hemagglutinin antibody, the hydrogen bonds between
target and Fab domain are disrupted, resulting in an increased
dissociation rate of the Fab domain. This method was used in
super-resolution census of molecular epitope tags (SR-COMET).
Compared to dSTORM and DNA-PAINT, this method has a
higher quantification consistency, and it does not suffer from
artifacts associated with immunofluorescence staining such as
steric hindrance. However, although the k¢ is increased by
multiple orders of magnitude, the kinetics are still slow, which
means that the acquisition time can still take up to a day.
Additionally, the chaotropic effect is highly dependent on the
amino-acid environment of the antibody, which might limit its
application.”® Recently, the interest in developing fast-
dissociating but at the same time highly specific antibodies
for immunoassays and super resolution microscopy has
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increased. Miyoshi et al. (2020) have developed a pipeline in
which they can screen for fast-dissociating, highly specific
monoclonal antibodies (FDSAs) that can be used for image
reconstruction by IRIS (Fig. 4(B)). By crosslinking Protein A/G to
a glass surface, antibodies can be captured, after which affi-
nities of these captured antibodies observed by using single
molecule TIRF microscopy. The antibodies that are most sui-
table for the desired application can be selected. Compared to
DNA-PAINT, Fab probes elevate the labelling density as they will
bind to new epitopes after each dissociation round. Further-
more, during multiplexing, the new Fab probes will not be
spatially interfered with by Fab probes of the previous
rounds.*”*? Recently, these probes were applied to image
multiple components of single cells, as a proof of principle,
and on neurons. By site-directed mutagenesis, the dissociation
rate of the probes was increased, without compromising in
specificity. More specifically, tyrosine residues were point
mutated into glycine and alanine, which resulted in an increase
in kog by 100-fold, and no increase in non-specific interactions
during imaging. When compared to Lifeact probes, the fast-
dissociating mutants performed equally well, while the slow
dissociating mutants only sketched a broad outline of the actin
fibres. Combining multiple antibodies, they were able to do
multiplexing of 7 different epitopes. The toolbox was expanded
with two nanobodies to be able to map endogenous proteins in
neurons. When compared to published dSTORM and DNA-
PAINT results, IRIS antibody-probes show more continuous
labelling compared to both techniques and a 4-fold higher
labelling density than STORM. Unfortunately, this technique
might not be applicable to all antibodies, as the development
requires sequence information and cocrystal structures, which
are often lacking in antibodies.*?

Aptamers and engineered antibodies might pave the way to
a more rational development of probes, even for endogenous
proteins that have an affinity outside of the typical PAINT
regime. However, screening for new suitable probes with the
correct affinity is labour intensive. The aforementioned techni-
ques were only applied to targets that have a natural high
affinity for their ligand. We envision that by rationally engineer-
ing proteins with a low affinity, such as lectins, into proteins
with a slightly higher affinity, the toolbox for PAINT can even be
further expanded in the future.

Fusion protein-based probes

One alternative to endogenous targets or engineered intermedi-
ates, such as antibodies and nanobodies to achieve specific
labelling, is PAINT imaging via fusion proteins. In this
approach, proteins of interest (within the cell) are genetically
fused to a “docking” peptide/protein that can interact with
organic fluorophores/fluorogen imaging molecules or opti-
mized, labelled protein interaction partners. One advantage
of this approach is that, in contrast to endogenous binders,
standardized interactions can be used and the labelling stoi-
chiometry is known, making them suitable to label proteins for
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/-’/lr/. HaloTag
Probe J ﬂ‘
> 2
Ty — 3
U U

Protein of interest

B. Peptide-PAINT
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Fig. 5 Schematic examples of two fusion-protein approaches. (A) A
combination of a HaloTag on the protein of interest and a transiently
binding fluorescent ligand opens up the possibility to do PAINT on both
live and fixed samples. (B) By directly fusing a fluorophore to a transiently
binding molecule, that is in turn binding to a peptide fused to the protein of
interest, fixation compatible peptide-PAINT can be performed. Schematics
created with Biorender.com.

which no specific targets exist (Fig. 5). However, similar to the
endogenous probes, the transient interactions for this
approach need to be optimized to be compatible with sample
preparation methods such as various fixatives. Additionally, it
should be considered that recombinant fusion of the docking
peptide/protein does not perturb the function of the protein of
interest.

A multitude of fluorogenic approaches exist, these fluoro-
genic probes do not emit photons in solution, but only upon
their interaction with their partner, greatly reducing the signal
to noise ratio. Fluorescence-Activating and absorption-Shifting
Tag (FAST) is one strategy that incorporates this principle by
fusing the small Photoactive Yellow Protein (PYP) derived
protein (14 kDa), a fluorogenic partner, to a variety of proteins
of interest (POIs).***” A multitude of variants of FAST
followed.*®™>° However, so far due to low localization densities
and the highly dynamic structures in live cells, reconstructions
of nanoscale structures were difficult because long acquisition
times were needed.*” More recently, another fluorogenic part-
ner was reported, dye in Blc (DiB). This is based on the Blc
protein, derived from E. coli, that was optimized by in silico

This journal is © The Royal Society of Chemistry 2023
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mutagenesis for its fluorogen-activating properties. Upon bind-
ing of M739, a locked analogue of the GFP chromophore, the
complex becomes fluorescent and as the interactions are weak,
the interaction is reversible. This results in a combination of a
highly stable localization density and high brightness, which
makes DiB a promising marker in nanoscopy.”’ > More recently,
transient interactions of fluorogenic rhodamine variants with the
widely used HaloTags are reported as a versatile approach for
PAINT. By modifying the ligand to bind with nanomolar dissocia-
tion constants, Kompa and colleagues reported transient inter-
action with two orthogonal variants of HaloTag7 that can be fused
to a target protein of interest, which is illustrated in Fig. 5(A). This
allows super-resolution imaging by PAINT, and by other super-
resolution methods such as stimulated emission depletion (STED)
microscopy MINFLUX.”* The major advantage of these modified
ligands coupled to fluorogenic molecules is that they are highly
robust and work well in live cells because they are membrane
permeable, but the interaction is also maintained after cellular
fixation. Furthermore, many proteins were already successfully
fused and studied using the HaloTag, making the transiently
binding ligands highly applicable in many multiplexed imaging
applications for biological questions.

Finally, peptide-protein or protein-protein interactions can
be utilized for PAINT. Eklund and colleagues first implemented
this principle by replacing the DNA-docking strand on second-
ary antibodies for an alfa-helical docking-peptide that transi-
ently interacted in a coiled-coil configuration with the imaging
peptide coupled to a fluorophore. Because these coiled—coil
interactions are highly tuneable by varying the repeat length,
this approach resulted in fast, high quality reconstructions of
the vimentin and microtubule network after antibody-docking
staining and was termed peptide-PAINT.”> However, direct
fusion of this docking-peptide proteins of interest, followed
by imaging in fixed cells, may require caution as the lysines
driving these coil-coil interactions can react with paraformal-
dehyde or glutaraldehyde affecting the interaction. Neverthe-
less, implementation of this interaction in fusion protein-based
peptide-PAINT was recently shown by another study that used
these tuneable interactions to perform fixed or live peptide-
PAINT of membranous, cytoskeletal components, histones and
receptors in epithelial cells and neurons. However, it should be
noted that imaging of some targets in fixed cells required co-
expression of docking peptides fused to endogenous binders,
or antigen retrieval steps after fixation.>

Similar coil-coil interactions were also used for paint in live
cells (Live-PAINT). Oi and colleagues expressed a number of
proteins fused to one alfa helix of the heterodimeric SYNZIP
pair together with the complementary helix fused to mNeon-
Green in live S. cerevisiae. The transient interactions between
these coils were sufficient for single molecule detection and
tracking of several proteins of interest with diffraction unlim-
ited resolution. It should be noted though that since this
technique relies on the expression of the imaging peptide in
live cells, the number of localizations is finite in theory as the
expressed pool can be bleached and phototoxicity needs to be
considered during the imaging.>”
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In addition to coiled-coils, we optimized the well-
characterized interaction of the PDZ domain with a small
sequence-optimized peptide for fusion protein-based peptide-
PAINT. For this system, fusion of proteins of interest to the
small peptide tag enables transient single molecule detection
with purified PDZ domains coupled to a fluorophore after
fixation. This interaction allowed for quantitative PAINT on
nanoparticles and the interaction does not appear perturbed
after fixation with both paraformaldehyde or glutaraldehyde as
shown by imaging and reconstructions of both membranous
(mitochondria) and cytoskeletal (vimentin) targets. This makes
this interaction pair a good candidate for quantitative-PAINT
and reconstruction in fixed cells expressing the peptide to a
protein of interest. However, as the affinity of the PDZ domain
is slightly lower then typically used for PAINT, more probe is
required in solution, resulting in increased background signal
during the acquisition. In addition to PAINT, we showed that
the high affinity PDZclamp could be used to label the peptide-
fused proteins for STED microscopy and, nanobodies could be
fused to the peptide for more conventional staining-based
PAINT experiments.>®

For using peptide-PAINT, the peptide is usually chemically
modified to become fluorescent, by direct labelling. Unfortu-
nately, these dyes are usually charged, hydrophobic or induce
non-specific binding. Using a fluorescent unnatural amino
acid, these limitations can be overcome. Benzodiazole amino
acids are suitable for this application, as they are optically
tuneable by one atom replacement and they are compatible
with solid-phase peptide synthesis, allowing for a generic
labelling of protein sequences, whilst still retaining the struc-
ture of the non-labelled peptide. Furthermore, as they are
fluorogenic, they are suitable for imaging with low background.
The potential of these fluorogenic unnatural amino acids was
shown by incorporating it in an engineered peptide that binds
transiently to one of the PDZ domains of a postsynaptic density
protein-95 (PSD-95), which is an important protein in the brain
(Fig. 5(B)). This resulted in high-resolution molecular density
maps of the PSD-95 protein distribution. Because these probes
are small and easy to manufacture, they might be useful in
minimally invasive and targeted biological imaging.””

Most of the mentioned fusion-proteins have excellent char-
acteristics for live-cell imaging, as the probe is directly
expressed in situ, sometimes with the need for the addition of
a membrane-permeable fluorescent or fluorogenic molecule. In
the future, we envision that fusion proteins will be further
utilized for intracellular SMLM.

Synthetic probes

Originally, PAINT started with Nile red, a small molecule
sensitive to the hydrophobic environment, to provide transient
binding to lipid bilayers.”® Since then, synthetic probes have
been explored as PAINT probes to go beyond samples that
are normally not applicable to known fluorescent tags, espe-
cially those that cannot be labeled with targets. Due to their

Chem. Commun., 2023, 59, 8332-8342 | 8339


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc00757j

Open Access Article. Published on 29 May 2023. Downloaded on 12/4/2025 4:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

environment sensitivity, so far, these probes have proven more
suitable in materials sciences than the probes mentioned
before as they are not sensitive enough to single targets without
defined uniform properties, such as specific proteins, ligands
and lipids.

Aloi and colleagues® developed interfacial-PAINT (iPAINT) a
polymer-based method to image all types of interfaces (solid-
liquid, liquid-liquid and gas-liquid), a schematic representa-
tion is provided in Fig. 6(A). iPAINT consists of a large reservoir
of synthesized polyethylene glycol (PEG) as a polymeric linker
with end-functionalized photo-activable rhodamine dye
(Cage552) for reversible, non-specific adsorption onto a wide
range of interfaces. The dye functionalized PEG probes were
UV-light activated and subsequently excited by a visible laser,
for individual localization at the interface. Single molecule
localization with a high signal to background ratio can be
obtained since freely diffusing probes move much too fast for
the EMCCD camera to detect. The synthesized probes thus
acted as a model to achieve non-invasive, non-covalent super-
resolution imaging of highly deformable interfaces.®® Another
class of synthetic probes has been used in super-resolution
imaging of supramolecular assemblies. These materials are
composed of small building blocks connected through non-
covalent bonds that are often weak making monomer-assembly
interaction reversible and therefore useable for PAINT. The
mechanical and chemical properties of supramolecular assem-
blies are strongly dependent on their structure, such as persis-
tence length, type and number of crosslinks and geometry.
Confocal and STED microscopy have been used for hydrogel
imaging based on pre-labeled hydrogelators, and is therefore
potentially an invasive approach and hinders the imaging of
hydrogels in their native state.’ In that regard, it is advanta-
geous to have a self-assembly building block labeled with a
fluorescent dye and use the intrinsic assembly or binding
dynamics of the same material for non-invasive in situ super-
resolution imaging. Our group®® presented a PAINT approach
on dipeptide hydrogels assembled with diphenylalanine pro-
tected at the N-terminus with the fluorenyl methoxycarbonyl
group (FmocFF), where a Cy5-labeled FF was used as a PAINT
probe to bind and unbind to FF assemblies reversibly

B. FmocFF, Thioflavin T

A.iPAINT

Material of
interest

Assembly of
interest

Fig. 6 Schematic examples of synthetic probes. (A) iPAINT uses poly-
ethylene glycol (PEG) to characterize interfaces by non-invasive binding.
(B) FmocFF and Thioflavin T use a similar principle, in which a single
component of a dynamic system is fluorescently labeled and used for
imaging of the dynamics and characteristics of a material. Schematics
created with Biorender.com.
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(Fig. 6(B)). Due to the PAINT approach, a FmocFF hydrogel
network could be imaged in 2D and 3D in its native conditions
with a resolution down to ~10 nm. The synthesized Cy5FF
probe has thus extended the use of PAINT probes to native
hydrogels.**

Thioflavin T, an amyloidophilic dye used for staining of
amyloid plaques found in for example Alzheimer’s disease, is a
synthetic molecule that not only binds transiently, but also
increases fluorescence upon binding (Fig. 6(B)). The main
advantage of using this probe is that it is not fluorescent in
the unbound state, resulting in reconstructions with low back-
ground. This probe is applicable to a wide variety of amyloid
structures, and it can even monitor the early formation of
aggregates, which might be interesting for drug development.
It is important to note that these aggregates were imaged on a
coverslip and not in their natural environment.®® Recently,
thioflavin X, a derivative of thioflavin T, was used to image
the eccentricity of o-synuclein aggregates.®* These molecules
were also further engineered to result in brighter molecules.
ProteoStat and AT630 are two new variants of amyloidophilic
dyes, which might label distinct features within these aggre-
gates. AT630 is suitable for live cell imaging, which enables
diagnosis in real-life samples especially at the early stages of
the disease.®

Synthetic probes are so far mostly used for materials science,
but they do also have potential in more biologically relevant
samples, as described for the Thioflavin T probe. We envision
that in the future, more and more synthetic probes will be
developed.

Perspectives

Here we provided an overview of the wide variety of probes that
have been developed for DNA-independent PAINT in order to
localize, quantify and characterize specific targets with nano-
metric resolution. The main advantages of these probes lie
within their ability to directly label targets of interest control
the labelling stoichiometry or provide direct information about
endogenous interactions and dynamics. Conversely, as many of
these probes are based on highly specific and transient inter-
actions their identification, benchmarking and tuning remain
challenging and could be optimized in the future. We envision
that complementary to DNA-PAINT, these probes will aid in
obtaining a deeper understanding of both material develop-
ment and biological phenomena. In an ideal world, a large
toolbox of well-characterized and standardized sets probes can
be combined to resolve cellular structures and materials of
interest for multiple characteristics, in a high throughput
fashion. Additionally, fusion-based and endogenous probes
have the potential to provide more quantitative insights into
protein numbers as well as into real biological interactions
between cells and their environment, while synthetic probes
might be more suitable for optimizing production of materials.

For targets that do not have a probe with suitable kinetics,
artificial intelligence (AI) powered probe design might pave the

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc00757j

Open Access Article. Published on 29 May 2023. Downloaded on 12/4/2025 4:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

way to tailored PAINT probe design.’® Machine learning is
predicted to revolutionize the protein engineering field, with
AlphaFold now taking the lead. The method is able to accu-
rately predict the structure of a protein based on their
sequence. Language modeling algorithms such as ProGen have
shown to be able to generate artificial proteins, with similar
characteristics as natural proteins, but with a low sequence
homology. By training the model with existing protein data-
bases, the model learned to predict what the probability of the
next amino acid in a sequence is, much like a language model
that learns semantic and grammatical rules of a language.®”
While at the moment it is not the aim of the model to predict
proteins with a lower affinity than a natural protein, in the
future it might be an interesting approach to find non-natural
proteins or mutations in existing proteins that have an affinity
within the PAINT regime. Additionally, with this method pro-
blems concerning live and fixed cell imaging could be tackled.

Conclusions

Over years of development in SRM techniques, DNA-PAINT has
been shown to be one of the best performing SMLM tools due
to its high specificity, high programmability, and multiplexing
capability. While DNA-PAINT continuously proved to be a
golden standard, non-DNA based PAINT probes have expanded
the PAINT probe library to a wider range of samples, particu-
larly in live cells and native synthetic materials where DNA-
PAINT is limited. In this perspective we have reviewed four
different types of emerging PAINT probes ranging from endo-
genous ligands for live cell SRM to synthetic small molecules
for various materials. Nevertheless, several new PAINT methods
beyond DNA have emerged which have experimentally solved
the design puzzle and shown profound impact in expanding
PAINT as a more general SRM technique. We envision that the
various categories of PAINT probes we have covered in this
paper will continue their momentum to improve our under-
standing of cell biology and to guide the design and synthesis
of future soft matter materials in the biosensing, nanomedicine
and food science industry.
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