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Labeling approaches for DNA-PAINT super-
resolution imaging

Abhinav Banerjee, "2 ¥ Micky Anand "2 ¥ and Mahipal Ganji "= *

Super-resolution imaging is becoming a commonly employed tool to visualize biological targets in unpre-
cedented detail. DNA-PAINT is one of the single-molecule localization microscopy-based super-resolu-
tion imaging modalities allowing the ultra-high-resolution imaging with superior multiplexing capabilities.
We discuss the importance of patterned DNA nanostructures in demonstrating the capabilities of
DNA-PAINT and the design of various combinations of imager—docking strand pairs for imaging. Central
to the implementation of DNA-PAINT imaging in a biological context is the generation of docking strand-
conjugated binders against the target molecules. Several researchers have developed a variety of labelling
probes for improving resolution while also providing multiplexing capabilities for the broader application
of DNA-PAINT. This review provides a comprehensive summary of the repertoire of labelling probes used
for DNA-PAINT in cells and the strategies implemented to chemically modify them with a docking strand.

Introduction

In the year 1657, the father of microscopy, Antonie van
Leeuwenhoek said: ‘I discovered small living creatures in rain-
water’. Since then, humans have never ceased peering into the
microscopic realm of the living world where a plethora of
molecules combine to form complex interactions and connec-
tions that humans have just begun to fathom. Super-resolution
fluorescence microscopy has become an irreplaceable tech-
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nique in the field of biology, enabling us to visualize structures
smaller than the limits imposed on optical instruments by the
phenomenon of wave diffraction, also known as the diffraction
limit." Super-resolution could be achieved by illuminating
fluorophores in a region smaller than the diffraction limit and
scanning the entire field of view, as is done in the case of
Stimulated Emission Depletion microscopy (STED).”> This
method requires dedicated optical devices that can precisely
control the illumination at the nanometer level. Another
approach for visualizing samples beyond the diffraction limit
is to regulate fluorophores to switch between fluorescence and
dark mode, called blinking, thus enabling us to collect
photons from individual fluorescent molecules that are separ-
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ated by distances longer than the diffraction limit. These
signals can be put through Gaussian fitting algorithms to
spatially localize the collected signal to sub-pixel resolution,
leading to diffraction-unlimited or super-resolution imaging.
This strategy, envisioned by Eric Betzig, was later termed
Single Molecule Localization Microscopy (SMLM).”> The first
attempts to separate individual targets in biological specimens
were to smartly regulate the on/off states of individual fluo-
rescent protein molecules in a method called Photoactivated
Localization Microscopy (PALM). In PALM, photoactivatable
fluorescent proteins are stochastically switched between the on
state and off state by using a low-intensity violet light.* Time-
lapse data acquisition of blinking fluorophores allowed super-
resolution microscopy when all the fitted localizations were
projected simultaneously.>® The novel synthesis of fluoro-
phores that could blink with a higher quantum yield than fluo-
rescent proteins brought in the advent of Stochastic Optical
Reconstruction Microscopy (STORM). These fluorophores
could be stochastically turned on and off, thus making them
‘blink’, enabling the fluorophore signals to be temporally sep-
arated.” These novel and elegant approaches for performing
SMLM pushed the limits of imaging in cells but were limited
mainly by (1) unavoidable fluorophore photobleaching and (2)
sparsely  available  spectrally  distinct  fluorophores.
Photobleaching leads to a limited photon count from each
fluorophore, thus majorly compromising resolution. Sparsely
available spectrally distinct fluorophores along with hardware
limitations to efficiently excite and image fluorophores across
a wide spectrum only allow the imaging of a few target mole-
cular species. Due to the limited number of fluorophores
bound to the samples, data can only be acquired until these
molecules undergo irreversible photobleaching. Point
Accumulation for Imaging in Nanoscale Topography (PAINT)
was first envisioned and pursued back in 2006 where free-float-
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ing fluorophore molecules, in this case Nile Red, became
immobile upon interaction with the target object, in this case
a Large Unilamellar Vesicle (LUV) supported on a glass
surface.® This technique then paved the way for circumventing
the hurdle of photobleaching by using a pool of freely
diffusing fluorescent molecules that only give stable fluo-
rescence upon binding on their target molecule. DNA-PAINT
super-resolution imaging takes advantage of the base-pairing
interactions between two short complementary sequences.’ It
relies on transient, stochastic binding of a freely diffusing
short fluorophore-labelled single-stranded DNA (ssDNA) to its
complementary ssDNA immobilized on the target (Fig. 1a).
One of the major breakthroughs that this technique brought
about is the ability to multiplex, where a substantially higher
number of targets (i.e., multiplexing) could be imaged as com-
pared with the limit imposed by spectrally distinct fluoro-
phores. This multiplexing is possible because the target mole-
cule identity is encoded into the DNA sequence. Many orthog-
onal DNA sequence pairs can easily be designed to image as
many targets in a sequential manner. Nine different protein
targets in the same animal cell were imaged using DNA-PAINT
with unique imager-docking strand sequence combinations."®
Furthermore, barcoding capabilities potentially allow the
imaging of an unlimited number of targets, as shown in a
study where 124 unique DNA origami targets were imaged on
the same field of view in just three spectral rounds of
imaging."" DNA-PAINT is an elegant technique that allows
multiplexed quantifiable super-resolution imaging, and only
necessitates a few sensitive steps for its implementation. One
of the crucial strategic roadblocks is to position a docking
strand sequence on the target of interest. This review attempts
to compile the target labelling approaches, walking the reader
through various methodologies utilized for both benchmark-
ing this robust imaging tool and for imaging cellular targets.
This review is divided into four sections. The first section
highlights the inseparable relationship of DNA-PAINT with
DNA origami nanostructures, a programmable nano-platform
used for benchmarking this technique. DNA origami nano-
structures have further been used for various novel appli-
cations, where DNA-PAINT has enabled their direct obser-
vation under physiological conditions. The second section dis-
cusses various imager-docking strand pairs and some ingenious
strategies used by researchers to further refine the DNA-PAINT
imaging technique. Under section three, conjugation chem-
istries used to label targets in cellular samples using various
immune-derived protein binders are discussed in detail. We
have highlighted the role played by different heterobifunc-
tional chemical cross-linkers in attaching docking strands to
labelling probes. As super-resolution imaging crucially relies
on the labelling probes for target flagging, we describe the cur-
rently implemented labelling strategies and their merits in
detail in the fourth section. Recently, researchers have started
looking for probes that reduce linkage errors by minimizing
the spatial separation between the target and the docking
strand. We highlight both conventional labelling strategies
using primary and secondary antibodies with an emphasis on

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of DNA-PAINT imaging and patterned
DNA-origami nanostructures as a platform for DNA-PAINT imaging. A wide
variety of shapes have been utilized for benchmarking DNA-PAINT strat-
egies. (@) DNA-PAINT involves the transient stochastic binding of imager
strands (carrying a red fluorophore in the figure) to the docking strands
(immobilized) providing blinks (adapted from Jungmann et al.°). (b) A rec-
tangular DNA origami used as a platform to display antigens to test the
achievable localization precision and efficiency of the labelling probe
(adapted from Ganji et al™). (c) Hexagonal origami structures for bench-
marking surface accessibility of docking strand on either side of the origami
by imager strands (adapted from Eklund et al?®). (d) Cylindrical DNA
origami structures used for the benchmarking of fluorogenic DNA-PAINT
(adapted from Chung et al.”®). (e) Polyhedral DNA origami structure imaged
with 3D DNA-PAINT (adapted from linuma et al.?).
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the linkage error they impart, and newer strategies where the
use of nanobodies with a considerably smaller footprint sub-
stantially minimizes linkage errors. Lastly, we shine light on
peptide-based PAINT approaches having similar working prin-
ciples as DNA-PAINT along with other labelling strategies that
require gene editing for engineering sites where docking
strands can later be introduced.

DNA origami, a programmable
benchmarking platform for
DNA-PAINT

SMLM-based approaches for super-resolution imaging require
repetitive fluorescent blinks from individual target molecules.
DNA-PAINT achieves this essential ‘blinking’ via transient
interactions between an imager strand and a target carrying a
complementary docking strand.”'> While introducing docking
strands on biological targets is tedious and limited by the lab-
elling techniques used to visualize these targets, biological het-
erogeneity prohibits researchers from testing the kinetics of
imager-docking strand pairs, achievable resolution, and label-
ling efficiencies under controlled settings.'® Hence, an in vitro
platform that enables positioning of individual docking strands
at specified distances with high accuracy would be an ideal
setup to benchmark DNA-PAINT. DNA being the most amen-
able biomolecule, easiest to synthesize, and its inherent nature
to hybridize with its complementary sequence, i.e., being pro-
grammable, makes it the ideal candidate for such an in vitro
system. These traits allow unlimited possibilities in the design
and creation of simple one-dimensional structures to complex
three-dimensional multimeric nanostructures."**> A long
ssDNA scaffold that is generally the M13-phage genome and
synthetic short ssDNA staple strands — each are complemen-
tary to two or more distant regions on the scaffold - could be
self-assembled into predefined DNA origami nanostructures
mainly dictated by the Franklin-Watson-Crick base
pairing."*"®

The DNA origami structures can be designed into any ima-
ginable shapes (Fig. 1b-e) which could be verified under an
atomic force microscope (AFM) or an electron microscope
(EM) with sub-nanometer accuracy. These structures carry
necessary characteristics of an in vitro system as a nanoscopic
ruler for benchmarking fluorescence-based super-resolution
imaging techniques. Fluorophore-labelled staple strands posi-
tioned at defined distances within the DNA origami structures
were imaged with super-resolution techniques such as direct
Stochastic Optical Reconstruction Microscopy (dSTORM) and
Single-molecule High-Resolution Imaging with Photo-bleach-
ing (SHRImP).'®*® This was further extended for DNA-PAINT
by positioning staple strands extended with docking strands at
specified positions within the DNA origami.’

The staple strands used in DNA origami structures for
DNA-PAINT imaging are placed at locations that ensure that
they extend perpendicular to the plane of a two-dimensional
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origami to make them accessible. The first DNA-PAINT
imaging was done on long DNA origami structures that were
either monomeric or ribbon-like multimers.” With further
development in design and versatility, more complex struc-
tures were used to perform and benchmark the resolving
ability of DNA-PAINT both in two and three dimensions. A
derivative of the Rothemund rectangle evolved into a versatile
tool where one could place docking strands at a range of dis-
tances in any possible design to be able to obtain a super-
resolved image (Fig. 1b).">"'® In fact, a graphical user interface
tool, named ‘Picasso-design’, has been developed for efficien-
tly designing the docking strand extension patterns on these
rectangular nanostructures.'”> For other complex analysis of
DNA-PAINT’s ability, octagonal or cylindrical DNA origami
structures were used (Fig. 1c and d)."*?°

Unlike other super-resolution techniques based on sub-
pixel image localization that rely on stochastic switching of
fluorophores (e.g., STORM or PALM), DNA-PAINT solely relies
on the transient interactions of imager-docking strand pairs.
Determining the kinetics of such transient interactions is
crucial to decide the imaging parameters such as imager con-
centration, ionic strength of the buffer, and duration and rate
of image acquisition. DNA origami structures provide a great
platform for introducing a programmable number of targets
with defined spatial separation and pattern. This allows
measurement of the kinetics of imager binding in more con-
trolled settings, paving the way for rationale design and
characterization of imager probes to enhance the speed of
imaging.g’lg’u_za

A variant of DNA-PAINT, -called quantitative-PAINT
(gPAINT), can be used for estimating the number of target pro-
teins in a given region upon in situ imaging.** The kinetics of
DNA-PAINT imaging is independent of the photokinetics of
the fluorophore and solely rely on the freely diffusing imager
strands. This allows the estimation of the number of targets
based on the binding kinetics of imager given that there exists
a calibration in the same imaging field. DNA origami struc-
tures designed with a defined number of docking strands serve
as an internal calibration standard. These DNA origami struc-
tures can be either microinjected into cells or fixed onto the
cell surface for normalization.>*

DNA origami structures with patterned antigens can be
used for measuring the achievable resolution of DNA-PAINT.
In general, labelling of targets within cells relies on using
immune-derived proteins, such as antibodies or nanobodies,
within fixed cells. These labels come in a wide range of sizes
(from 3 to 12 nm), introducing linkage errors between the
target position and the read-out signal. This becomes crucial
when performing super-resolution imaging as some structures
are just irresolvable due to these linkage errors introduced by
large labelling probes.>®> DNA origami structures allow the
measurement of the resolving limits using various labelling
probes. This is made possible by attaching specific antigens to
the staple sequence strand and incorporating them at fixed
distances from each other within the origami structures.
Imaging these antigens flagged with various labelling probes
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allows the measurement of the resolution limit harbored by
the corresponding probes.®

With the evolving uses of DNA origami structures in other
biological applications, DNA-PAINT has emerged as a potent
tool for their direct visualization in other areas of life sciences.
Biomimetic DNA origami structures carrying antigens spaced
with varying distances have been used to stimulate T-cells with
nanoscale precision.>® DNA-PAINT allows ground truth visual-
ization of the presence of antigens and their true spacing on
the origami nanostructures. Complex 3D origami structures
are now being used for mimicking viral structures and for
therapeutic purposes.”?’?® The ability to direct visualization of
DNA nanostructures under physiological conditions makes
DNA-PAINT a powerful tool for structural characterization of
these complex 3D structures (Fig. 1e).>"?°

Imager—docking strand pairs

The docking strand and its cognate imager strand pair dictate
the rate of binding (on rate) and unbinding (off rate). This
necessitates the need for careful design of efficient oligo-
nucleotide sequences. Ideally, these sequences need to harbor
faster kinetics, such as fast on rates enabling the use of lower
imager concentrations to reduce background noise, and off
rates in the range that provides four to five frames of binding
time for good signal-to-noise ratio.

Classical imaging strands

Initial DNA-PAINT imager probes were designed to be of nine
or ten nucleotides in length.’ These were named P-sequences,
composed of all four nucleotides, and were screened exclu-
sively based on the binding kinetics (Table 1). They showed
rate constants in the range of 0.2 s™' to 1.6 s~' depending on
the length of the imager. These sequences were used to
initially tune the buffer conditions under varying imaging
temperatures for DNA-PAINT super-resolution microscopy, to
minimize background by reducing imager concentrations and
maximizing the number of binding events for better sampling.
The lower off rate constants were attributed to the fact that
these sequences were long, thus forming a more stable DNA
duplex upon binding, and lower on rate constants due to their
tendency to form transient secondary structures. As a result,
the imaging speeds with the classical imaging probes are on
the order of several hours.*® This called for designing more
efficient imaging strands for image acquisition within practical
time scales of a few minutes.

Imaging strands with repetitive sequences

The speed of DNA-PAINT imaging is chiefly dictated by the
time interval between two binding events at the same docking
strand. There are a range of factors that determine the binding
kinetics of an imager-docking strand pair, including tendencies
to form transient secondary structures in either of the part-
ners. Achieving more realistic super-resolution imaging dur-
ations without compromising data sampling as compared with

This journal is © The Royal Society of Chemistry 2023
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Table 1 Table highlighting the various imager sequences and their cognate docking strands. Each bar on the 5x sequences indicates a possible
docking site for imager binding. Sequences are obtained from Schnitzbauer et al.,'®> Schueder et al.,?? Strauss and Jungmann?® and Chung et al.*°

Imager Sequence Docking strand
Classical imaging strands P1 CTAGATGTAT TTATACATCTA
P2 TATGTAGATC TTATCTACATA
P3 GTAATGAAGA TTTCTTCATTA
P4 GTAGATTCAT TTATGAATCTA
P5 CATACATTGA TTTCAATGTAT
P6 CTTTACCTAA TTTTAGGTAAA
P7 GTACTCAATT TTAATTGAGTA
P8 CCATTAACAT TTATGTTAATG
P9 CATCCTAATT TTAATTAGGAT
P10 GATCCATTAT TTATAATGGAT
Repetitive imaging strands PS3 TCCTCCC GGGAGGA
R1 AGGAGGA 1x TCCTCCT
5% TCCTCCTCCTCCTCCTCCT
R2 TGGTGGT 1x ACCACCA
5% ACCACCACCACCACCACCA
R3 GAGAGAG 1x CTCTCTC
5x  CTCTCTCTCTCTCTC
R4 TGTGTGT 1x  ACACACA
5% ACACACACACACACA
R5 GAAGAAG 1x CTTCTTC
5x  CTTCTTCTTCTTCTTCTTC
R6 TTGTTGTT 1x  AACAACAA
5% AACAACAACAACAACAACAA
Fluorogenic paint probe A AGAAGTAATGTGGAA TTTCAACATATCCTCTA
Fluorogenic paint probe B AAGAAGTAAAGGGA CCTCGCTGAACCCCTTA

the use of classical strands required the rational design of
sequences that would show much faster binding rates. The
first such sequences were envisioned based on a study that
compared the kinetics of seven different sequences each of
eight bases in length.?" This study laid the groundwork for the
first speed sequence called PS3 for rapid imaging (Table 1),
designed based on the fastest sequence.”” This imager com-
bined with optimal buffer conditions resulted in an order of
magnitude enhancement in the imaging speed as compared
with the classical P-imager sequence series. This faster
binding imager was used in low concentrations for achieving
similar sampling rates resulting in enhanced resolution of cel-
lular targets. Using this speed-optimized imager, microtubule
networks in human cells, which are spread over a 4 x 4 mm”
area, were imaged by stitching 144 individual tiles acquired in
8 hours.

Following up on the speed-optimized sequence pair,
Strauss and Jungmann extended the repertoire by six more
speed sequences, named R-sequences (Table 1), that contain
repeating units of either a di- or tri-nucleotide sequence.”® By
concatenating repeat units, several overlapping binding sites
could be achieved without drastically increasing the length of
the docking strand. The increase in the speed was due to the
absence of secondary structures within the docking strand.
Binding kinetics of imager strand on 1x, 3%, 5x and 10x repeat-
ing unit docking strands were studied, showing a linear corre-
lation between the number of repeats and the binding fre-
quency. Overall, these smartly designed sequences showed an
increase in image acquisition rate by up to 100-fold as com-
pared with the classical imager probes.

This journal is © The Royal Society of Chemistry 2023

In another study, classical imager probes (i.e., P-sequences)
were concatenated to kinetically barcode targets to allow sim-
ultaneous multiplexed imaging.'" The concatenated docking
sites led to reduction in background noise and non-specific
signals as compared with non-repeat strands.”” The downside
of the concatenated P-sequences is that the docking strand
length increases proportionately and can form secondary struc-
tures, leading to considerably slower imaging speeds than the
speed-optimized imaging probes.

Background-free imager probes

DNA-PAINT is plagued by high background noise as compared
with other super-resolution techniques because the sample is
immersed in a buffer containing freely diffusing imager
strands. This sea of imagers is constantly excited by the incom-
ing light, thus causing high background noise. This noise is
significantly reduced by using Total Internal Reflection
Fluorescence (TIRF) illumination that generates an evanescent
field penetrating only a couple of hundred nanometers above
the coverslip, thus limiting the excitation volume.

Other elegant ways to mitigate the background noise
include utilizing smartly designed imaging strands that mini-
mize the fluorescence signal when the imager strands are
present in the unbound state. DNA-FRET-PAINT and
Fluorogenic-PAINT are two such novel approaches used to
minimize the background noise from the sample.'?%3*

Forster Resonance Energy Transfer (FRET) relies on overlap
in the emission spectra of a donor fluorophore with the exci-
tation spectra of an acceptor fluorophore. This overlap drives
the transfer of energy through non-radiative decay from the

Nanoscale, 2023, 15, 6563-6580 | 6567
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donor to the acceptor in a distance-dependent manner when
the donor is excited. At around 2 nm separation, only the
acceptor emits photons. This physical phenomenon was
exploited to obtain background-free DNA-PAINT imaging
called FRET-PAINT which could be performed in two different
modalities. First, the acceptor is immobilized on the target
site, thus emitting signal only when the donor-imager binds to
the target site. Second, freely floating donor- and acceptor-
imager strands simultaneously bind on the tandem docking
strand giving rise to FRET.>>?*

In FRET-PAINT, one can use extremely high concentrations
of donor and acceptor imager strands (up to 200 nM) as com-
pared with conventional DNA-PAINT (up to 20 nM), to maxi-
mize the binding rates, allowing faster image acquisition with
high signal-to-noise ratio. This strategy was demonstrated in
cells by imaging the microtubular network using secondary
antibodies that carried a docking strand containing the accep-
tor fluorophore. The DNA-FRET-PAINT uses donor
fluorophores that are excited with 488 nm wavelength and an
acceptor fluorophore that has an excitation maximum at
around 640 nm wavelength to minimize direct excitation.
However, such a FRET pair is weakly coupled because of poor
spectral overlap, resulting in low photon emission from the
acceptor fluorophore and hence providing lower resolution
data.

An elegant design of self-quenching imager strands was to
incorporate a fluorophore (Cy3B or ATTO643) and its cognate
spectral quencher (BHQ2 or Iowa Black FQ) at either end."
These imager strands remain dark when in solution due to
their collapsed state which brings the fluorophore and the
quencher in close proximity leading to fluorescence quenching
(Table 1). However, in its bound state, the fluorophore is
spatially separated from the quencher, allowing the fluo-
rescence emission. Although an 8-9 nm distance provides
complete de-quenching, a satisfactory signal could be obtained
by a spacing of 5-6 nm between the fluorophore and the
quencher. This can be achieved by separating the pair by 15
bases or more along a dsDNA. However, a 15-base complemen-
tarity between the imager and the docking strand would lead to
stable binding (on the order of hours), thus making it incom-
patible with PAINT. This drawback was elegantly mitigated by
introducing internal mismatches between the imager and
docking strand pairs to destabilize the binding, driving faster
off rate constants required for DNA-PAINT. These probes were
designed to avoid any self-complementarity that could reduce
the imager on rate. The probes chiefly relied on the inherent
flexibility of single-stranded DNA to bring the quencher in
proximity to the fluorophore. A 57-fold enhancement in fluo-
rescence was observed when the imagers were bound to their
cognate docking strands in contrast to their fluorescence in the
unbound state. This strategy of background-free imaging
allowed the rapid acquisition of images at speeds up to 100 Hz
with high imager concentrations, as high as 250 nM. One
major limitation is the design of the 15 or longer nucleotide
imager strands with necessary mismatches while controlling
the on and off rate constants with precision and still preventing
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any crosstalk between the orthogonal imager pairs. This study
outlines only two sequences leading to two-target imaging in a
single sample, thus limiting the multiplexing capabilities.

In all living organisms, genomic DNA takes the right-handed
helix conformation. Application of DNA-PAINT for DNA imaging
might suffer with non-specific binding of the imager strands on
genomic DNA. To minimize this issue, lefthanded DNA imager
strands can be used for DNA-PAINT. This strategy was utilized to
minimize any background from the nucleus that is speculated to
arise from the non-specific binding of the imager probe to
denatured genomic DNA formed during FISH protocols.*® Left-
handed imagers and docking strands were implemented for
probing various targets in the nucleus. This strategy relies on the
fact that B-DNA imager strands have over 20 000 cognate binding
sites within the nucleus when the genome is denatured, thus
potentially increasing the background noise. L-DNA on the other
hand does not bind with the denatured genomic DNA, thus redu-
cing non-specific binding. Though this novel strategy is extremely
useful in nuclear target imaging, it is less accessible as L-DNA
oligos are niche products making them rather economically
expensive for widespread usage.

Labelling probes for target flagging

To perform DNA-PAINT super-resolution imaging, the targets
of interest must be attached with a docking strand. General
approaches for introducing docking strands involve labelling
the target of interest via immune-derived proteins such as anti-
bodies and nanobodies, or rationally designed molecules such
as affimers, aptamers etc. The performance of a labelling
probe is described in terms of the imparted linkage error,
which dictates the measurable resolution. For a given labelling
probe, the linkage error is the Full Width Half Maxima
(FWHM) of the Gaussian fit obtained from the overlay of indi-
vidual localizations from several individual antigens. The mea-
surable resolution is generally larger than the true target size
due to this linkage error which causes a physical separation of
the antigen and the docking strand carried by the labelling
probe. Thus, the labelling probes crucially dictate the achiev-
able resolution of SMLM, which is directly related to the size
of the labelling probe. In this section we describe generally
used labelling probes, their characteristics in terms of multi-
plexing capabilities, ease of acquisition and implementation,
and the localization precision (Table 2 and Fig. 2).

Primary antibody

Due to the vast portfolio of commercially available antibodies,
especially against mammalian proteins, target labelling for
DNA-PAINT is often performed using antibodies. These anti-
bodies are raised in certain animals that are well known to
produce large amounts against a wide variety of antigens. The
antibodies are conjugated with docking strands via covalent
linkage. This enables high multiplexing capabilities as each

This journal is © The Royal Society of Chemistry 2023
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Table 2 Table outlining the various advantages and drawbacks of different labeling strategies that are commonly used in DNA-PAINT. Strategies are
outlined in chronological order of usage over the years. Dash (—) represents weak ability or drawback. Number of ticks (v) represents degree of
ability harbored by the labeling strategy. Asterisk indicate the information is obtained from MD simulations. Last column outlines the source for the

FWHM values listed in Fig. 2

Ease of Multiplexing Need genetic Quantifying of
availability capability manipulation target FWHM calculation
2015 LifeACT and other — o4 NO 224 N/A
AFFIMERS
2016 nCAA click-PAINT — — YES Y N/A
2017 Primary and secondary v v NO — Ganji et al., ChemPhysChem
antibody (2021)"
2017 Primary antibody v v NO vV Friih et al., ACS Nano
(2021)%¢
2017 Primary nanobody . VL4 NO L4 Ganji fi’g al. ChemPhysChem
(2021)
2018 SOMAmer — VL4 NO L4 Strauss et al. Nat. Methods
(2018)*
2019 Primary antibody with v v NO v Schlichthaerle et al.,
bacterial binder ChemBioChem (2019)*°
2019 SNAP- and HALO-Tag — v YES a4 N/A
2020 Primary antibody and — v NO L4 Ganji et al., ChemPhysChem
secondary nanobody (2021)"
2020 Peptide-PAINT — — NO L4 N/A
2021 Primary antibody and v v NO v Friih et al., ACS Nano

secondary fab*

target molecule is directly labelled with a corresponding anti-
body with a unique docking strand sequence. This technique,
though productive, comes with its own drawbacks. Primary
antibodies are sensitive to chemical perturbations, which
includes addition of heterobifunctional cross-linkers and DNA
docking strands on its surface. These modifications often dras-
tically reduce the binding affinity to levels that make the anti-
body unusable for specific labelling of the target protein.
Controlled labelling of these antibodies is also extremely
difficult as it involves enzymatic steps for DNA docking strand
attachment, thus leading to specificity loss and antibody
degradation.>® Although directly conjugated primary anti-
bodies have been used for DNA-PAINT imaging,'® this
approach is seldom used due to its unpredictable nature in
terms of antibody activity. The primary antibody labelling
resulted in a localization precision of 9.9 nm.>®

Primary-secondary antibody

Secondary antibodies, being polyclonal in nature, are less sus-
ceptible to loss of affinity upon chemical modifications and
are more versatile for testing any primary antibody from a
given origin. With a secondary antibody conjugated with a
docking stand, one can image any primary antibody of match-
ing species. The secondary antibody-based labelling approach
can be used for imaging fewer targets limited by the
number of orthogonal species used for raising the primary
antibody. For example, three different target proteins labelled
with a mouse, a rabbit, and a rat primary antibody can be tar-
geted with corresponding secondary antibodies raised in
orthogonal species such as donkey. In this case, the secondary
antibodies will carry covalently linked orthogonal DNA docking

This journal is © The Royal Society of Chemistry 2023

(2021)%¢

strands which can be imaged in multiple rounds of Exchange-
PAINT.

This labelling approach has several merits and some disad-
vantages. A batch of docking strand-conjugated secondary anti-
bodies can be used for imaging any target if a working primary
antibody is available. The polyclonal nature of the secondary anti-
bodies leads to an increased number of docking strands per target
protein, enabling higher frequency imager binding and thus pro-
viding a higher signal-to-noise-ratio. The first disadvantage lies
in the inability to quantify target molecule species. This is due to
the undefined number of docking strands on a secondary anti-
body and the unpredictable number of secondary antibodies lab-
elling a primary antibody. Due to this, extracting quantitative
information is prone to large errors. Secondly, the achievable
resolution with primary-secondary antibody labelling is rather
poor. Antigen-patterned DNA nanostructures revealed that the
realistically achievable resolution is limited to 40 nm."? This
limitation is due to the large size of the antibody (~10 nm).
Primary and secondary antibody together introduce a linkage
error of around 20 nm in spatial localization of the target mole-
cules. Imaging of microtubules in cells using this modality
resulted in the average diameter of 57 nm as opposed to the
known 22 nm diameter.*°

Nanobody

Nanobodies are engineered binders derived from unconven-
tional camelid antibodies. These binders differ from other
mammalian classes, where they only have a pair of heavy
chains solely harboring the Complementarity Determining
Regions (CDRs). Nanobodies are obtained by cleaving out the
constant region of the heavy chain to reduce its footprint
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Fig. 2 Representation of the labelling probe sizes, their respective localization precision (i.e., FWHM) calculated from individual antigen target and
the first publication using that strategy for PAINT. For representation, these labelling probes have been shown to bind to GFP (Pdb: 30go). The
figures have been obtained by superimposing multiple crystal structures. The cyan spheres represent the estimated spot size spread with respect to
one another as described in Table 2. (a) A primary antibody (Pdb: ligy) bound by multiple secondary antibodies (Pdb: 1ligy) that carry docking strands
labelled non-stoichiometrically. The obtained FWHM is 26 nm.®* (b) A primary antibody carrying docking strands. The obtained FWHM of the localiz-
ation precision is 9.9 nm.*® (c) A primary antibody bound by bacterially derived binder protein G (Pdb: 1fcc) that carries docking strands. The
obtained FWHM of the localization precision is 13 nm.>° (d) A primary antibody bound by secondary nanobody (Pdb: 6xyf). The obtained FWHM of
the localization precision is 10.1 nm.™® (e) A primary antibody bound by secondary Fab fragment (Pdb: 1fdl) that carries docking strands. The obtained
FWHM of the localization precision is 14.7 nm.*® This value has been obtained from simulation data only and has not been performed for
DNA-PAINT experimentally. (f) Direct protein binder such as Lifeact (Pdb: 7ad9) and Affirmers. (g) Protein genetically tweaked with a non-canonical
Amino Acid (ncAA) to which the DNA docking strand is attached. (h) Primary nanobody (Pdb: 6xyf) carrying docking strands. The obtained FWHM of
the localization precision is 8.2 nm.: (i) SOMAmers (Pdb: 4ni9) binding to target protein. The SOMAmer carries a DNA docking strand extension. The
obtained FWHM of the localization precision is 7.5 nm.*® (j) Target protein with a SNAP-tag (Pdb: 6y8p) labelled with docking strand. (k) Target

protein with a HALO-tag (Pdb: 5uyl) labelled with docking strand. (1) Peptide-PAINT probe (Pdb: 1p9i) binding to the target protein directly.

during antigen labelling. Both primary and secondary nanobo-
dies have been used extensively for DNA-PAINT. The first use
of nanobodies in DNA-PAINT saw its application in imaging
the mitochondrial network. Anti-Green Fluorescent Protein
(GFP) nanobodies carrying the DNA docking strand were used
for labelling mitochondrial-localized GFP.'® This was followed
by many other studies where multiple targets -carrying
different fluorescent proteins were visualized by their respect-
ive primary nanobodies.’” Soon after, secondary nanobodies
raised against the constant (F.) regions of IgG antibodies
obtained from different mammals were used instead of sec-
ondary antibodies. This leads to a considerable minimization
of the linkage error. Furthermore, as nanobodies are expressed
and produced from bacteria, they are amenable for genetic
modifications. They tolerate the incorporation of additional
cysteines for conjugation of docking strands. Because nanobo-

6570 | Nanoscale, 2023, 15, 6563-6580

dies are monoclonal in nature, only two of them bind each
primary antibody. This controlled number of docking strands at
each antigen enables accurate estimation of target molecules
in each cluster. As nanobodies carry only one binding site,
they can be used for labelling primary antibodies prior to their
use in staining targets within the cells. This skilfully mitigates
the species limitations imposed by the use of secondary anti-
bodies, allowing multiplexing, thus truly extending the ability
of DNA-PAINT to image theoretically unlimited targets within
cellular structures.*® The nanobody is much smaller in size,
around 15 kDa, compared with antibodies of 150 kDa, provid-
ing comparatively better super-resolution capabilities. While
primary nanobody labelling leads to around 8.2 nm of localiz-
ation precision, secondary nanobody labelling resulted in
10.1 nm, showing the superiority of this approach compared
with antibody-based labelling.

This journal is © The Royal Society of Chemistry 2023
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Bacterially obtained antibody binders protein A and
protein G have also been elegantly used for DNA-PAINT. These
proteins are attached with DNA docking strands and pre-
incubated with the primary antibody to label intracellular
targets. These binders have a comparable footprint to that of
nanobodies, thus providing lower linkage errors.’®*° The
FWHM of the obtained localization precision for individual
antigens with this labelling strategy was calculated to be
13 nm.*°

Synthetic labeling probes
APTAMERS and SOMAmers

Aptamers are short DNA or RNA oligonucleotides that fold into
specific 3D structures allowing them to specifically bind to a
target molecule with high affinity.’*"*> These molecules are
screened through selection procedures named Systematic
Evolution of Ligands by EXponential enrichment (SELEX),
where a library of short DNA or RNA oligonucleotides is incu-
bated with the target molecule under specific conditions. The
unbound oligonucleotides are separated, and the bound oligo-
nucleotides are amplified using PCR-based techniques to
enrich them. This process is repeated over 6-15 cycles with
increasingly stringent conditions to ensure that only the
binders with high specificity to the target molecules are
retained. First introduced in 1990, this technique has been
developed and modified in various ways to make the selection
procedures more streamlined, minimizing any off-target bind-
ings.”* Slow Off-rate Modified Aptamers (SOMAmers), trade-
mark of Somalogics Inco, were developed by incorporating
chemically modified nucleotides which mimic the amino acid
residues present in antibody epitopes.*"** DNA libraries con-
taining a 40-nucleotide random region with 5-(N-benzylcarbox-
amide)-2'-deoxyuridine (BndU) or 5-(N-(1-naphthylmethyl) car-
boxamide)-2’-deoxyuridine (NapdU) instead of dT are used for
SOMAmers screening. For DNA-PAINT, the SOMAmer
sequences were extended with a docking strand. This allows
highly specific binding to proteins of interest with high affinity
and multiplexing.*” Using this labelling approach, Strauss
et al. achieved a FWHM of less than 8 nm when imaging
EGFR, which is nearly two-fold less than that achieved when
using classical primary and DNA-conjugated secondary anti-
bodies instead. As antibodies show a multimodal distribution
where a single secondary antibody carries multiple docking
strands unlike SOMAmers, a 1:1 labelling of EGFR using
SOMAmers could be achieved.*> Furthermore, this approach
was used to perform the first live-cell DNA-PAINT-based single-
molecule tracking of EGFR on the surface of A431 cells,
showing their diffusion on the lipid membrane of the cell
surface.

Affimers

Affimer is a small peptide molecule derived from adhiron and
human stefin A scaffold.*® Adhiron is obtained from phytocys-
tatin consensus sequence which inhibits cysteine proteases.

This journal is © The Royal Society of Chemistry 2023
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Its advantage lies in its small size, monomeric nature, high
stability and solubility, and lack of glycosylation sites and di-
sulfide bonds.*”*® The protein has the cystatin fold character-
ized by a four-strand anti-parallel beta sheet core and a central
alpha helix.*® Affimer developed against actin was conjugated
with docking strand for DNA-PAINT imaging and provided an
18 nm FWHM of the actin fiber cross-section.*’

Genetically modified tags as labelling
probes
Peptide pairs as labelling reagents

Peptides were known to show transient binding to specific
targets. Lifeact was one of the first peptides obtained by trun-
cating Actin Binding Protein (Abp140) to a 17 amino acids
peptide that was used to image actin filaments in cells via tran-
sient binding.’® As a general approach, peptides are obtained
from truncated forms of known intracellular protein binders
which can be used for PAINT imaging. This transient binding
between peptides and protein targets was further exploited
after the discovery of more such peptide sequences that could
be used to image their corresponding cellular structures.
Multiple peptides derived from their partner proteins were
used for super-resolution imaging in an approach called
Image Reconstruction by Integrating exchangeable Single-
molecule localization (IRIS).>! Four different cellular proteins
were imaged in unprecedented detail, targeting actin filaments
with Lifeact, microtubules with CLIP fragment, intermediate
filaments with PLEC fragment and focal adhesions with
PIPKIy fragment.’® This technique carries an advantage over
DNA-PAINT as they are direct binders and do not rely on labels
such as primary and secondary antibodies for their docking,
thus minimizing linkage errors and providing more accurate
localization of the target over DNA-PAINT. On the flip side,
such peptide binders are rare to come by and require meticu-
lous design strategies. Glycans are saccharide complexes that
are known to bind on lectin proteins present on the surface of
cell. These interactions are often transient and can thus be
exploited to image these cell surface lectins at super-resolution
with PAINT. Glyco-PAINT utilized the transient binding of
various mannose-based glycans with the mannose receptor
(MR).>*> As an alternative strategy, rationally designed peptide
pairs with weak binding strength were proposed for super-
resolution imaging. These peptides were designed to form
a-helical coils which in turn would coil around one another to
form a coiled-coil interaction that is transient in nature. The
Glutamate/Lysine (E/K) coiled-coil peptide pair has been
widely studied and was taken up as a good candidate for
super-resolution imaging purposes. The lengths of coiled-coil
peptides were tuned to display transient interactions for
PAINT-like imaging applications termed Peptide-PAINT.”* The
origami platforms were used for demonstrating working prin-
ciples and the resolving power of Peptide-PAINT. Cellular
imaging was implemented by tagging secondary antibodies
with K22 peptide sequence as docking strand and Cy3B-labeled
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E19 peptide as the imager strand.>® Though imaging was per-
formed following labelling with primary and secondary anti-
bodies, this paved the way for the usage of synthetically
designed peptide pairs for imaging. Studies have utilized
similar strategies by smartly incorporating the E22 docker in
the target protein and transiently transfecting the construct
to allow direct imaging of the target. Imaging was
performed using a LD655-labelled K19 peptide. Super-resolved
images of vimentin and Golgi bodies clearly show the ability of
the technology to directly image protein targets. The study
further imaged surface targets in live neuronal cells that were
transfected with plasmids coding for surface receptors GluA2
and Neuroligin with the E22 peptide extended from
their N-termini.>* Similar techniques involving super-resolution
imaging in yeast used endogenously expressed proteins that
carried a fused docking peptide. The freely floating complemen-
tary imager peptide was fused to a fluorescent protein,
mNeonGreen, which was then expressed from an inducible pro-
moter to make the system compatible with live biological
systems. Peptides pairs extracted from the TRAP4-MEEVF and
SYNZIP17-SYNZIP18 interacting pairs allowed the development
of Live cell Imaging using reVersible intEractions PAINT
(LIVE-PAINT) for imaging in live cells.>> Peptide-PAINT is a lucra-
tive potential alternative for DNA-PAINT as the rational design of
peptides is gaining traction of late.>*"’

Labelling via genetically modified tags

Protein labelling for DNA-PAINT imaging with minute linkage
errors remains as one of the challenges. Most labelling tech-
niques rely on immune-derived labels for flagging targets
within cells. Genetically modified labelling tags developed
from engineered self-modifying enzymes allow highly specific
docking strand attachment on the target protein to eliminate
any potential background.

Suicidal enzyme derivatives, such as SNAP-tag®® and HALO-
tag,>® have proved to be great tools in direct protein labelling
with modified ligands. The ligands form covalent bonds with
the tag that is fused to the protein of interest. SNAP-tag is
derived from the human DNA-repair protein O%-alkylguanine-
DNA alkyltransferase (hAGT) that irreversibly transfers an alkyl
group onto a cysteine residue from its substrate O%-alkylgua-
nine-DNA. This feature of the enzyme has been exploited to
attach various functional molecules such as fluorescent dyes,
DNA oligonucleotides, and other ligands.®®"®> The SNAP-tag
was also used for live-cell imaging using dSTORM.®® Similarly,
HALO-tag was derived from the enzyme haloalkane dehalogen-
ase from Rhodococcus sp. The mutation of histidine-272 from
its active site into a phenylalanine residue makes the enzyme
suicidal by making it form a covalent bond with its ligand
during catalysis. It was just a matter of time before these
highly versatile tags were used in DNA-PAINT imaging to label
proteins specifically, minimizing any linkage error and non-
specific labelling.

Nuclear pore complexes (NUPs) were the first targets to be
imaged with the SNAP- and HALO-tag-based strategy.””> Due to
the extremely small size of the NUP complex, conventional label-
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ling approaches using primary and secondary antibodies are not
sufficient for clearly resolving these structures.”” Genetically
engineering one of the subunits of the nuclear pore complex and
labelling it with DNA docking strands carrying the respective
ligand that irreversibly attached with the SNAP- or HALO-tag
enabled greater resolution than conventional labelling to be
achieved. The ligands were chemically attached to 5-amino-
modified DNA docking strands via NHS ester chemistry. Similar
strategies were deployed to develop tagPAINT where two targets,
namely HALO-tagged CD3{ and SNAP-tagged LAT proteins in T
cells, were imaged within the same cell.**

Other approaches for genetically tweaking the target pro-
teins and imaging them in super-resolution have utilized the
genetic code expansion (GCE) strategy.®® The GCE approach
uses an amber (TAG) suppression mutant along with a unique
tRNA and the corresponding tRNA synthetase enabling the
incorporation of a non-canonical Amino Acid (ncAA) in the
target protein. This ncAA carries a functional group (TCO;
trans-Cyclooct-2-en-1-Lysine) which is clicked to a 1,2,4,5-tetra-
zine (TZ)-modified docking strand which can be imaged. This
imaging modality is called click-PAINT.®® This strategy of label-
ling has allowed imaging of both vimentin network and
nuclear pore complexes. Despite the low linkage error, the
major hurdle with GCE is the very low yield of the modified
proteins due to the competition between the host translation
machinery and the orthogonal tRNA/aminoacyl tRNA synthe-
tase machinery.®®

Strategies for conjugation of docking
strands to labelling probes

Fluorescence blinking is achieved by the transient interactions
of the fluorophore-labelled imager strand with its complemen-
tary docking strand. This calls for the need for a docking strand
on the target of interest. A wide repertoire of chemical conju-
gation strategies has been implemented to introduce the DNA
docking strands on the cellular targets via labelling probes such
as antibodies. In this section, we discuss the strategies that
have been used for attaching DNA docking strands on proteins
more in the context of DNA-PAINT. First, we discuss the non-
specific chemical conjugation strategies of the labelling
probes, where docking strands are introduced non-stoichiome-
trically at undictated positions. Following this we describe
specific conjugation strategies which target a specific moiety
for a stoichiometric docking strand insertion away from the
binding site of the labelling probe (Table 3).

Biotin-streptavidin coupling

Initial implementations of DNA-PAINT for cellular target
imaging utilized commercially available biotin-modified anti-
bodies.®® In this case, biotinylated docking strands were linked
to biotinylated antibodies using streptavidin in a two-step reac-
tion. First, the biotinylated docking strand was incubated with
streptavidin followed by incubation of the mixture with the
biotinylated antibody. The docking strand-attached antibodies
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Table 3 Features and limitations of various chemistries utilized for linking DNA docking strands on labelling probes

Non-covalent interaction Covalent interactions

Biotin-avidin NHS-amine TCO-Tz Maleimide-sulfhydryl DBCO-azide

Features One of the strongest Irreversible covalent
known non-covalent coupling which prevents
interactions; highly dissociation. Reaction
specific products are stable in

long-term storage. Amine
moieties abundantly
available on proteins for
clicking.

Limitations Biotin is naturally Difficult to achieve 1:1

present in organisms
and may lead to non-
targeted interactions.
Four biotin molecules
can bind a single avidin,
thus not allowinga1:1
stoichiometric labelling.
The interaction can
dissociate with a short

stoichiometric labelling
when amines on
proteins are targeted. It
often leads to a loss in
antibody specificity due
to excessive conjugation
at the available amines.

Avoids the copper-
induced toxicity of
CuAAC. Fastest reaction
of all click chemistries.
High yield of products.

Does not achieve 1:1
stoichiometric labelling
if multiple accessible
amines are available as
TCO-NHS clicks to
amine groups first
followed by clicking with
Tz. Instead, TCO-
maleimide could be used
for site-specific labelling.

Reacts specifically with
reduced thiol groups on
the labelling probes and
can achieve 1:1
stoichiometric labelling
by introducing a free
cysteine.

Reaction is pH sensitive.
At pH >8, maleimide
hydrolyses to an
unreactive malic acid
derivative. Thiol-modified
oligos can form disulfide
bridges, thus needing
additional reducing and
purification.
Incorporating a free

Avoids the copper-
induced toxicity of
CuAAC. Biologically inert
reactants and
intermediates. Reaction
occurs spontaneously at
physiological pH.

DBCO is hydrophobic
and hence needs soluble
linkers such as PEG to
avoid precipitation of the
linker. Also, the labelling
probe with multiple
DBCO groups might
precipitate.

incubation at 70 °C.

were used for DNA-PAINT imaging of microtubules in human
cells with an apparent width of 45-47 nm for each microtubule.
Multi-target imaging of microtubules and mitochondria was per-
formed with corresponding antibodies attached with orthogonal
docking strands and imaged using Cy3B-and Atto655-labelled
imager strands with no detectable crosstalk between the two
pairs. Furthermore, both two-dimensional and three-dimensional
(3D) Exchange-PAINT was performed for imaging beta-tubulin
(microtubules), COX IV (mitochondria), TGN46 (Golgi) and
PMP70 (peroxisomes) in HeLa cells.®® The 3D imaging resulted
in a cross-sectional distance of ~109 nm in the z-axis for micro-
tubules. This demonstrated that Exchange-PAINT is a transforma-
tive tool which allows the imaging of a substantially higher
number of targets in contrast to other fluorescence-based
imaging modalities which are limited by the availability of spec-
trally distinct fluorophores.

Covalent coupling

Covalent coupling enables the introduction of DNA docking
strands to the labelling probes in an irreversible manner. This
prevents any potential dissociation of the docking strand from
the probe and allows the long-term storage of the labelling
probes. DNA molecules can be attached via chemical cross-
linking strategies such as N-hydroxysuccinimide (NHS)-
Amine,*” trans-cyclooctyne (TCO)-1,2,4,5-Tetrazine (Tz),*®%°
Maleimide-Sulfhydryl,”® and Dibenzoazacyclooctyne (DBCO)-
Azide Cu-free ‘click’ chemistry.”! These chemistries have been
exploited to develop heterobifunctional cross-linkers that carry
two different reactive functional groups on the termini of a
long organic spacer molecule (often Polyethylene Glycol, PEG).
These heterobifunctional spacers have been used as an inter-
mediate step in introducing the DNA docking strand on the lab-
elling probes.

This journal is © The Royal Society of Chemistry 2023

cysteine on an antibody
is impractical.

Amine-NHS conjugation

This chemistry is one of the most widely used conjugation
strategies, thanks to its compatibility with a wide range of con-
ditions, widespread availability of amine moieties on protein
labelling probes, and high specificity and efficiency. The NHS-
ester moiety is often used to attach bifunctional cross-linkers,
non-specifically to accessible primary amines present on a
protein (Fig. 3a and b). An amide bond is formed between the
primary amine and carbonyl of the ester group during the reac-
tion with NHS as the leaving group. This strategy has its own
drawbacks, which include a loss in antibody specificity due to
modifications in the paratope of the antibody and lack of control
over the number of cross-linkers bound.*” This results in a non-
uniform number of docking strands conjugated to each antibody
(sometimes none) and accumulation of hydrophobic functional
groups (DBCO) around it affecting its solubility.”> Additionally,
proximity of the docking strand to the antibody will also interfere
with its accessibility to the imager strands. To circumvent this,
spacers like Poly(Ethylene Glycol) (PEG),, have been introduced to
increase the solubility of the protein and the accessibility of the
docking strands to the imager strands.”>”> Amine-based linkers are
also used for site-specific tagging of antibodies, discussed in
greater detail below (Fig. 3c).>®

Thiol-maleimide conjugation

DNA strands with the thiol group on one of their termini are
commercially synthesized. These DNA molecules can be conju-
gated to a heterobifunctional cross-linker carrying a maleimide
group. Maleimide forms a thio-ester bond with the thiol
group, which is relatively stable at physiological conditions.”*
The availability of free thiol groups on protein surfaces in the
reduced form is rare, due to the oxidizing physiological con-
ditions. This is exploited by designing labelling probes carry-
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Fig. 3 Schematic representation showing various heterobifunctional cross-linkers used for conjugating DNA docking strands to DNA-PAINT label-
ling probes. (a) Maleimide—(PEG),,—NHS ester cross-linker; (b) DBCO—(PEG),,—NHS ester cross-linker; (c) deglycosylation followed by mTG-mediated
transfer of azide carrying cross-linker; (d) DBCO-maleimide cross-linker; (e) TCO-TZ cross-linker; and (f) sortase A-mediated transfer of DBCO car-
rying cross-linker. Antibody (Pdb: ligy); Nanobody (Pdb: 6xyf).
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ing a single cysteine residue, thus preventing disulfide for-
mation, and making the thiol group available for the reaction
in a site-specific manner, discussed later in greater detail.
However, this approach comes with its own drawbacks. At alka-
line pH (pH >8), maleimide can undergo hydrolysis forming
an unreactive malic acid amide derivative, thus calling for
careful preparation of buffer and pH maintenance.”®> Another
drawback of this method is the formation of disulfide bridges
between the thiol-modified oligos requiring additional di-
sulfide reducing and purification steps.

TCO-Tz conjugation

Another approach to form covalent bonds within biomolecules
is to use the TCO (trans-cyclooctene)-Tz (1,2,4,5-tetrazine) con-
jugation strategy where amine-functionalized DNA docking
strands are clicked to Tz-NHS ester cross-linker, which enables
the addition of a Tz functional group on the DNA. On the
other hand, the labelling probe is incubated with TCO-NHS
ester, thus adding a free TCO functional group on lysine resi-
dues on the surface of the label. These two constituents are
then pooled together, thus enabling the TCO on the probe to
react with the Tz-containing docking strand mediated by the
strain-promoted inverse-electron-demand Diels-Alder cycload-
ditions (SPIEDAC) reaction.®®®°

Azide-DBCO conjugation

Another alternative approach widely utilized for covalently
linking DNA strands with labelling probes is to utilize the strain-
promoted alkyne-azide cycloadditions (SPAAC) copper-free click
chemistry.”! The DNA docking strands are obtained with an azide
modification on one of the termini. Alternatively, amine-modi-
fied DNA can be conjugated with a heterobifunctional group car-
rying succinimidyl-ester and an azide moiety on either end.
Addition of DNA docking strands carrying an azide is easily per-
formed under physiological conditions. This reaction is carried
out by reacting a cyclooctyne (DBCO) with azide moieties, which
takes advantage of the fact that a bond angle deformation of the
acetylene to 163° results in a ring strain of 18 kecal mol™*.”* This
ground state destabilization accelerates the reaction towards the
unstrained transition state forming products.

Uses of various heterobifunctional
spacers

The first use of heterobifunctional cross-linkers to generate
labelling probes for DNA-PAINT utilized the maleimide-
(PEG),~NHS ester chemistry (Fig. 3a and d). In this scheme,
the NHS ester group of the cross-linker reacts to primary
amines of lysine residues on the antibody, forming a covalent
bond with them. Subsequently the maleimide group reacts to
the thiol-functionalized DNA docking strands.>* The antibodies
prepared in this manner were utilized to perform qPAINT
where they calculated the number of Nup98 units in a nuclear
pore complex. The conjugation protocol was further optimized
to obtain ~1 docking strand per secondary antibody, which was
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confirmed using mass spectrometry.'® The authors imaged
microtubules and obtained a cross-sectional width of ~40 nm,
and were thus able to visualize the hollow tubular structure of
the microtubules which was not seen earlier with biotin-conju-
gated labelling probes. This strategy comes with the drawbacks
faced by the maleimide-thiol chemistry.

Similarly, primary amines of lysine residues on primary
anti-GFP nanobodies were reacted with the TCO-NHS ester
linker. Amine-functionalized DNA docking strands were then
reacted with Tz-NHS ester (Fig. 3e). The stoichiometry of this
reaction was verified through mass shifts in matrix-assisted
laser desorption/ionization-mass spectrometry (MALDI-MS),
obtaining ~1 docking strand per nanobody. Mitochondria were
imaged using an elegant strategy where the researchers target
emGFP to the mitochondria using CellLight™ Mitochondria-
GFP, BacMam 2.0, and then stain the cells using primary anti-
GFP nanobodies carrying the DNA docking strand. TCO-TZ
chemistry was also employed for linking docking strands to
phalloidin, a bicyclic heptapeptide which selectively targets
F-actin.'® Similar chemistry was utilized for preparing bac-
terially derived antibody binders, Protein A or Protein G, for
DNA-PAINT imaging of microtubules and EGFR in human
cells.*®

DBCO containing heterobifunctional cross-linkers was used
for antibody labelling. DBCO-sulfo-NHS ester cross-linker was
utilized for conjugating azide-functionalized DNA docking
strands non-specifically to free amine moieties on secondary
antibodies."”®> DBCO-NHS cross-linkers containing PEG
spacers proved to be more readily soluble and were thus pre-
ferred over sulfo-containing cross-linkers.'>”*> DBCO-(PEG),-
NHS ester cross-linkers were used for DNA-PAINT-ERS (E =
Ethylene carbonate, R = Repeating sequence, and S = Spacer)
where ethylene carbonate was included in the imaging buffer
to speed up the off rates of the imager strand from the docking
strand without affecting the reverse reaction.”” A study empha-
sizing the potential drawbacks of using large protein labelling
probes strategically managed to control the counts of DNA
docking strands on a secondary antibody by using 2:1, 5:1 and
10:1 molar excess of azide-modified DNA docking strands over
the linker-conjugated secondary antibodies and obtained an
average of 6, 10, and 19 docking strands per antigen.

Stoichiometric labelling strategies

The methods described above only used stoichiometric control
of labelling probes and docking strands to achieve a certain
desired number of DNA docking strands on the probe. These
approaches, though easy to implement, always come with
some degree of error as the reaction is uncontrolled. Several
controlled labelling approaches for covalently linking DNA
docking strands at a chemically unique, well-defined site to
maximize the population of labelling probes carrying the
desired number of DNA docking strands have been used.*®
Cysteines have proved to be an indispensable player in such
labelling strategies.'® Strategies to incorporate a single DNA
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docking strand on nanobodies required ectopic modification
with a cysteine that is exposed on the surface for chemical
modification. A maleimide-DBCO cross-linker was used to
obtain the desired single DNA docking strand per nanobody
(Fig. 3d). A study used P1, P2, and P3 imager-docking strand
combinations to obtain three-color images of mitochondria,
Golgi and chromatin with a resolution of ~20 nm.*” A similar
strategy was implemented to attach one or two DNA docking
strands to nanobodies. The anti-ALFA-tag and anti-rabbit IgG
nanobodies were modified with two cysteines, one each at the
N- and C-terminus. DBCO-PEG4-maleimide linker was used to
click to cysteines on the nanobody for conjugating with azide-
modified docking strands (Fig. 3d)."?

The approach of incorporating an ectopic cysteine for con-
trolled addition of the number of DNA docking strands on the
labelling probe is not feasible with antibodies due to the pres-
ence of several cysteines. A more strategic approach was used,
where the glycan groups that are present in all secreted IgG
antibodies were specifically targeted (Fig. 3c).*® The IgG anti-
bodies were deglycosylated using PNGase F (peptide-N-glycosi-
dase F) which is an amidase that cleaves the covalent bond
between the innermost N-acetylglucosamine (GlcNAc) and the
amino acid residue.”® Upon removal of the N-linked glycan
moieties, microbial transglutaminase enzyme was used
to crosslink the amine group of the amine-polyethylene
glycol-azide (H,N-PEG;-N;) cross-linker to the amide of the
glutamine at (-2) position of the deglycosylated site. The
azide group of the cross-linker is then ready for clicking a
DBCO-single-stranded DNA docking strand (Fig. 3c). The
motivation behind this strategy is that there exists a glutamine
residue at the (-2) position from the N-linked glycosylation site
that is conserved across species and subtypes of IgG. Since
each heavy chain has one such site, a maximum of two DNA
docking strands per antibody is achievable. However, mouse
IgG3 is unique as it contains two N-linked glycosylation sites
on each heavy chain at N322, leading to as many as four
docking strands per antibody.*® This labelling strategy is not
applicable to 1IgGs obtained from rabbits as the
glutamine residue is present at the (-3) position instead of (-2),
making them inaccessible to modifications. A similar
restriction applies to manatees and mouse IgG2, which
lack the glutamine and thus cannot be labelled by this
chemistry.>¢

Nanobodies with enzymatically modifiable labelling tags
were developed to enhance the DNA docking strand attaching
efficiency. A sortase A (SrtA) recognition sequence (LPETG) was
introduced at the C-terminus of the nanobody (Fig. 3f).”” In
this scheme, LPETG was extended with Hise-tag followed by
EPEA allowing an engineered SrtA to cleave out GG-Hisg-EPEA
peptide forming a nanobody-LPET-SrtA intermediate.”” A
DBCO-amine linker substitutes SrtA, resulting in DBCO-modi-
fied nanobody. Docking strands with azide moiety are reacted
with the DBCO-nanobody to obtain a nanobody carrying the
DNA docking strand. With this approach, microtubules were
imaged with a FWHM of 31 + 4 nm and the plasma membrane
caveolae with a diameter of 61 + 17 nm, which is very close to
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the actual diameters of 25 nm and 60 nm, respectively,
showing minimal linkage error.””

Challenges and perspectives

Super-resolution imaging using DNA-PAINT has been made
possible using the low-cost inverted TIRF microscope.”® Now the
field is more focused on the design and production of more
efficient labelling probes such as nanobodies, aptamers,
affimers, and genetically engineered tags (including SNAP-tag,
HALO-tag, and coiled-coil peptide pairs), which have a high
binding affinity and allow multiplexed imaging. As the ‘blinking’
is achieved by the imager strand binding on its complementary
docking strand, imaging durations are usually around an hour or
longer depending on the kinetics of the imager strand sequences.
Recent development of speed-optimized imager sequences
(R-sequences) using di- and tri-nucleotide repeats in combination
with optimized buffer conditions dramatically improved image
acquisition rates by up to a 100-fold.*>** However, the latter are
limited to six imager-docking strand pairs, thus dictating imaging
of that many targets only. This highlights the need to design a
larger repertoire of speed-optimized probes for enhanced multi-
plexing capabilities which could unlock the potential of
DNA-PAINT. Imager strands tend to show non-specific off-target
binding that could lead to imaging artifacts. Continuous efforts
are being directed to mitigate this limitation, for example by
developing fluorogenic-PAINT, FRET-PAINT, and left-handed
DNA-PAINT modalities."®**> The design of smarter imaging
probes that could mitigate the background noise and imaging
artifacts of DNA-PAINT will extend its application in multiplexed
tissue-level super-resolution imaging to become an invaluable
tool in biomedical diagnostics.

Conclusions

Recently, DNA-PAINT has evolved as an indispensable tool for
probing biological samples at ultra-high resolution. Its implemen-
tation, however, requires amalgamation of DNA nanotechnology,
chemical engineering, development of novel labelling probes that
introduce minimal linkage errors, and unique orthogonal DNA
imager-docking strand pairs. With an explosion in the number of
publications discussing various approaches used for tackling each
of these issues, it is tedious for researchers to efficiently exploit
this technique. This review consolidates methods employed for
benchmarking DNA-PAINT utilizing DNA nanostructures, all the
available labelling probes used for flagging target molecules,
novel click chemistries for conjugation of DNA docking strand on
the labelling probes, and currently implemented imager-docking
strand pairs. We also described the achievable resolution with
each of the labelling probes so far implemented, along with their
merits and demerits. As a whole, DNA-PAINT super-resolution
imaging requires the development of more efficient imaging
probes and imager-docking strand pairs for much wider appli-
cation in biological and biomedical applications.

This journal is © The Royal Society of Chemistry 2023
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Glossary

Imager strand

Docking strand

Labelling probe

Linkage error

Exchange-
PAINT

qPAINT

Localization
precision

Resolution  of
SMLM

Short DNA oligonucleotide carrying a fluoro-
phore, is freely diffusing in the imaging
solution, and complementary to docking
strand.

Short DNA oligonucleotide attached to the
target of interest and complementary in
sequence to the imager strand.

An organic molecule such as antibody, nano-
body, aptamer, etc. that is carrying a DNA
docking strand and binds to the target of
interest.

The spatial distance introduced by a label-
ling probe between the true target position
and the DNA docking strand that is imaged.
This error is imparted due to the bulky
nature of the labelling probe.

Sequential rounds of DNA-PAINT imaging.
Imagers of one species are washed out of the
sample to make way for another imager
species that is used for imaging of the next
target of interest. Multiple such rounds can
be performed one after the other to image a
large number of targets without spectral
overlapping issues.

Quantitative-PAINT where the exact number
of DNA docking strands, and thus target con-
centration, can be assayed with the help of
an internal normalizer, in most cases a DNA
origami.

The spread of all the localizations from indi-
vidual antigens is summed up, fit with
Gaussian function, and the obtained full
width at half maxima of the fit is called
localization precision.

Localization precision calculated from
nearest neighbor analysis would dictate the
spread of each localized target in true space.
This value gives a good approximation of the
obtainable resolution that is generally 2.5
times the localization precision obtained.
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