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ABSTRACT: Self-healing dyes have emerged as a new promising
class of fluorescent labels. They consist of two units, a fluorescent
dye and a photostabilizer. The latter heals whenever the
fluorescent dye is in danger of taking a reaction pathway toward
photobleaching. We describe the underlying concepts and
summarize the developmental history and state-of-the-art,
including latest applications in high-resolution microscopy, live-
cell, and single-molecule imaging. We further discuss remaining
limitations, which are (i) lower photostabilization of most self-healing dyes when compared to solution additives, (ii) limited
mechanistic understanding on the influence of the biochemical environment and molecular oxygen on self-healing, and (iii) the lack
of cheap and facile bioconjugation strategies. Finally, we provide ideas on how to further advance self-healing dyes, show new data
on redox blinking caused by double-stranded DNA, and highlight forthcoming work on intramolecular photostabilization of
fluorescent proteins.
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luorescence microscopy, including single-molecule and Photochemical triplet-state quenching requires a combina-
super-resolution imaging, has evolved as a powerful tool to tion of redox-active agents [e.g., Trolox (TX) 213 ascorbic acid
study the structure and dynamics of biological systems in vitro (AA*7'€), ferrocene,'” nitrobenzylalcohol (NBA),'® nitro-
and in vivo down to the molecular level. A greatly improved phenylalanine (NPA),"*' nitrophenylacetic acid (NPAA),"®
performance of the contrast agents—fluorescent dyes and methylviologen (MV),”1¢ Trolox-quinone"*]. Triplet states are
proteins—is achieved via suppression of undesired long-lived then quenched via photoinduced electron transfer (PET)
and reactive fluorophore states generated upon the continuous resulting in the formation of a radical anion or cation.
excitation typical of single-molecule studies._l'2 This suppres- Simultaneous use of both reducing and oxidizing agents
sion can be realized via oxygen removal’™® in combination (termed ROXS”) allows the quenching of both newly formed
with the addition of photostabilizing compounds P in vitro that radical intermediates and restoring the ground state of the dye
quench, e.g, triplet- or radical states (Figure la; triplet T).% via consecutive redox reactions.”
High concentrations of (toxic) photostabilizers are required
a diffusiog\o b for both photophysical and photochemical quenching, to

K [ Kiso collision ensure an effective depletion of reactive states. Such conditions

G W GECOHISION G\éamage" G\Q) are often incompatible with certain biological settings, such as

live cell imaging, because organic (hydrophobic) compounds

I—intermolecularJ o L ] can perturb biological structures and/or function.”® As
intramolecular

quenching diffysion quenching illustrated in Figure la, intermolecular photostabilizers require
direct collisions with the fluorophore, restrictin% their use to

Figure 1. Schematic illustration of interactions between photo- systems where the dyes are solvent-accessible.' '
stabilizers and fluorophores (where T, is the triplet state of a An alternative approach, which is the focus of this
fluorophore) via (a) intermolecular and (b) intramolecular quenching perspective, uses direct conjugation of photostabilizing

processes. Reprinted from ref 14 with permission. Copyright 2019

) ¢ compounds to the fluorophore, thereby creating high local
Royal Society of Chemistry.

concentrations of photostabilizer around the fluorophore. As

Here, a fluorophore F is protected against damage in an
intermolecular approach (Figure 1a), where the triplet state is
depleted via diffusional collisions resulting in photophysical or
photochemical quenching. Photophysical triplet-state-quench-
ers, such as cyclooctatetraene (COT),* '* diphenylhexa-
triene,"' or Ni** ions,'*"? rely on energy transfer between
the fluorescent dye (donor) and the quencher (acceptor).
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Figure 2. (a) Dye-laser output power (P, ) versus electrical input energy (E;,) using dimethyl-POPOP (DMP) and DMP-stilbene as laser-dye. Data
are from ref 27. (b) Oscillograms of transient absorption of DMP (1) and DMP-stilbene compounds (2 and 3). All compounds were measured in
dioxane solution and were air-equilibrated. Dye 2 has two CH, groups, whereas dye 3 has one CH, group between DMP and trans-stilbene.
Oscillograms are taken from ref 36. (c) Measured triplet lifetimes 71 and calculated TT energy-transfer rates kgr. A decreasing distance between
laser dye and triplet-quenching molecule results in increasing kg rates. Data are from ref 36. Copyright 1982 Springer.

illustrated in Figure 1b, this allows intramolecular quenching of
triplet or radical states. Such a strategy obviates the need for
complex buffer systems, rendering these dyes with intra-
molecular photostabilization “se:lf—healin%’28 and thus compat-
ible with diverse biological systems,'””*™>° even when the
fluorescent dyes are inaccessible to solution-based stabilizers.

In this Perspective, we describe the concepts, history,”*’
and state of the art of self-healing dyes'””*~*>**7** with a
focus on the current mechanistic understanding and
applications. For this, we summarize how, over the past
years, the photophysical properties of self-healing dyes have
been greatly enhanced;'®'®?*"** versatile bioconjugation
strategies for different fluorophore types, photostabilizers,
and biomolecules were established;'”** important mechanistic
insights were obtained;** and exciting applications, e.g, in
super-resolution imaging,w’35 were presented. Most impor-
tantly, however, we go beyond the current state of the art and
discuss remaining limitations and challenges that have to be
overcome to further improve this new class of dyes. In our
view, remaining key limitations are (i) lower photostabilization
efficiency of most self-healing dyes when compared to the
pristine dye in combination with solution additives, (ii) limited
mechanistic understanding of the influence of the biochemical
environment and (iii) molecular oxygen on self-healing, and
(iv) the lack of cheap and facile bioconjugation strategies.
Finally, we provide new data and information on self-healing
processes in double-stranded DNA with differing base
sequences and preliminary data toward use of intramolecular
photoprotection of fluorescent proteins.
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History, Development, and State of the Art of Self-Healing Dyes.
The concept of enhancing the photostability of fluorescent
dyes via linking triplet state-quenchers was proposed,
experimentally realized, and verified in the early 1980s.%*"°
Liittke and co-workers linked 1,4-bis(S-phenyloxazol-2-yl)-
benzene (POPOP) and its derivatives to stilbene with the goal
of quenching triplet states (Figure 2a). These self-healing
POPOP—stilbene constructs showed very good performance as
lasing medium in dye lasers (Figure 2a) and were the first self-
healing dyes with intramolecular photostabilization.””

Schifer et al. experimentally confirmed the proposed triplet-
state quenching through triplet—triplet energy transfer in
dimethyl-POPOP (DMP) covalently linked to trans-stilbene in
1982 via transient absorption spectroscopy (Figure 2b).*° It
was also possible to calculate the intramolecular triplet—triplet
energy-transfer rates kg by measuring the triplet lifetimes of
the DMP-triplet-quencher compounds. Furthermore, Schafer
et al. demonstrated decreasing triplet—triplet energy-transfer
times with decreasing distances between laser dye and triplet-
quencher (Figure 2c). With that, the groups pioneered both
the concept and established the mechanistic basis for self-
healing dyes.

The idea to utilize intramolecular triplet state quenchin§ for
photostabilization was revived by Blanchard in 2012,>* by
Cordes in 2013,** and by other groups in subsequent
years.”””” These papers demonstrated improved photophysical
properties of self-healing dyes and the possibility of using
intramolecular photostabilizers for a variety of dyes from
distinct structural classes."”'”?*® A direct correlation between
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Figure 3. (a) Structure of self-healing CyS-COT. (b) Transient absorption spectra of CyS in deoxygenated acetonitrile solution and triplet
sensitization via covalent linkage of 9-oxothioxanthene. (c) Transient absorption kinetics of CyS at 700 nm (corresponding to absorbance of
¥*CyS) after pulsed laser excitation of CyS in deoxygenated acetonitrile solution. (d) Transient absorption kinetics at 700 nm after pulsed laser
excitation of self-healing CyS-COT in deoxygenated acetonitrile solution. (e) Triplet-state lifetime (z1) and average number of photons detected
prior to fluorophore photobleaching in deoxygenated buffers as well as ambient oxygen conditions recorded for CyS and Cy5-COT on double-
stranded DNA. Panels b—e are reprinted from ref 31 with permission. Copyright 2017 Royal Society of Chemistry.

triplet-state quenching and reduced photobleaching was
observed directly in CyS conjugates (Figure 3a) using transient
absorption spectroscopy (TAS) (Figures 2b and 3b—d).”>*" In
self-healing dyes, a much shorter triplet-state lifetime was
observed, for example, for CyS-COT conjugation (Figure 3d,e)
in combination with increased photostability (Figure 3e).
Over the past years, TAS,”>*" single-molecule total internal
reflection microscopy (smTIRE),'®!®!922242830733,35,38 4
well as confocal microscopy'®'??****> were important
spectroscopic tools used for characterization of the photo-
physical properties of self-healing dyes in comparison to their
nonstabilized counterparts in various buffer systems. TAS can
directly trace key photochemical and photophysical inter-
mediates and their spectra with high time resolution (Figure
3b—d); in these experiments, fluorescent dyes are analyzed
freely diffusing in bulk solution at high concentrations.””*’
smTIRF and confocal microscopy, on the other hand, enable
collection of time-resolved fluorescence trajectories of
individual fluorescent molecules (Figure 4a), allowing the
extraction of photophysical properties of the dyes, such as their
photobleaching lifetime, fluorescence intensity (brightness),
total photon output before photobleaching, signal-to-noise
ratio, as well as their fluorescence lifetimes in different intensity
regimes at the single-molecule level. ! #2#2830:3235 Bop thig,
fluorophores are typically immobilized on a streptavidin-
functionalized coverslip via bioconjugation with biotin-

modified double-stranded DNA-scaffolds (Figure 4a), via
. 30,4142 : .
proteins or others, and imaged in the presence of an
enzymatic oxygen-scavenging buffer to remove molecular
7,15,43,44

oxygen.
Established Building Blocks for Self-Healing Dyes. Over the

past years, a variety of fluorophore-stabilizer conjugates have
been synthesized and tested using different photostabilization
agents and classes of fluorescent dyes (Figure
§). [ H1819,22724,313345 Thege conjugates include rhodamines
(ATTOS6S, Alexa5SS, Alexa633, AlexaS568, KK114,
STARG635P, TMR);'*'**¥* cyanines (Cy2, Cy3, Cy3.5,
CyS, Cys.5, DyS49, Cy7); 181922 262831=33 4 oo onines
(ATTO647N);' #7233 bophy-dyes;*® oxazines
(ATTO655);> and fluoresceins,” with representative exam-
ples shown in Figure 4a. Among all the conjugates, the
photostability of the fluorophore was enhanced when coupled
to the photostabilizer with the exception of oxazines and
fluoresceins.”> The self-healing dye constructs included
photostabilizers such as stilbene,>® COT,! 22233133
TX,'”**7**%* nitrophenyl-based stabilizers,'#'®'%?*2%3%35
dibutulated-hydroxytoluene (BHT),* Ni** ions,”" as well as
a combined molecule comprising TX and NPA* (Figure Sb).

Three very successful combinations of dye and photo-
stabilizer were CyS-COT (Figure 4d),”* CyS-iROXS (Figure
4e),”> and trisNTA-Pro,-Alexa647 (Figure 4f).° The struc-
tures of COT, the iROXS compound TX-NPA, and tris-NTA
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Figure 4. (a) Scheme of fluorophores immobilized on a streptavidin-functionalized coverslip via bioconjugation with biotin-modified double-
stranded DNA-scaffolds. (b) Coverage of a typical sample area obtained with TIRF microscopy showing individual fluorophores. (c) Fluorescence
time trace of an individual fluorophore allowing the determination of count rate, SNR ratio, and the total number of detected photons. (d—f) Total
photon counts detected from individual fluorophores in deoxygenated buffer before photobleaching of (d) CyS, CyS in buffer containing 1 mM
COT (sol COT), and CyS conjugated to a single COT. Data are from ref 22. (&) CyS, CyS in buffer containing 1 mM iROXS (a conjugation of
NPA and TX), and Cy5 in proximity to a single iROXS molecule. Data are from ref 32. (f) Alexa 647, Alexa 647 with 0.1 mM Ni** as solution
additive, and Alexa 647 with three proximal Ni** ions in a trisNTA moiety. Data are from ref 30.

a Fluorescentdyes

Rhodamines Cyanines Carbopyronines
,'Iﬂ O O , F!l"\ HO3S, SO3H
(elolo)
® S
Bophy Oxazines Fluoresceins
SO,
FF HO. 0. 0
AN N N 0 N COOH
J / NG
~
b Photostabilizers
COT TX NPA TrisNTA
v HO. NO, oO O
S > e NN GG
S o) O,
. X O
BHT TX-NPA Stilbene '\Zo_\_q,(_\,

NO, §- o o <:N\_/N:> ) o o]
’ OH Hmﬁ /éjr XONI“%M M ;\‘f{ox
Y i =

X
O O
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Figure 6. Conjugation approaches for self-healing dyes on biomolecular targets. (a) The dopamine receptor D2; (b) double-stranded DNA; and
(c) proteins, antibodies, and affinity-tags. Biomolecular target, photostabilizer, and fluorophore moieties are denoted as B, P, and F, respectively.
Please note that the chemical structures of the photostablizers in (i/ii) are no used as reactive materials in a one-pot reaction, but more complex
reactions schemes are required for assembling the self-healing dye on the biological target.

are depicted in Figure 5. In these constructs the obtained total
photon output of the self-healing dyes is comparable or even
higher (CyS-COT) compared to that of the solution-based
photostabilization agents in buffer solution. Furthermore, all
photophysical parameters of individual fluorophores (e.g,
brightness and signal-to-noise ratio) were found to be
improved, as indicated by the total photon count (see Figure
4, lower panel). While such a photophysical/chemical behavior
is desirable, the performance of the dye—stabilizer combination
shown in Figure 4 is rather the exception than what is
commonly seen with most self-healing dyes.

Conjugation Strategies of Self-Healing Dyes. To date, three
conceptually distinct approaches have been introduced to
obtain high local concentrations of photostabilizer around the
fluorophores. Life science applications require the simulta-
neous conjugation of a self-healing fluorophore, i.e., dye F and
photostabilizer P, to a biomolecule B (Figure 6). In the seminal
papers, Liittke used conjugation of dye and photostabilizer
without further tethering to any biological or chemical target.
Blanchard and co-workers used bis-N-hydroxysuccinimidyles-
ter-modified cyanine fluorophores for simultaneous coupling of
photostabilizer and biomolecules such as DNA, proteins, and
antibodies (Figure 6a).””*® They also established a simpler, yet
less general approach, which uses the proximity of photo-
stabilizer and fluorophore in double-stranded DNA constructs,
where covalent attachment of dyes was achieved via standard
DNA-coupling chemistry and proximity between P/F results as
a consequence of DNA hybridization (Figure 6b).”>**** The
Cordes lab later established a versatile bioconjugation
approach through the use of an unnatural amino acid scaffold
(Figure 6¢), where the photostabilizer acts as a bridge between
dye and biomolecule."” This scaffold allows the use of any
combination of fluorophore, photostabilizer, and biological
target (Figure 6¢) and provided the first experimental evidence

4466

that self-healing can be applied to various dye classes. Recently,
Cosa and co-workers established trisNTA-fluorophore com-
plexes as parts of self-healing dyes by combining both the
specific polyhistidine tag (His-Tag) and photostabilizing
properties of Ni** (Figure 6c, iii).*°

In this Perspective, we refer to a fluorophore that is
covalently linked to a photostabilizer (as shown in Figure 6a,c)
as “directly linked”, i.e., the equivalent of a self-healing dye.
The linkage of dye and stabilizer to two distinct biomolecules
and self-assembly to induce proximity of fluorophore and
stabilizer (as shown in Figure 6b) is termed “proximal-linkage”.
It is important to note that a direct linkage of self-healing dyes
so far requires complex synthesis of reactive precursors for
biolabeling, something that still limits the applicability of the
conjugates (see discussion section).

Current Mechanistic Understanding of Intramolecular Triplet-
State Quenching and Photostabilization. In contrast to
intermolecular approaches, intramolecular photostabilization
does not rely on a large reservoir of stabilization agents (Figure
1). Instead, quenching of the triplet state via energy transfer or
PET is promoted by a high local concentration of one
photostabilizer molecule.””*>*”*" Thus, successful self-healing
relies on the (chemical) stability of both fluorophore and
photostabilizer under specific experimental conditions and the
ability of the stabilizer to conduct many consecutive healing
cycles (Figure 7).

In the case of self-healing dyes with redox-active agents such
as TX or NPA (Figure 7a) the generated triplet state is
quenched via collisions with the stabilizer, resulting in PET
(Figure 7c)."****3* This process is similar to the mechanism
of the reducing—oxidizing photostabilization scheme (ROXS),
where subsequent complementary redox reactions of solution
stabilizers recover the electronic ground state of the
fluorophore. While for ROXS either radical-anion or cation
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Successful self-healing relies on
the (chemical) stability of both
fluorophore and photostabilizer
under specific experimental con-
ditions and the ability of the
stabilizer to conduct many con-
secutive healing cycles.

are formed by diffusion-based collision with different photo-
stabilizers (Figure 1a), in self-healing the same photostabilizer
has to undergo two subsequent redox reactions. Initially it
seemed surprising that a single stabilizer can undergo multiple
rounds of photostabilization without loss of function.””*’

For self-healing with photochemical triplet-state quenchers,
at first a charged b1rad1cal intermediate with triplet character
(Figure 7a,c) is formed.”* The formation of the biradical is
solvent-dependent.*”** In support of this, Cy5-TX showed no
triplet quenching in TAS studies in acetonitrile.””>"
Furthermore, bulk photobleaching studies showed the
solvent-dependency of the photostabilizing effect of CyS-
NBA and Cy5-TX in acetonitrile and aqueous solutions,
respectively.”” It is also important to note that, in contrast to
intermolecular stabilization, the newly formed biradical persists
until subsequent reverse intersystem crossing (k;sc) and back
electron transfer (geminate recombination, rate kgr) oc-

curs.”**” A process competing with photostabilization via
geminate recombination is separation of the photostabilizer
and fluorophore biradical, ie., separation of the two radical
centers resulting in the formation of two noncorrelated radicals
with unrelated spin states (not shown in Figure 7a).”*
Successful recovery of the fluorophore singlet state via
intramolecular PET quenchers thus requires an efficient
intersystem crossing of the biradical intermediate with
subsequent geminate recombination (Figure 7a). In PET-
based self-healing dyes, the chemical nature of the photo-
stabilizer, i.e., the redox-potential, is expected to have a large
impact on the photostabilization efficiency. Single-molecule
studies as well as molecular dynamic simulations suggest,
however, that collision rates and the molecular interactions
governed by the biochemical environment also share an
important role for the self-healing process (see discussion
below)."®

In contrast to redox-active conjugates, photostabilization by
physical triplet-state-quenchers such as COT and Ni** (Figure
7b) proceeds through a physical mechanism without formation
of charge-separated intermediates (Figure 7d). For an efficient
photostabilization via this energy transfer, the photostabilizer
should have a triplet state with lower (or equal) energy
compared to that of the fluorophore (Figure 7d).*° In COT
this triplet—triplet energy transfer requires a planarization of
the “boat-shaped” COT, which leads to molecular relaxation
and lowering of its triplet state, allowing for quenching of
fluorophore triplet states with energies as low as 0.8 eV (Figure
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7b, kgr).”" Triplet—triplet energy transfer, however, becomes
inefficient for large energy gaps between the triplet states of
photostabilizer (acceptor) and fluorophore (donor) explaining
the poor performance of COT for certain dye classes, e.g,
fluoresceins.>® A similar behavior has been observed for Ni**,
which works through a different energy-transfer mechanism."?
Additionally, the resulting sensitized photostabilizer triplet
state should be short-lived for efficient self-healing, i.e., it
should be available as a triplet-acceptor as soon as possible
after energy transfer. In COT, the triplet-state lifetime is on the
order of ~100 us,>> which allows for a fast relaxation and

recovery of the photostabilizer as triplet-acceptor (Figure 7b,
krelaxation) .

A final important point is that high (local) concentrations of
photostabilizers can cause singlet quenching decreasing the
fluorescence quantum yield of the dye.”** Therefore, care has
to be taken in linker design to optimize the collision rate and
geometric orientation between the fluorophore and photo-
stabilizer. The overall goal is to achieve efficient triplet
quenching in combination with low singlet quenching. This
should also be taken into account for physical triplet-state-
quenchers, such as Ni**,'>">*° that can potentially quench the
singlet excited state by enhanced ISC and increased formation
efficiency of triplet states. Again, the high-lying singlet excited
state of COT minimizes singlet state quenching because of the
energetic mismatch with most fluorophores.”"

Optimization Strategies of Photostability in Self-Healing Dyes.
In many cases, the photostability of self-healing dyes was found
to be lower than that of the pristine dye in photostabilizing
buffer.'*"**>** Reasons for this can be low (chemical) stability
of the photostabilizer, generation of fluorophore radicals as
intermediates, the requirement of the stabilizer to efficiently
undergo intersystem crossing, and a nonoptimal collision rate
between healer and fluorophore that does not favor triplet-
over singlet-quenching.

One key parameter for optimization of self-healing
fluorophores is the collision frequency and contact time
between fluorophore/photostabilizer that can be tuned via the
linker length and linking chemistry on the specific
biomolecule.””" This was already supported by the early
data of Liittke®>*® and Schifer;>® Blanchard and co-workers
provided additional DNA-based ruler experiments that
supported the strong distance-dependence of self-healing.””
While this relation followed the qualitative trend expected for
energy-transfer processes (the closer the better), they also
demonstrated that there is an optimal linker length at short
distances.’’ At short distances of course other interactions may
become relevant too and might impact the final performance of
the self-healing dye. In selected cases for CyS conjugation to
COT maximized photostability also correlated with the
shortening of triplet state lifetimes, and thus, photostabilization
efficiency increased monotonously with decreasing linker
length.”'

The crucial role of the linker length and geometry was also
used by Cosa and co-workers for optimization of self-healing
Alexa647-trisNTA constructs.>® Here, even the nature of the
linker was crucial for minimizing singlet excited-state
quenching by Ni** while maintaining an efficient quenching
of the triplet state. A direct coupling of fluorophores to the
trisNTA moiety containing three Ni** ions resulted in
fluorescence quenching and only moderate improvement in
photostability. Coupling to a rigid and rather long Pro,, linker
prevented this unwanted quenching; however, it also reduced
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the triplet-state quenching resulting in almost no effect of
trisNTA group on photostability of Alexa647. The best
photostabilization was obtained when utilizing a rigid and
short Pro, linker allowing for even slightly better photo-
stabilization efficiency than solution-based photostabilization
by Ni** (Figure 4f).”° In a previous study, Wagner et al.
investigated the dependence of intramolecular triplet—triplet
energy-transfer rates between a triplet donor and acceptor both
based on collisions and through a through-bond energy
transfer.”” At very short bond lengths of less than three
carbon atoms, a through-bond energy transfer was detected.
Strikingly, the corresponding energy-transfer rate was at least 1
order of magnitude higher than that of compounds with longer
linker lengths, in which diffusive collisions dominate the
energy-transfer rate. The information gained from this study
may be helpful for the future design of self-healing dyes with
physical triplet state quenchers featuring improved triplet
quenching rates. The linker-length dependency of energy
transfer in Wagner et al. does, however, not match data shown
by Zheng et al.’’ on Cy5-COT-self-healing compounds with
varying linker length, suggesting a more complex mechanism.

Another straightforward idea to improve photophysical dye
properties, which was tested only recently,'* is the
combination of inter- and intramolecular approaches. The
idea was to either quench reactive fluorophore states, which
the intramolecular photostabilizer cannot recover, via inter-
molecular pathways or to support the photostabilizer in its
function directly. While there is no strong evidence that
photostabilizer destruction is a dominant reaction path-

'3 redox-blinking (i.e., radical formation) was identified
as one major problem of intramolecular stabilization with
physical quenchers such as Ni** and COT. The latter manifests
itself as ON- or OFF-blinks in otherwise stable single-molecule
traces (see data below).'***

In this study it was shown that solution photostabilizers had
little to no effect on the photostability of self-healing dyes."*
Mechanistically, this could be explained by the idea that the
intramolecular photostabilizer could outcompete the inter-
molecular stabilizers on the basis of high local concentration."*
The tested compounds included NPA conjugates (NPA-
ATTO647N, NPA-AlexaS55, NPA-CyS) as well as proximal
CyS-COT. Compounds were benchmarked against the effects
of 2 mM TX or 2 mM COT in solution, respectively. While
there was an increase in count rate for NPA-Atto647N with
TX in solution, as well as to NPA-Alexa555 with TX or COT
in solution compared to the self-healing compound without
stabilization agent, the overall trend suggested only minor
positive effects of photostabilization when solution additives
are present in addition to self-healing dyes."*

Also the use of multiple intramolecular stabilizers was tested
for self-healing dyes. For this CyS was combined with a
photostabilizer consisting of both an oxidizing and a reducing
agent (iROXS), which provided two complementary redox-
pathways for triplet- and radical-quenching.’” The origin of the
high photostability of proximal CyS-iROXS (Figure 4c) was,
however, not based on two synergistic stabilizers but was
dominated by the linking geometry and contact rates between
CyS and NPA in these constructs. The second stabilizer TX
had little effect on the overall photostability of the dye. Smit et
al. more recently tested a combination of similar photo-
stabilizers based on nitrophenyl groups (direct linkage of NPA
and proximal NPAA), which did also not result in higher
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Figure 8. Comparison of CyS photostability with different geometries of intramolecular photostabilization by NPA and a combination of both.
Reprinted from ref 14 with permission. Copyright 2019 Royal Society of Chemistry.

photostability than observed for a single photostabilizer as seen
in Figure 8.1

Interestingly, the Blanchard lab showed an increased
photostability of CyS upon linkage to two (instead of one)
COT moieties.”’ While the average counts before photo-
bleaching could be increased by coupling two COT molecules
to CyS, the mechanistic origin of this gain remains unclear
because of potential convolution of thiol-induced photo-
switching and self-healing processes in the characterization
experiments of these double-COT conjugates (see next
section).

Competing Pathways: Photostabilization versus Photoswitching.
Self-healing dyes are commonly characterized and used in
biological imaging applications in vitro and in vivo or for single-
molecule spectroscopy. In such experiments they become
exposed to varying biochemical conditions, which can impact
their function and photophysical properties (Figure 9).
Examples of molecules that largely impact dyes are reductive
agents such as 8-mercaptoethanol (BME), mercaptoethyl-
amine (MEA), glutathione, DTT, or TCEP and molecular
oxygen.””*® All of the latter can be present up to millimolar
concentrations in vitro (e.g, for stabilizing proteins or
components in a buffer) or are encountered naturally in vivo.
In STORM:-type super-resolution microscopy, similar com-
pounds are even used at even higher concentrations [BME
(143 mM), MEA (50 mM), and TCEP (25 mM)]*"~" to
reversibly switch fluorophores between bright and dark states
for single-molecule localization and by that facilitate the
reconstruction of images with a resolution beyond the
diffraction limit.

We recently investigated the interplay between inter- and
intramolecular processes in self-healing dyes both for photo-
stabilizin§ (see previous section) and photoswitching com-
pounds.'” It became apparent that reducing agents used for
photoswitching in STORM microscopy induce fast “apparent”
photobleaching already in the presence of low reducer
concentrations, e.g, 0.2 mM TCEP (Figure 9a) or 5 mM
MEA.*® This effect was found to be most prominent for
cyanine fluorophores. In detail, the reversible OFF-switching
caused by reductive agents such as TCEP (see CyS in Figure
9a,b + UV) was much less efficient compared to CyS-dyes with
proximal COT (see CyS-COT in Figure 9a,b + UV).

ATTO647N showed no significant perturbation in terms of
apparent photobleaching time, whereas Alexa 555 showed an
approximately 2-fold decrease in apparent photobleaching time
with 200 uM TCEP in solution. Here, the effect was strongly
reduced after NPA conjugation, and on-times were almost as
long for the self-healing ATTO647N dye as for the parent dye
with solution-based stabilization. On CyS, however, the effect

4469

on apparent photobleaching time was a lot more prominent, as
it decreased more than 10-fold under addition of 200 uM
TCEP on the parent fluorophore, which mostly mitigated
during solution-based or intramolecular stabilization. In our
view the differing influence of TCEP is due to the fact that
only cyanines with methine chains >$ react efficiently,”®
whereas Cy3B seems to be more susceptible to thiol-induced
photoswitching or caging via sodium borohydride rather than
with TCEP.®*

We suggest that in self-healing dyes the conjugated
photostabilizer efficiently competes with the photoswitching
agent (in the buffer) because of its high local concentration in
a “first-come first-quench” manner. This has important
consequences especially for cyanine dyes. It implies that
photoswitching, which is the basis for STORM super-
resolution microscopy, occurs at least to some extent via
excited fluorophore states, because OFF-switching was shown
to be photoinduced (Figure 9). We also showed that
intramolecular photostabilizers strongly influence photoswitch-
ing kinetics. Thus, the composition of photoswitching buffers
has to be adapted when self-healing dyes are used in
localization-based super-resolution microscopy.*

Additionally, photoswitching agents are problematic compo-
nents of imaging buffers in characterization experiments of self-
healing dyes. For example, it was previously concluded that
proximal conjugation of COT to CyS dramatically enhances its
photostability via intramolecular photostabilization with
respect to CyS5 with COT as a solution additive. When
arriving at this conclusion, the effect of BME, TCEP, and MEA
on the photostabilization efliciency and the photoswitching
behavior of CyS and Cy5-COT derivative was neglected. In the
light of these findings, the photostabilization efliciency of self-
healing dyes was often overestimated, because the pristine dye
in the photostabilizing buffer showed fast apparent photo-
bleaching (which is reversible). The positive effect of an
intramolecular stabilizer on dye stability and properties persists
but might be influenced slightly by the solution stabilizers.
Thus, various mechanistic studies of self-healing dye in TCEP
or thiol-containing buffers, especially those on cyanine
fluorophores, have to be evaluated critically and possibly
revisited.

To the best of our knowledge, there are to date only three
published mechanistic studies on the photophysical properties
of self-healing fluorophores that were conducted in the absence
of any intermolecular effectors such as oxygen and reducing
agents."”*>*> Smit and van der Velde et al. screened a variety
of fluorophores directly conjugated to NPA, as well as CyS
proximally conjugated to COT. The experiments showed a
significantly higher photostability, signal stability, and bright-
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Figure 9. Single-molecule fluorescence transients before (a) and after (b) UV irradiation of parent CyS fluorophore as well as CyS-COT conjugates
in the presence and absence of low TCEP concentrations of 0.2 mM. Reprinted from ref 14 with permission. Copyright 2019 Royal Society of
Chemistry. In the absence of TCEP (first and third panels) fluorophores photobleach under continuous red excitation (a) but cannot be reactivated
(b). In the presence of TCEP, apparent photobleaching is fast (because of photoswitching) and molecules can be reactivated via UV radiation. The
background increase in all parts of panel b is due to 375 nm excitation. Copyright 2019 Royal Society of Chemistry.

ness for all combinations compared to the native fluorophore.
The improvement could, however, not reach that acquired
from intermolecular stabilization of the native fluorophore
through 2 mM TX or 2 mM COT." In another study,
Glembockyte et al. reported a highly photostable trisNTA-
Alexa647 self-healing construct (Figure Sb), which showed a
superior photostability when compared to intermolecular
stabilization with the same stabilizer (Ni**, Figure 4£).*°

Self-Healing Dyes and Molecular Oxygen. Oxygen-dependent
processes were so far studied only to some extent in the
context of self-healing dyes.””*"** Most experiments were
conducted in the absence of oxygen to avoid convoluted
effects. Because oxygen can promote a complex network of
primary and secondary photodamage pathways,”® we will here
focus on only the fundamental question of whether the
intramolecular triplet state-quenchers, which are present in
self-healing dyes, can “outcompete” molecular oxygen. The
mechanistic idea would be to disable the action of oxygen by
providing an intramolecular reaction partner—as was observed
in the competition of intramolecular and intermolecular
photostabilization and photoswitching, respectively (see
previous sections)."*

To date, self-healing dyes were shown to be rather
ineffective in the presence of molecular oxygen. In one
study, the same self-healing dye in the absence and presence of
oxygen exhibited at least 1—2 orders of magnitude loss of total
photon count.”* Blanchard and co-workers had success in
modifying the chemical nature of COT by electron-with-
drawing groups and with that could increase the performance
of self-healing cyanine and silicon-rhodamine fluorophores;’'
however, the large discrepancy between the performance of
self-healing dyes with and without oxygen is not yet solved.

As intermolecular pathways compete with intramolecular
processes (see previous sections), one aspect causing this poor
performance of self-healing dyes might be that oxygen is always
faster compared to triplet-quenching via intramolecular
stabilizers. Thus, intramolecular triplet state quenching has
not yet overcome the diffusional speed limit. For oxygen we
consider the diffusion-limited rate of quenching by molecular

4470

oxygen to be ~10'" M™' s7' and the concentration of

molecular oxygen in solution of roughly ~0.5 mM.®> This
suggests quenching rates of ~10° s~ for oxygen, which need to
be overcome by a competing intramolecular photostabilizer.
The upper limit of intermolecular triplet quenching in solution
by stabilizers such as azobenzene®® was experimentally
determined to range from 107 to 10° M™' s™!. Assuming a
similar reaction speed for COT, this suggests quenching rates
between 10* and 10° s™' for 1 mM COT solutions.
Importantly, these rates are comparable to those estimated
with molecular oxygen, suggesting a more complex reason than
only kinetics for the experimental findings of rather unstable
fluorophores in the presence of oxygen even when using COT.
To quantitatively assess intramolecular effects and compare
them to intermolecular effects (from oxygen), effective
concentrations would have to be calculated. These could be
based on molecular dynamics simulations and represent
missing key pieces in our understanding of the correlation
between photostability and effective local concentrations of the
photostabilizer.

Impact of Biological Structures on Self-Healing Dyes. DNA has
become a well-established model system for characterization of
fluorophore photophysics in general, especially when working
with single-molecule techniques. In self-healing dyes with
proximally linked photostabilizers on a DNA scaffold, the effect
of DNA itself on the photophysical properties of the dye
cannot be neglected, and other less perturbing systems such as
rigid poly proline motifs'*'”** might be preferable for future
studies. DNA can influence the photophysics of dyes via a
number of different mechanisms reported in the litera-
6557 First, the DNA base guanine is an electron donor,
which can quench the fluorescence of dyes with low reduction
potentials, e.g., oxazines and rhodamines that become reduced
easily via PET.®”~"° This can, in turn, decrease the brightness
of these fluorophores and cause redox blinking when attached
in close proximity to guanine or, in particular, when attached
close to guanine repeat sequences.”’ That being said, the
electron-donating ability of guanine could also potentially

ture.
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influence the lifetimes of radical species of fluorophore that are
formed via other pathways, e.g., photooxidation.

Another important interaction possibility of dyes with DNA
is stacking of the dyes to the end-bases as well as binding to
major and minor grooves of the DNA duplex,”>*®”"”* which
can influence the rate and efficiency of photostabilization in
self-healing dyes. This was shown for terminal attachment of
dyes in direct conjugation to a nitrophenyl-group and in
proximity, which likely resulted in completely distinct photo-
physical properties of the dye due to different interactions with
the DNA."®

The effect of DNA duplex on photophysical properties and
photostabilization efficiency of a common cyanine dye CyS5 is
illustrated in Figure 10 by yet unpublished data from the Cosa
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Figure 10. Effect of DNA duplex on the photophysical properties and
phostabilization efficiency of CyS. (a) Single-molecule trajectories of
CyS when attached to two different DNA duplexes (left and right) in
the presence of enzymatic oxygen scavenger and 0.4 mM Ni**
acquired at 100 ms time resolution. Under these conditions the
triplet state of CyS is efficiently quenched; therefore, short blinking
events that are observed correspond to different extent of radical
formation. (b) Normalized photon outputs obtained for the two
duplexes in the presence of photophysical (0.4 mM Ni**) and
photochemical (ROXS consisting of 1 mM AA and 1 mM MV?*")
photostabilization approaches. CyS-DNA duplex 1 shows that the
high extent of redox blinking is photostabilized much more efficiently
with the ROXS system. In contrast, for CyS-DNA duplex 2 almost no
redox blinking is observed and both photostabilization approaches are
comparable, emphasizing a crucial role of DNA environment. A full
description of material and methods including additional experimental
data is provided in Supplementary Note 1 and Figure S1. Data are
from the Cosa lab.

lab. Here, the dye was attached to two distinct DNA duplexes
(see Table S1 for ssDNA sequences) and its photostability was
evaluated in the presence of photophysical (0.4 mM Ni**) and
photochemical (ROXS consisting of 1 mM AA and 1 mM
MV?") photostabilizers in solution. Figure 10a contains single-
molecule fluorescence trajectories obtained for the duplexes in
the presence of Ni**. Under these conditions, the triplet states
are expected to be efficiently quenched by Ni**; therefore, any
blinking that is observed in single-molecule fluorescence
trajectories is attributed to the formation of long-lived radical
species, which are not observed in the presence of ROXS. CyS-
DNA duplex 1 (Figure 10, left panel) displayed a large extent
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of redox blinking and, in turn, less efficient photostabilization
by Ni** when compared to photochemical stabilization by the
ROXS system capable of scavenging reactive radical
intermediates (Figure 10b, left). On the other hand, the
CyS-DNA duplex 2 showed almost no redox-associated
blinking and, consequently, very comparable photostabilization
efficiency by Ni** and ROXS. These findings illustrate a crucial
role that a DNA duplex can play on the photostabilization of
dyes, suggesting either a DNA-induced radical formation
(prominent in duplex 1) or possibly potential quenching of
radicals induced via other pathways (e.g,, photooxidation) by
the DNA scaffold (prominent in duplex 2). Further
mechanistic studies, e.g, of DNA sequence dependence on
these processes, may help to shed light on the nature of these
blinking events and the role of the DNA scaffold.

Fewer studies of self-healing dyes have been done on
biological scaffolds such as proteins, antibodies, or “neutral”
scaffolds such as polyprolines.'*'”***° As for DNA, the effect
of the protein environment plays an important role in the
photophysics of the dye. Proteins present a challenging
environment for prediction of possible interactions of the
dye/photostabilizer with charged/hydrophobic residues, struc-
tural elements, flexible loops, or chemically reactive sites such
as cysteines.

A first step into a systematic characterization of interactions
between (self-healing) dyes and proteins was recently
published."* Here, ATTO647N and Cy$ were not linked to
a photostabilizer but conjugated to aromatic amino acids (Trp,
Phe, and Tyr). Interestingly, Trp-ATTO647N and Trp-CyS
showed barely any change in photostability or signal quality
compared to the pristine dyes in the absence of oxygen and
intermolecular photostabilizers. The addition of TX as
intermolecular photostabilizer, i.e., buffer additive, was much
less effective in the presence of covalently coupled Trp. This
suggests Trp can act similarly to NPA/COT via intramolecular
PET-processes as discussed above but inhibits the function of
buffer additives such as TX. In essence, Trp creates a truly bad
environment in that it does not stabilize fluorophores by itself,
yet it does not allow solution photostabilizers such as TX to
interact with the dye either. Such interaction, however, was not
observed while using COT as a solution-based stabilizing
agent, suggesting the more effective action of COT.
Interestingly, other amino acids with lower tendency for
reductive PET (phenylalanine and tyrosine) had no notable
effect on the photophysics of CyS and ATTO647N."* For
applications in proteins, the effect of tryptophan (and other
factors) would now need to be studied in self-healing dyes to
understand their full implications.

Impact of Fluorescent Labels on Biological Systems. Covalently
linking a fluorophore to a photostabilizer does not only alter its
photophysical behavior, but it also increases the size and
molecular weight of the compound to a large extent. While an
increase in label size is one possible problem, also changes of
the chemical nature of the label have to be considered. The
introduction of hydrophobic groups via aromatic or aliphatic
rings might alter the interactions of the label with a
biomacromolecule.”

Only a limited number of studies were done to characterize
such perturbations of, e.g., paramagnetic spin-labels for EPR or
fluorescent probes on biological constructs such as DNA or
proteins.”” To the best of our knowledge, there is no
systematic investigation on the impact of self-healing dyes
on, e.g, the biochemical behavior of proteins or DNA.
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Especially in studies with the aim of drawing conclusions about
the dynamics or structure of biological systems, care has to be
taken while selecting labeling position and compounds, as in
most other labeling approaches. Control experiments such as
Kg-estimation of labeled proteins with self-healing dyes'” are
one example for assessing the label influence. Sanchez-Rico et
al. presented a comprehensive guideline for choosing
fluorescent labels and labeling positions in a way that
minimizes interference on protein function, which in our
opinion should also be taken into account during such
investigations using self-healing dyes.”> In combination with
fluorescence-independent biochemical assays to ensure func-
tionality of the system under investigation, we expect assays
with low biological interference, especially because the
molecular weight and size are still much smaller than those
of frequently used fluorescent proteins.

Recent Applications of Self-Healing Dyes. The self-healing
approach could potentially improve the performance of

The self-healing approach could
potentially improve the perform-
ance of fluorophores in various
imaging, spectroscopy, and diag-
nostic applications.

fluorophores in various imaging, spectroscopy, and diagnostic
applications. Recent examples of their use include high-
resolution optical imaging (STED/STORM),"*** single-
molecule FRET,"**>*® near-infrared photostable bioimaging,37
superlong imaging-tracking of single individual molecules,”*
live-cell imaging using self-healing dyes for multichromophore
probes,” and tracking of submersible nanomachines.”

Cellular Imaging and High-Resolution Microscopy. In partic-
ular for cellular and super-resolution imaging, the available
photon budget is important, and thus, various photostabiliza-
tion buffers have been tested in the field.”” Blanchard’s group
demonstrated increased photobleaching lifetime of Cy5-COT
conjugates in vivo Chinese hamster ovary (CHO) cells
compared to the parent fluorophore using fluorescence
imaging (Figure lla).22

Applications of self-healing dyes in super-resolution imaging
and live-cell imaging were shown for stimulated emission
depletion (STED) microscopy and stochastic optical recon-
struction microscopy (STORM).'*'”*> The Cordes group has
successfully shown a reduced fading of fluorescence from
KK114-NPA conjugates compared to the parent fluorophore
as stains in the nuclear pore complex in fixed mammalian PtK2
cells in STED imaging (Figure 11b)."” Recently, they also
demonstrated a significant increase in STED resolution from
ATTOG647N-NPA conjugates compared to the parent
fluorophore, resulting from highly improved photophysical
performance providing count-rates of individual molecules of
up to 1 MHz without use of plasmonic effects.”® To date, self-
healing dyes with increased photostability have been able to
demonstrate their potential for STED-type microscopy, where
the achievable resolution is determined by the increased
number of laser excitation cycles.”* It remains to be shown
how much improvement can be made via intramolecular
photostabilization in STED in comparison (or combination)
with approaches such as protected STED”® and Minflux.”’
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Applications of self-healing dyes in localization-based super-
resolution microscopy (STORM-type imaging) turned out to
be more complicated as discussed in previous sections.
STORM demands fluorophores with on—off switching
property as well as good photostability."* Because thiol
derivatives (TCEP, BME, or MEA) are used as standard
photoswitching agents to make the fluorophores cycle between
the on and off states,”” the photoswitching agents are largely
altered in self-healing dyes.”> Thus, more research efforts are
required in order to lay out general design rules for self-healing
dyes capable of photoswitching and to enable their widespread
use in super-resolution imaging.

Single-Molecule Forster Resonance Energy Transfer. Single-
molecule Forster resonance energy transfer (smFRET) is an
emerging tool for probing dynamics and interactions in
biological systems both in vivo and in vitro.* In these
experiments, energy transfer is used as a molecular ruler to
determine inter- and intramolecular distances with the
temporal resolution of spectroscopic techniques down to
nanoseconds.®” Mapping dynamic biological processes
presents high demands on the brightness, signal stability, and
photobleaching lifetime of the fluorescent probes involved.*’

The applicability of self-healing dyes for smFRET has
already been demonstrated for smTIRF microscopy””*° and
solution-based alternating laser excitation (ALEX)®"** in
confocal microscopy.'” Recently, Juette et al. demonstrated
the applicability of self-healing dyes in two- and three-color
smFRET experiments on ribosomal pretranslocation com-
plexes.*® Their two-color FRET experiments show the
versatility of the Cy3 and Cy5-COT fluorophore pair with
distinct FRET states for both high time resolution (2 ms),
showing subsecond protein dynamics, as well as low time
resolution (500 ms) visualizing protein dynamics that occur
over tens of minutes. Furthermore, in the same study, Cy3B,
CyS-COT, and Cy7-COT were used to monitor correlated
movement inside the ribosomal pretranslocation complex
through three-color FRET (Figure 12). The time traces
demonstrate stable fluorescence, illustrating the excellent
fluorophore quality under multiwavelength excitation.*’

For solution-based ALEX experiments,” a clear increase in
photostability of the FRET pair Cy3B and NPA-ATTO647N
compared to the nonstabilized pair Cy3B-ATTO647N was
observed under high irradiation conditions'® While the
photostability for this dye pair did not meet the level of
solution-based stabilization conditions, the increase in photo-
stability was sufficient for practial use.

Solution-based photostabilization through ROXS is espe-
cially challenging for multicolor FRET applications because of
differences in fluorophore redox potentials. As a general
approach, self-healing could bypass this problem by using a
stabilizing moiety that is optimized for each fluorophore. The
physical quencher COT has shown an efficient photostabilizing
effect for a wide range of fluorophores throughout the visible
spectrum, allowing it to be used for a variety of fluorophore
pairs.”> However, the effect does not seem to be optimized for
some selected fluorophores such as fluoresceins or specific
combinations of donor—acceptor dyes required for FRET,***
leaving room for the use of self-healing fluorophores with
distinct and optimized fluorophore—stabilizer combinations.

Toward a Next Generation of Self-Healing Dyes. As is apparent
from this Perspective, self-healing dyes have become an
attractive alternative method for photostabilization since their
introduction in the 1980s. Their successful applications show
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Figure 11. (a) Single-molecule total internal reflection fluorescence image sequences of living CHO cells containing dopamine D2 receptors
labeled with CyS and CyS-COT. Reprinted from ref 22 with permission. Copyright 2012 Nature Publishing Group. (b) Repeated scanning of the
same area of KK114 and NPA—KK114 labeled fixed PtK2 cells in the STED mode. The figure was partially adapted from Van der Velde et al."”

possible positive impact on various research fields, yet they still
have to reach their full potential. In our view, there are three
major directions that require further attention to make the
approach more mature and generally applicable.

New Stabilizers and Strategies to Further Improve Self-Healing.
When comparing the photostability of PET-based and energy-
transfer-based self-healing dyes, the latter ones often show
better performance. One possible explanation for this is that in
PET-based photostabilization with redox active triplet-state-
quenchers the reactive triplet biradical intermediate is a key
bottleneck (Figure 7). Therefore, a possible approach to
improve the performance of these dyes would be to enhance
the rate of ISC in this newly formed triplet biradical (i.e.,
reduce its lifetime). Mechanistic transient absorption studies
with Cy3B have evaluated the ability of different reducing
agents/triplet-state-quenchers (such as ascorbic acid, n-propyl
gallate, Trolox, and BME) to assist in ISC in the newly formed
geminate radical pair formed following PET. Studies involved
comparing the extent of geminate recombination versus radical
escape from the geminate radical ion pair in solution.”* Similar
mechanistic approaches could be used to screen different
redox-active photostabilizers to identify promising candidates
for self-healing dyes capable of enhancing the ISC rate via
different interactions (e.g., spin—orbit coupling or hyperfine
interactions). Given the almost quantitative geminate

4473

recombination for the thyil radical for solution-based photo-
stabilization with BME, thiol containing antioxidants could be
of potential interest. Furthermore, the lifetime of the triplet
biradical intermediate has been shown to be quite sensitive to
the length of the linker between the two radical centers.
Several approaches have been reported to improve photo-
physical froperties of the fluorophores, including by protein
partner,*”® " through fluorination,”**” and by making den-
drimers or nanoconjugates.””**~"° For the self-healing
mechanism, the excited triplet-state quenching via Dexter-
type energy transfer is considered to be more efficient for
various fluorophore scaffolds, because it has little impact on
singlet-state quenching. The smaller energy gap between the
excited triplet state and ground state of the photostabilizer
imparts the quicker rate of the triplet-state quenching via
Dexter-type energy transfer. From previous research, COT has
shown significant improvement in the fluorescence perform-
ance of the conjugated fluorophores. COT-based derivatives
with even more extended conjugated z-system would have
even lower AG and are predicted to largely contribute to the
energy transfer for triplet-state quenching. However, these
chemicals have poor solubility in water, which limits their
further conjugation and application. To solve this problem, we
propose utilizing host—guest chemistry.”' ™" Cucurbiturils
would be promising hosts for the complexation of organic

https://dx.doi.org/10.1021/acs.jpclett.9b03833
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Figure 12. Multicolor smFRET with self-healing fluorophores. Ribosomal pretranslocation complexes were labeled as shown (cartoon) on tRNA
molecules and ribosomal protein L1 and imaged as described previously.*®> Fluorescence (top) and FRET traces (bottom, defined here as acceptor
fluorescence divided by total fluorescence) of labeled pretranslocation complex imaged at 40 ms time resolution during continuous laser excitation
(120 mW, 532 nm wavelength). Reprinted from ref 46 with permission. Copyright 2014 Elsevier.

guests because of their ability to internalize alkyl chains or
cyclobenzenes within its hydrophobic cavity formed by
carbonyl groups.”’ As illustrated in Figure 13, cucurbituril
has a large enough cavity to encapsulate photostabilizers and
fluorescent dyes simultaneously and is known to improve dye
brightness and photostability.”" It is expected that such a
complex of cucurbituril, photostabilizer and fluorophore can
have superior photophysical properties. This idea may explore
the possibilities of other currently unavailable mechanisms for
novel self-healing dyes.

An alternative approach to improve the photophysical
properties of dyes is to enhance their excitation and radiative
rate via the help of plasmonic nanostructures, such as noble
metal nanoparticles.”* ™" The increased radiative rate of dyes
in the vicinity of plasmonic nanostructures and, in particular, in
the plasmonic hotspots, reduces the time spent in the excited
state and, hence, increases the total number of fluorescence
photons. One of the main difficulties in utilizing plasmonics for
this purpose is the challenge of achieving a precise and
stoichiometric control of the distance between the fluorophore
and the plasmonic nanostructure. Nevertheless, in recent years
the DNA origami technique’” has been elegantly exploited to
circumvent this challenge. For example, up to 30-fold increase
in photon output has been reported for dyes placed in the
vicinity of nanoparticles.”””® The combination of these two
approaches, i.e., plasmonics and photostabilization via a self-
healing approach, may prove extremely beneficial when
maximizing the photon count rates that can be achieved
from a single fluorescent dye while enabling the study of the
conformational changes of biomolecules on the time scales
previously unattainable by typical single-molecule fluorescence
experiments.

Alternative Fluorophores. When it comes to designing
improved and even more robust self-healing fluorophores,
one could also envision testing fluorophores that possess

The combination of two ap-
proaches, i.e., plasmonics and
photostabilization via a self-heal-
ing approach, may prove ex-
tremely beneficial when max-
imizing the photon count rates
that can be achieved from a
single fluorescent dye while en-
abling the study of the confor-
mational changes of biomole-
cules on the time scales previ-
ously unattainable by typical
single-molecule fluorescence ex-
periments.

superior photophysical properties, such as low intersystem
crossing yield or optimized fluorescence guantum yield
(azetidine dyes developed by the Lavis group””). One could
also combine the self-healing approach with other photo-
stabilization strategies. For example, fluorophore scaffold
modifications with electron-withdrawing substituents (such as
fluorine) have been shown to improve the photostability of
certain cyanine, rhodamine, as well as coumarine dyes because
of the reduced susceptibility of fluorophores to reaction with
singlet oxygen.®*~*71%971% Another type of dye instability that
is not discussed as often is spectral instability, i.e., photo-
switching to dim or spectrally shifted states.”® An approach to
overcome this spectral instability in the rhodamine class of
dyes by covalent modification of their scaffold has been
recently proposed by the Hell group'® and could be of

= %= P e

Cucurbiturils

Bio-target

—

Figure 13. Illustration scheme of host—guest complexation of cucurbiturils with fluorophores and photostabilizers and their further conjugation to

biomolecules.
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Figure 14. (A) Experimental strategy for the development of fluorescent proteins with covalently linked photostabilizers outside the 3-barrel via
cysteine labeling using reactive photostabilizer derivatives P. (B—D) Fluorescence characterization of individual GFPs: (B) image with 10 ym scale
bar and (C) single-molecule time traces of individual GFP. (D) Quantitative photophysical parameters of GFP in the presence and absence of
covalently linked azobenzene; further parameters investigated were laser intensity (0.4, 2.0, and 3.2 kW/cm™) and the presence and absence of

molecular oxygen. Data are from ref 104.

potential interest when designing even more optimized self-
healing dyes for single-molecule fluorescence experiments.

Another exciting question would be whether intramolecular
photostabilization can be used for fluorescent proteins (FP). A
major hurdle to characterize FPs is a more complex
photophysical behavior, where not only the properties of the
chromophore but also other factors such as the protein barrel
and specific environment will play a huge role for the observed
properties. Often complex photochemical reaction pathways
exist that might not render the triplet state of FPs the main
problem in their photophysics. To test intramolecular
photostabilization on FPs, one fundamental problem relates
to how the photostabilizer could be introduced to the 88-barrel
of the protein (Figure 14A). While certain unnatural amino
acids exist that provide a nitrophenyl group, the experimental
realization of such a strategy will present different challenges
(protein expression levels, correct folding, etc.).

The Cordes lab has recently taken first steps toward testing
GFP-variants containing covalently linked photostabilizers. For
this, a GFP double cysteine mutant was labeled and analyzed
with photostabilizer moieties in the vicinity of the
chromophore, yet with no direct contact between the two
(Figure 14A). This protein was taken as a basis for external
labeling of the GFP barrel with photostablhzer maleimides of
TX, NPA, COT, and azobenzene.'’

In this recent study, it could be shown that a mutant of a-
GFP, mutant GFP-QC2 (C48S, A206C, L221C), features
substantial increases in photostability (Figure 14C) upon
conjugation of azobenzene to the two cysteines. Count rate
and total detected photon numbers were derived from TIRF
movies of individual GFP molecules, using methods as
reported previously, and showed that azobenzene can improve
these properties up to S-fold at intermediate laser excitation
power, yet mostly in the absence of oxygen (Figure 14D). The
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effects were also not related to a change in redox state of the
two close-by cysteines (A206C, L221C) because labeling with
other photostabilizer-maleimides did not have such an impact
(Figure S2), and the GFP variant’s fluorescence quantum yield
was insensitive to the presence of reducing agents. The
mechanistic basis of the improvement could not yet be related
directly to triplet-state quenching; however, the results support
the idea that also FPs might be within the scope of self-healing
dye technology. This can even be done by rational choice of
triplet-state quenchers based on recent reports on the triplet
properties of FPs.'”

Alternative Conjugation Strategies. A remaining fundamental
hurdle is to synthesize and characterize self-healing dyes with
appropriate reactive sites for various biomolecules while
keeping the stabilizer at the right distance. Blanchard and co-
workers sell a selected number of self-healing cyanine dyes
(www.lumidynetechnologies.com). There is, however, no
commercial solution which is generally applicable to all dyes
and may allow commercial dyes to be upgraded to a self-
healing dye. As shown in Figure 6, self-healing dyes are always
premodified with the photostabilizer to allow biolabeling.
Although the Cordes lab introduced a general approach using
unnatural amino acid-based photostabilizers to generate self-
healing constructs, these are not commercially available yet,
require a demanding synthesis procedure, and consume large
amounts of expensive commercial dyes during preparation.
Even the proximity of photostabilizers to the fluorophores
through DNA hybridization can reduce the chemical synthesis
to some extent, but this has very limited applicability. We think
one key step for advancement of self-healing dyes is an easy,
universal, and modular approach that transforms normal dyes
into self-healing dyes once they bind the biotarget. The
procedure should be based on established linking chemistry
(mostly click chemistry) and should be integrated into existing
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protocols, thus requiring only commercially available fluo-
rophores.

In conclusion, this Perspective summarized the current state
of the art of self-healing dyes as a new promising class of
fluorescent labels. We provided details on their historical
development, highlighted the established building blocks of
self-healing dyes and mechanistic understanding, and com-
pared the performance to other photostabilization approaches.
Besides a description of their most recent applications in high-
resolution, live-cell and single-molecule imaging, we also
detailed remaining key limitations: (i) How could mechanistic
understanding further advance photostabilization efficiency of
self-healing dyes, especially accounting for different biochem-
ical environments and the presence of molecular oxygen? (ii)
What requirements do we have in terms of bioconjugation for
self-healing dyes? Finally, we discussed new data that
contributed toward solving these problems showing fluoro-
phore redox-blinking in double-stranded DNA with differing
base sequences and summarized a recently published study
toward the use of intramolecular photostabilization for
fluorescent proteins.
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