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Fluorescent Probes

When Weak Is Strong: A Plea for Low-Affinity Binders for Optical
Microscopy

Lorenzo Albertazzi* and Mike Heilemann*

Abstract: The exploitation of low-affinity molecular
interactions in protein labeling is an emerging topic in
optical microscopy. Such non-covalent and low-affinity
interactions can be realized with various concepts from
chemistry and for different molecule classes, and lead to
a constant renewal of fluorescence signals at target sites.
Further benefits are a versatile use across microscopy
methods, in 3D, live and many-target applications. In
recent years, several classes of low-affinity labels were
developed and a variety of powerful applications dem-
onstrated. Still, this research field is underdeveloped,
while the potential is huge.

1. Introduction

Labeling a target molecule with a fluorescent dye is a
cornerstone of fluorescence microscopy. Two basic strat-
egies exist: genetic labeling, e.g. the introduction of a
fluorescent protein or a protein tag that is co-expressed with
a target protein; secondary molecule labeling, e.g. with a
fluorophore-labeled antibody or any other type of target-
specific, fluorophore-labeled molecule. In both strategies, a
fluorophore label is bound ‘permanently’ to a target
molecule, either through a covalent bond, or through high-
affinity interactions. There are three important consequen-
ces arising from such permanent fluorophore labels: i) the
total detectable fluorescence signal, and thus observation
time, is limited by the photobleaching of the fluorophore;
ii) visualizing many targets in the same cell (often termed
“multiplexing”) is limited by a “spectral barrier”, i.e. the
number of fluorophores that can be discriminated by
spectra, fluorescence lifetime, or other orthogonal parame-
ters; and iii) the covalent labeling results in a perturbation of

the system, changing the size, steric accessibility and
physicochemical properties of the object labeled. A solution
to this paradigm is to use fluorophore labels that exhibit a
low affinity to a target molecule, while not compromising on
the target specificity. Such labels bind to and unbind from a
target in a transient and reversible way, while being kept in
the imaging buffer which serves as a reservoir. This leads to
a constant exchange of fluorophore labels at target sites.
Since the concentration of labels in solution is typically
many orders of magnitudes larger than the number of
targets in a sample, the reservoir of intact labels is large and
photobleaching is bypassed (Figure 1). Furthermore, non-
permanent interactions facilitate the use of multiple labels
by a simple buffer exchange, thereby bypassing the “spectral
barrier” and enabling theoretically sequential imaging of an
unlimited number of target molecules. Moreover, weak
binding enables new imaging modalities in the field of
super-resolution microscopy and single-molecule imaging by
controlling the number of bound fluorophores through
affinity and bulk concentration.

In recent years, different types of such low-affinity
fluorophore labels have emerged (Figure 1), opening a new
window of cellular imaging applications and beyond. How-
ever, this field is still in its infancy and the full potential of
this approach is far from being harvested. Here, we review
the current state of how low-affinity labels were integrated
in fluorescence microscopy experiments, and present a
roadmap for future developments in this promising research
field.

2. Low-affinity labels may overcome several
disadvantages of the classical covalent labeling
procedures

Photobleaching is a common challenge for all fluorescence
microscopy techniques. It is particularly detrimental when
long time lapse imaging is desirable, for high-performance
super-resolution techniques (e.g. stimulated emission deple-
tion (STED) microscopy),[1] or when small numbers of
fluorophores need to be imaged (e.g. single-molecule experi-
ments). The impact of photobleaching can be minimized
with low-affinity binders, which are kept in the imaging
buffer that serves as a reservoir of ‘fresh’ (intact) fluoro-
phore labels and allows for the continuous replenishment of
fluorophore labels at target sites. To achieve this, it is key to
correctly match the photobleaching rate with the exchange
rate of the fluorophores. Probes with too high affinity would
exchange too slowly resulting in significant photobleaching
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while probes that with a too low affinity will not guarantee
enough signal. Moreover, the reservoir should contain a
much larger number of probes as there are target sites. With
these requirements met, exchangeable probes will provide a
constant fluorescence signal over time, which enables long-
time live cell microscopy, as well as multi-color confocal and
super-resolution imaging of large 2D/3D samples with
minimized out-of-plane photobleaching.[2,3] Yet, the applica-
tion of low-affinity labels is not limited to fluorescence
microscopy: photobleaching also limits the accessible obser-
vation time in other fluorescence methods, such as single-
molecule Förster resonance energy transfer (FRET).
Equally, photobleaching is a major obstacle in single-particle
tracking (SPT), where a small number of target molecules is
sparsely labeled and their movement is tracked.[4]

Low-affinity ligands enable advanced fluorescence meth-
ods where the tight control on the number of labels in the
samples and their dynamics is crucial. For example, super-
resolution microscopy techniques like “points accumulation

for imaging in nanoscale topography” (PAINT)[5] rely on the
reversible binding and detection of single fluorophores,
building on weak interacting probes. Methods like super-
resolution optical fluctuation imaging (SOFI)[6] or super-
resolution radial fluctuation microscopy (SRRF)[7] are based
on fluorescence fluctuations that can be enhanced by the
binding and unbinding of low-affinity probes. In this context,
unbinding virtually “turns off” the fluorescence emission of
the probe, similarly to a photoswitching event; unbound
probes diffuse fast compared to the image acquisition rate
and will be not detected. The presence of unbound probes
in the imaging buffer might however result in higher
background, depending on the imaging method. If needed, a
possible solution to higher background is the use of
fluorogenic probes that will only fluoresce if bound to their
target molecules.[8,9]

The experimental concept of keeping the labels in the
imaging buffer enables simple multi-colour imaging proto-
cols, by sequential washing in and out imaging buffers with
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Figure 1. Concept, applications and types of low-affinity fluorophore labels. Conceptual visualization of high-affinity binding versus low-affinity and
reversible binding (top left). Schematic depiction of the advantages of low-affinity cell labeling (top right). Summary of different types of low-affinity
labels (bottom).
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different fluorophore labels. While classical microscopy is
limited by spectral overlap of dyes to 3–4 colors (potentially
expandable integrating orthogonal fluorescence parameters
like lifetime), multiplexing experiments with low-affinity
labels are not limited in the number of targets to be imaged.
It has to be taken into account that this comes at the cost of
time, as sequential imaging is necessary. Moreover, it is
crucial to ensure that the previous probe is completely
washed away to avoid cross talk between channels. Also, in
this case the choice of the proper affinity is important as
high-affinity probes would be difficult to completely remove
or would require very long washing steps resulting in long
measurements and shear-stress induced cell toxicity.

Low-affinity labels are interoperable, i.e. they are
compatible with different advanced microscopy methods. So
far, these labels were applied in combination with different
super-resolution microscopy techniques, such as single-
molecule localization microscopy (SMLM),[10] SOFI and
STED, as well as with confocal and widefield microscopy
(Figure 2). Specific experimental needs for the respective
microscopy method can be easily realized by manipulating
the concentration of the labels and their affinity for the
target.

Another very important advantage is that low-affinity
labels are intrinsically independent of any manipulation of
the target cell, such as the expression of a fluorescent
protein, or chemical fixation as required for antibody label-
ling. This implies two main advantages: i) minimal perturba-
tion of the sample and thus more reliable results; ii) applica-
ation to experiments where cell perturbation is not possible
such as live cell imaging or imaging of cells that cannot be
easily transfected.

However, the use of low-affinity labels is not free of
challenges. The biggest requirement is the development of
novel probes designed to exhibit reversible binding retaining
high specificity for the target molecules. This is far from
trivial as the range of affinities necessary (high-nM-to-μM)
is rather narrow. Even better, a fine tuning of the kinetic
constants (kon and koff) is desirable. Moreover, most of the
screening processes currently used are designed to select for
the highest affinity possible and are therefore not usable.

Low-affinity labels simplify the imaging procedure by
avoiding steps like cell fixation or covalent labeling, yet in
order to get the best performance out of this approach, new
technological implementations (e.g. microfluidic devices for
multicolor imaging) and rounds of optimization (e.g. probe
affinity and concentration) are necessary. It is also important
to consider that intracellular targets will be significantly
more challenging due to the need of membrane-permeable
probes.

3. Types of low-affinity labels, underlying molecular
interactions and their use for imaging

Low-affinity labels come in different chemical flavors and
employ different types of intermolecular interactions. The
first group are small-molecule organic dyes that act as direct
target labels. One prominent example is Nile Red, a
fluorogenic dye which turns fluorescent once it binds to lipid
bilayers of cell membranes. Nile Red was also the first low-
affinity fluorophore used in (super-resolution) fluorescence
microscopy, in a method termed “points accumulation for
imaging in nanoscale topography” (PAINT).[5] Recent work
reported live-cell super-resolution microscopy STED micro-
scopy with Nile Red, allowing for extended observation
times without signal loss.[2] A further development is the re-
design of Nile Red, rendering it sensitive to polarity, which
allowed long-time live-cell super-resolution microscopy of
endocytosis events.[11] Another target accessible with ex-
changeable small-molecule labels are amyloid fibers, which
are bound by Thioflavin T[12] or the curcumin derivative
CRANAD-2.[13]

A second group are molecules that consist of a low-
affinity target-binding unit conjugated to a fluorophore. This
group comprises, among others, conjugates of the DNA
minor groove binder Hoechst with fluorophores, which were
used for both PAINT[14] and STED microscopy;[2] fluoro-
phore-peptide labels, such as the Lifeact peptide that targets
cellular actin[15] and fluorophore-aptamer conjugates.[16] An
interesting perspective is the use of physiological weak

Figure 2. Selection of applications of low-affinity labels for diverse fluorescence microscopy methods (images adapted from Ref. [21,25]).
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interactions to perform reversible labeling. In this approach,
a protein of interest is targeted with a fluorophore-labeled
analog of its natural ligand. This approach was demonstrated
for protein-protein interactions[17] and for glycoprotein-
targeting labels that were used to map glycan-lectin inter-
actions in live cells.[18]

A great repository for protein targeting are antibodies,
developed and optimized for high specificity and target
affinity. Targeted mutagenesis of antibodies allows increas-
ing the dissociation rate without compromising the specific-
ity, and by that, ‘reprogramming’ conventional antibodies
into exchangeable labels.[19] Protein tags are another ex-
cellent option to genetically target proteins, with the addi-
tional benefits of live-cell imaging and stoichiometric protein
labeling. For example, engineered mutants of the bacterial
lipocalin Blc that bind a cell-permeable fluorogenic dye
enabled live-cell fluorescence microscopy with a renewable
signal.[20] Peptide-protein interactions have been tuned to
perform low-affinity and reversible labeling for STED and
SMLM imaging. For example the PDZ-domain has been
used to map target proteins in fixed cells.[17] Recently, the
HaloTag7 system was expanded towards orthogonal two-
color live-cell imaging with exchangeable, cell-permeable
and fluorogenic ligands,[8] and integrated into various super-
resolution imaging modes[8, 21] as well as in fast live cell
imaging supported by a deep neural network.[22]

A third group builds on low-affinity DNA hybridization,
which is achieved by designing a pair of sequence-comple-
mentary DNA oligonucleotides and the first one binding to
a target (e.g., through conjugation to an antibody) and the
second one conjugated to a fluorophore. Extensively used
for single-molecule super-resolution microscopy in a method
termed DNA-PAINT,[23,24] the concept of low-affinity DNA-
hybridization has been transferred to other super-resolution
methods.[25,26] Reversible DNA labels were also used in AI-
enhanced single-molecule super-resolution microscopy with
increased speed in image acquisition, benefitting from an
adjustable and constant emitter density that matches the
operation window of the neural network.[27] First attempts to
bypass the limitation of the accessible observation time in
single-molecule FRET experiments also made use of low-
affinity DNA hybridization and demonstrated monitoring
the dynamics of a Holliday junction for one hour.[28] Equally,

DNA-mediated continuous fluorophore exchange enabled
single-particle tracking with extended observation times.[29]

While the types of molecules and low-affinity interac-
tions are different, there are common physicochemical and
methodological characteristics: (i) dissociation constants are
in the range of 100 nM to 100 μM (not limited to), and off-
rates in the range of 1–100 s� 1; (ii) the concentration of the
fluorophore label in the imaging buffer is an additional
degree of freedom, typically kept between 0.1 nM and
several hundred nM, allowing to match the degree of
labeling to the specific imaging method.

4. A roadmap for low-affinity binders in imaging

In the previous sections we described the advantages and
the current applications of low-affinity binders in
fluorescence imaging. While the potential of this approach is
very clear, there are still some hurdles that limit the
widespread adoption of this method. So far most of the
reports are anecdotal and common procedures are missing.
In this section we want to propose a roadmap to tackle the
open issues in this field and guide the development of
imaging methods based on low-affinity labels (Figure 3).

First step would be the identification of key target
applications where the use of low-affinity labels can make a
substantial impact. Among the many possible, some seem
more promising and more impactful. For example, limiting
photobleaching is desirable in many imaging applications,
however it is significantly more important in methods that
intrinsically need to employ high illumination intensities.
This is the case for high-performance super-resolution
methods, such as STED and SMLM, where photobleaching
is hampering long live cell time lapse imaging or complex
3D volumetric imaging. Low-affinity labels are beginning to
help increase the observation time in live cell imaging. In
addition, highly-multiplexed analyses are changing our view
on biology, for example in the case of next generation
sequencing, allowing to measure multiple cell features with
single-cell resolution (e.g single cell RNA-seq) and perform
multivariate analysis to study cell sub-populations imaging
technologies that are capable of visualizing a large number
of targets would enable phenotyping of cells or tissues with
broad implications in cell biology and diagnostics. While

Figure 3. Proposed roadmap to identify, characterize and distribute low-affinity labels.
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some approaches, mostly DNA-based, are available, the
development of a palette of protein-specific low-affinity
labels will increase the applicability of optical multiplexed
phenotyping.

After the choice of a specific application of interest, the
physicochemical requirements of the ideal probe should be
clearly defined. Most important are the thermodynamic
equilibrium constant (KD) and the kinetic rate constants for
binding (kon) and unbinding (koff). Here, every specific
application will have its own optimum: for example, while
binding times (1/koff) around hundreds of milliseconds are
used in single-molecule PAINT, longer binding times may
be used for long time-lapse imaging and single-protein
tracking.[30] Kinetic models predict ideal properties with
respect to a specific experiment.

Despite the first promising examples, the largest bottle-
neck in this field is still the availability of probes with
suitable affinity. All the design and screening efforts so far
are mostly devoted to identifying high-affinity binders (e.g.
antibodies with low-nM to pM affinities), while low-affinity
binders are often discarded in the selection process. We
believe that there is great potential in screening for low-
affinity labels (10 nM–10 μM affinity) that can be used in a
variety of optical microscopy applications. Before new and
tailored screening methods are developed, much can be
done to “recycle” the results of current screening. Current
screening of affinity markers aims to select binders with the
highest possible affinity (low nM-pM), and binders are
screened out in several rounds because of their low affinity.
While molecules that are low in specificity are discarded in
the first rounds, those that are discarded in the last rounds
are likely to be high in specificity but only of a little lower
affinity, and they might fall within the right range for
reversible labeling (high nM). Recycling the “garbage can”
of the current screening may already provide several useful
binders for low-affinity labeling.

An elegant example of low-affinity screening was
recently reported by Watanabe and co-workers.[31] The
authors devised a screening procedure for fast dissociating
antibodies based on semi-automated TIRF imaging on 96-
well plates. By imaging the residence time of single
molecules, they can screen for bright times in the right
regime for reversible labeling. Monoclonal antibodies
against epitope tags and proteins involved in the cytoskeletal
regulation (plastin and espin) were found and used for
super-resolution imaging and light-sheet imaging. While
screening procedures are probably the optimal solution for
high-throughput ligand discovery, rational design of probes
has also to be considered. Advances in molecular simula-
tions, de novo protein design and artificial intelligence
allows synthesizing proteins with tailored size, shape,
function and binding affinity.[32] This may be a valid
approach for specific targets as well as be combined with a
screening experiment by providing a tailored pre-selected
starting library for the selection.

It is worth mentioning that the success of this approach
will also depend on the ability of the microscopy community
to share resources towards the common goal of developing
low-affinity labeling. The success of probes like fluorescent

proteins or antibodies relies also on the availability of a
large open-source library of DNA constructs (e.g., through
community repositories) or wide commercial availability of
products. Being able to share ligands within the community
will speed up probe development and use. Moreover,
sharing data acquired with these methods will help to
standardize protocols.

5. Conclusion

Low-affinity fluorophore labels offer elegant solutions to
bypass several barriers in fluorescence microscopy, enabling
sub-diffraction spatial resolution, imaging of a large number
of targets in the same cell, long-time live-cell imaging and
minimized steric hindrance. These labels can be operated
across microscopy modalities, and by that economize sample
preparation and imaging experiments. However, this ap-
proach is still at its beginning and there are many challenges
ahead before low-affinity binders can be used routinely in
biophysics. A main challenge is the need to develop a robust
process for effective screening of low-affinity probes. While
this might require some effort, it comes with the benefit that
such probes are simple to use, effective and economic, and
open new experimental opportunities. With the advent of
more low-affinity probes developed, the dissemination of
experimental protocols and the reporting of exciting applica-
tions, these labels hold a great promise to answer so-far
inaccessible questions in cell biology.
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