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Ultra-stable organic fluorophores for
single-molecule research
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Fluorescence provides a mechanism for achieving contrast in biological imaging that enables

investigations of molecular structure, dynamics, and function at high spatial and temporal resolution.

Small-molecule organic fluorophores have proven essential for such efforts and are widely used in

advanced applications such as single-molecule and super-resolution microscopy. Yet, organic

fluorophores, like all fluorescent species, exhibit instabilities in their emission characteristics, including

blinking and photobleaching that limit their utility and performance. Here, we review the photophysics

and photochemistry of organic fluorophores as they pertain to mitigating such instabilities, with a

specific focus on the development of stabilized fluorophores through derivatization. Self-healing organic

fluorophores, wherein the triplet state is intramolecularly quenched by a covalently attached protective

agent, exhibit markedly improved photostabilities. We discuss the potential for further enhancements

towards the goal of developing ‘‘ultra-stable’’ fluorophores spanning the visible spectrum and how such

fluorophores are likely to impact the future of single-molecule research.

Introduction

Fluorescence imaging, which affords high specificity and ima-
ging contrast,1 has proven to be an indispensable tool for
advancing our understanding of biological systems.2 Although
biomolecules often contain intrinsic fluorophores, such as
aromatic amino acids that can be used to interrogate biological
functions, extrinsic fluorophores,3 such as small-molecule
organic fluorophores,4,5 fluorescent proteins,6,7 and inorganic
semiconductor particles (quantum dots),8 have absorbance
cross sections and fluorescence quantum yields that dramati-
cally increase image contrast. Such fluorophores have therefore
become essential imaging tools.

Extrinsic fluorophores spanning the visible spectrum are
now available that can be specifically attached to almost any
biomolecule of interest. These probes can thus serve as versatile
messengers of dynamic and functional information in a diverse
array of systems that would otherwise be hidden.2 Small-
molecule organic fluorophores are the smallest of the known
extrinsic fluorophores – only a hundredth to a thousandth
the size of fluorescent proteins and quantum dots9,10 (Fig. 1).

Correspondingly, organic fluorophores when properly positioned
are the least perturbing to the system under interrogation.

The use of organic fluorophores over the last century has
greatly advanced our knowledge and understanding of biological
systems.2 They have been used for staining distinct cellular
compartments,3 for pH and analyte sensing in vitro and in living
cells,11 and for detecting intermolecular interactions via changes
in fluorophore excitation, emission, and tumbling properties.2

They have also been used as essential reagents for immuno-
fluorescence, proteomics, as well as a host of medical diagnostic
tools.2,3 In each application, fluorophore choice proves para-
mount to a successful outcome. The appropriate organic fluoro-
phore is one that maximizes signal and minimizes noise.

While organic fluorophores lack the per se genetic encod-
ability of fluorescent proteins, and can be less photostable than
quantum dots, a number of recently developed methods enable
the problem of encodability to be overcome12–14 and dramatic
improvements in photostability have been achieved (reviewed
here) that markedly expand their utility and performance in
almost every imaging application. In this review, we focus our
discussion on the use and performance of organic fluorophores
in investigations using single-molecule fluorescence. Excellent
reviews of fluorescent proteins and quantum dots can be found
elsewhere.6,8,9,15–19

Since the first single-molecule fluorescence measurements
on biological samples at ambient temperatures were made
in the 1990s,20,21 the quest to image biological systems one
molecule at a time has grown exponentially.22 A key driving
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force behind this trend is the emerging understanding that
time-dependent fluctuations in the structure and dynamics of
molecular systems are essential aspects of function that are
lost, or at least obscured, in bulk investigations.20–22 Single-
molecule methods also enable the quantification of hetero-
geneous molecular populations and the tracking of asynchronous
events in real time,20–22 information that is inaccessible at the
ensemble scale. In vitro analyses of motor protein function, RNA
folding and catalysis, transcription, translation, DNA recombi-
nation, splicing, telomere maintenance, reverse transcription,
chromatin remodeling, and membrane transport have already
led to unprecedented insights that have advanced our knowledge
of molecular structure, dynamics, and function.23–37 Single-
molecule investigations in living cells,40–49 although still nascent
as a field, have further revolutionized our understanding of the
transient and stochastic nature of cellular processes and the
fundamentally dynamic nature of biological systems.

Yet despite the remarkable progress that has already been
achieved, the continued advance of single-molecule research
requires new technologies to address the high demands placed
on the chemical and physical properties of the fluorophores
employed.5 The inherent instabilities of fluorophores – includ-
ing their propensity to switch between bright and dark states
(blinking)50,51 and permanently terminate fluorescence (photo-
bleaching) – compromises the regularity and duration of
photon emission.4,5 Such phenomena, which stem from fluoro-
phore- and environment-specific photophysical and photo-
chemical reactions,4,5 limit the spatial and temporal resolution
that can be achieved and diminish the information content of the
experiment. Therefore, efforts to characterize and to understand
each fluorophore’s distinct properties play a critical role in the
evolution of fluorophores for distinct applications. Advance-
ments in these areas offer the promise of further broadening
the scope and depth of information that can be gained through
single-molecule imaging as well as the types of biological systems

that can be interrogated. Here, we discuss our best estimate of
the road ahead and the likely obstacles to further progress.

Although blinking can be exploited for reconstructing super-
resolution images of cellular structures,52–54 for most single-
molecule imaging applications, stochastic blinking, which
spans from microsecond to minute timescales, reduces the
number of photons emitted per unit time to the detriment of
signal quality, resolution and imaging time.55 Blinking can also
be misinterpreted as biologically relevant events,56,57 and
significantly hamper efforts to track individual fluorophores in
complex environments.58–60 Bright, slow-photobleaching and
non-phototoxic61–65 fluorophores with stable fluorescence inten-
sity are correspondingly in great demand.

Below, we discuss key challenges associated with the gen-
eration of organic fluorophores spanning the visible spectrum
with such performance characteristics and how such properties
may be associated with reduced phototoxicity in complex bio-
logical settings.61–65 Such species are referred to here as ‘‘ultra-
stable’’ organic fluorophores. Progress towards the development
of such species is reviewed here in the context of recent advances
in the field.

Origins of fluorophore instability

Our discussion of mitigating fluorophore instabilities necessa-
rily begins with a brief review of the photophysics and photo-
chemistry underpinning organic fluorophore performance (Fig. 2).66

A fluorophore molecule in the ground state (S0 in Fig. 2) that is
illuminated with light of appropriate wavelength may absorb a
photon to transition into an excited state, where the efficiency
of this process is determined by the illumination intensity
and the fluorophore’s extinction coefficient. Following rapid
(ca. picoseconds), solvent-mediated relaxation, the fluorophore
resides in the lowest vibrational level of the first singlet excited

Fig. 1 Size comparison of extrinsic fluorophores. From left to right: the organic fluorophore Cy5 (maleimide conjugate), green fluorescent protein, and a
quantum dot coated with a passivating polymer layer (red) and a bioconjugating molecule layer (blue). Cyan spheres represent hydrodynamic radii.18,38,39
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state (S1 in Fig. 2). The excitation process can also be described
in the framework of molecular orbital theory,66 where an
electron within the highest occupied molecular orbital (HO in
Fig. 2) transitions to the lowest unoccupied (LU in Fig. 2)
molecular orbital.

A fluorophore in S1 can return to the S0 state through either
radiative (fluorescence [F] in Fig. 2) or a non-radiative (internal
conversion [IC] in Fig. 2) relaxation pathways, at timescales on
the order of 10�10–10�9 seconds (for fluorophores typically
used in single-molecule imaging).4,67,68 Due to rapid vibrational
relaxation following excitation, the energy of the photon emitted
from S1 is lower than the excitation photon, resulting in an
increase in wavelength ranging from 5–50 nm (Stokes shift).66

While an ideal fluorophore rapidly cycles between S1 and S0,
resulting in regular photon emission, deviations from this
simple two-state model feature prominently in the experi-
mentally observed behaviors of organic fluorophores. For instance,
a fluorophore in S1 can also undergo intersystem crossing (ISC in
Fig. 2) to a non-fluorescent triplet excited state (T1 in Fig. 2).
Although ISC to T1 is typically a rare event for organic fluorophores
used in single-molecule imaging (quantum yield o0.01),69–72 its
high energy and long lifetime (typically 10�6–10�4 seconds)70,73–76

make it a key determinant of fluorophore performance. Excursions
to the triplet state attenuate the observed photon emission rate
(blinking) and open chemical pathways to irreversible damage
(photobleaching). For example, fluorophores in T1 are particularly
active in electron transfer reactions66 that result in the formation
of non-fluorescent radical species (R+ and R� in Fig. 2) and

subsequent degradation of the fluorophore. Here, oxidation or
reduction of the fluorophore can be mediated by a solvent
impurity (e.g. metal ions), molecular oxygen (O2), components
of the biological molecule to which it is attached or another
fluorophore.

Molecular oxygen, present at a concentration of approxi-
mately 0.3 mM in aqueous solutions at ambient pressure,77 is a
ubiquitous and reactive participant in reactions with organic
fluorophores. Electron transfer from a triplet fluorophore to
molecular oxygen produces a superoxide radical (O2

�) and a
non-fluorescent, cationic state (R+) of the fluorophore. Energy
transfer from a triplet fluorophore to molecular oxygen produces
excited singlet oxygen (1O2), an oxidizing agent stronger than
ground state molecular oxygen. Superoxide radicals and singlet
oxygen, along with other downstream reactive oxygen species
(ROS), including HO�, HO2

�, and H2O2, can cause photobleaching
by reacting with the fluorophore78–80 and phototoxicity by reacting
with nearby biomolecules.65,81,82

The aforementioned discussion provides a simplified frame-
work for understanding the experimentally observed instability
of organic fluorophores (Fig. 3). While the ideal fluorophore
cycles exclusively between the S0 and S1 states, leading to a non-
blinking and long-lasting fluorescent signal, such behavior is
never achieved in practice because the rate of intersystem
crossing to the triplet state is non-negligible. A simple calcula-
tion illustrates this point. Approximately 100 detected photons
per time point are needed to achieve a sufficient signal-to-noise
ratio (SNR) for a single-molecule measurement.5 Assuming that

Fig. 2 The state energy diagram and the electron spin configuration for fluorophore excitation and deactivation pathways. S0: the ground state of the
fluorophore molecule; S1: the first singlet excited state; T1: the first triplet excited state; R+: cationic radical state; R�: anionic radical state; Sn and Tn (n > 1):
higher-energy singlet and triplet excited state, respectively; EX: excitation by photon absorption; F: fluorescence; IC: internal conversion; ISC: intersystem
crossing; P: phosphorescence; Redox: reduction or oxidation. The boxes show the electron and spin configurations for the corresponding states. HO:
highest occupied molecular orbital for the fluorophore molecule; LU: lowest unoccupied molecular orbital.
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the quantum yield of triplet state formation (FISC) is 0.001, the
quantum yield of fluorescence (Ffl) is 0.5, and the efficiency of
photon detection is 10%,5 a fluorophore will make about two
transitions to T1 during each integration period.

In air-saturated solutions, reactions between molecular
oxygen and T1 are rapid (on the order of 106 s�1),83 leading to
substantial ROS generation and rapid photobleaching (Regime 1
in Fig. 3). In the absence of molecular oxygen, radical states of
the fluorophore may be rapidly formed through electron transfer
with its surroundings (Regime 2 in Fig. 3). As R+ and R� radical
states of the fluorophore are non-emissive and can be long lived,
pronounced blinking and photobleaching occur. As will be
discussed in detail below, triplet state quenchers (TSQ in
Fig. 3) and reducing and oxidizing agents (ROX in Fig. 3) can
quench T1 and radical states74,76,84 to recover the ground state.
When such quenching occurs rapidly, triplet and radical states
are shortened resulting in a non-blinking and long-lasting
fluorescent signal (Regime 3 in Fig. 3).

Reactions independent of the triplet state may also contri-
bute to fluorophore instability. The following two examples are
relevant to many applications. First, excited states higher than
S1 and T1 can be produced by the absorption of one or multiple
photons (e.g. S0 - Sn, S0 - S1 - Sn, and S0 - T1 - Tn) (Fig. 2).
However, since Sn and Tn generally relax to S1 or T1

(ca. femtoseconds to picoseconds) faster than they undergo
other transitions (Kasha’s rule),66 higher excited states are
usually not explicitly discussed in the context of fluorophore
photophysics. Nevertheless, an excess of photobleaching is often
observed in single-molecule Förster Resonance Energy Transfer

(smFRET) and in multi-color excitation studies, which typically
demand intense illumination, suggesting an involvement of
Sn or Tn states.83,85–87 Second, the polymethine chain in cyanine
fluorophores in the S1 excited state can undergo cis–trans
isomerization to produce poorly fluorescent cis isoforms,88–90

leading to attenuations in brightness, including microsecond
timescale fluctuations and blinking.4,91,92

Selecting fluorophores for
single-molecule imaging

For single-molecule fluorescence imaging, it is imperative to
maximize the signal detected from each individual fluorophore
molecule. Selection of a fluorophore with robust emission
properties is a critical first step. An appropriate fluorophore
should be bright enough to provide the desired spatial and
temporal resolution and photostable enough to ensure a suffi-
ciently long observation window. A gamut of commercially
available fluorophores meet such requirements, including blue –
(Cy2,93 Atto 488,93 Alexa 48893), yellow – (Cy3,94 Cy3B,4 Cy3.5,95 Atto
550,94 Alexa 55594), red – (Cy5,94 Cy5.5,96 Atto 647N,94 Atto 655,97

Alexa 64794), and near-infrared – (Cy795) emitting molecules of the
cyanine (Cy2, Cy3, Cy3B, Cy3.5, Cy5, Alexa 647, Cy5.5, Cy7),
rhodamine (Alexa 488, Atto 488, Alexa 555), oxazine (Atto 655),
and carbopyronine (Atto 647N) classes.

In certain super-resolution imaging modalities, fluorophore
blinking and photobleaching properties are key determinants
of spatial and temporal resolution.48,52–54 A systematic evalua-
tion by Zhuang and colleagues demonstrated that Atto 488,
Cy3B, Cy5, Cy7 and Cy7 derivatives (Alexa 750, DyLight 750), are
particularly amenable to such applications.98 In ratiometric
fluorescence methods like smFRET imaging, the chosen fluoro-
phores should not exhibit intrinsic spectral shifts or intensity
fluctuations. While such effects may be less relevant in applications
such as particle tracking,58,60 they confound smFRET measure-
ments seeking to quantify functional conformational events.56,57

For example, while Alexa 488, Atto 488, and Atto 647N possess high
extinction coefficients, quantum yields and stability, their tendency
to exhibit spectral shifts generally makes them poor choices for
quantitative smFRET measurements.5,93 Cis–trans isomerization,
particularly relevant to the cyanine fluorophore class,88 can also
contribute to fluctuations in fluorescence quantum yield, and
hence brightness.89,90 Such phenomena render the observed
fluorescence of Cy3 strongly dependent on the local environ-
ment.91,92 However, in our experience, fluctuations of this kind
have only a limited impact on the observed signal in the context of
FRET as variations in Cy3 intensity tend to propagate to the
acceptor fluorophore equally, resulting in correlated reductions in
intensity with negligible impact on the apparent FRET efficiency.

In the following sections, we focus our discussion on the
sulfonated derivatives of the cyanine fluorophores99 (Fig. 4) as
they remain the most widely employed in single-molecule
research. Despite their aforementioned non-idealities, cyanine-
class fluorophores exhibit properties that make them highly
amenable to imaging, including high aqueous solubility,

Fig. 3 (a) A framework for understanding the nature of fluorophore
instabilities. (b) Kinetic regimes that lead to different behaviors of a
fluorophore. TSQ: triplet state quencher; ROX and ROX0: reducing or
oxidizing agents. tEXP: the exposure time for each frame of the measure-
ment. Regime 1 occurs when kET[O2] c kTS

ISC + kTSQ[TSQ], kROX[ROX], and
the fluorophore photobleaches quickly. Regime 2 occurs when kROX[ROX] c
kET[O2], kTS

ISC + kTSQ[TSQ]; kROX0[ROX0] r 1/tEXP, and the fluorophore blinks
frequently. Regime 3 occurs when kTS

ISC + kTSQ[TSQ] c kET[O2], kROX[ROX]; or
kROX[ROX] c kET[O2], kTS

ISC + kTSQ[TSQ]; kROX0[ROX0] c 1/tEXP, and the
fluorophore lasts long and rarely blinks.
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high brightness and photostability as well as low spectral shift
propensities and controllable blinking behaviors. They are also
particularly amenable to systematic chemical and photophysi-
cal investigations as they are closely related in structure and
can be chemically synthesized in high yields.

Fluorophore stabilization through
oxygen depletion

Given that the rate constant for quenching of fluorophore triplet
states by molecular oxygen is on the order of 109 M�1 s�1,66 the
effective rate of triplet state quenching in air-saturated aqueous
solutions approaches 106 s�1. This rate is substantially faster than
the intrinsic decay of triplet states for most organic fluorophore
species (ca. 104–106 s�1). In the absence of high concentrations
(e.g. >1 mM) of oxidants or reductants, the rate of triplet state

quenching by molecular oxygen is also faster than the formation
of radical states. Thus, in the presence of molecular oxygen, where
the triplet state lifetime is on the order of 1 ms, fluorophore
blinking stemming from the formation of radical states is typically
negligible. While this may be a preferred regime for live cell
single-molecule imaging and some in vitro systems, the generation
of ROS can lead to rapid fluorophore photobleaching (Regime 1 in
Fig. 3 and 5a) and unwanted phototoxicity.61,64,65

Molecular oxygen’s recognized role in the photobleaching of
organic fluorophores has motivated extensive investigations
into practical means of removing it from solution. Dissolved
oxygen can be efficiently removed by degassing techniques and
saturating the solution with oxygen-free gases.109 However,
such methods are prone to variability and reverse rapidly. For
this reason, enzymatic oxygen scavenging systems have become
the method of choice for many fluorescence applications.110–113

This is particularly true in the case of single-molecule imaging,

Fig. 4 (a) Generic structure of cyanine fluorophores. (b) Structures of commercially available cyanine fluorophores along with important spectroscopic
properties. Note that the values cited here are for free dyes in solution and may change significantly upon conjugation to biomolecules. labs,
lF – wavelengths of absorption, emission maximum; emax – extinction coefficient; tF, tT – lifetimes of fluorescence and triplet state; FF, FISC – quantum
yields of fluorescence and intersystem crossing. The R groups represent the various linkers available for bioconjugation of the fluorophores. Source:
[i] Dempsey et al. 2011;98 [ii] Kassab 2002;65 [iii] Cooper et al. 2004;100 [iv] Chibisov et al. 1996;70 [v] Mujumdar et al. 1993;99 [vi] Rurack and Spieles
2011;101 [vii] unpublished data; [viii] Ponterini and Caselli 1992;102 [ix] Jia et al. 2007;75 [x] Zheng et al. 2012;76 [xi] Chibisov 1977;103 [xii] Roth and Craig
1974;104 [xiii] Sanborn et al. 2007;105 [xiv] Mujumdar et al. 1996;106 [xv] Chibisov et al. 1995;107 [xvi] Gu et al. 2013;108 [xvii] Buschmann et al. 2003.67

Solvent: [a] water; [b] ethanol; [c] methanol; [d] acetonitrile; [e] butanol. [*] non-sulfonated form; [–] no data available.
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where the demand for fluorophore performance is greatest. The
GOD:CAT system, comprised of glucose, glucose oxidase and
catalase, and the PCA–PCD system, comprised of protocatechuic
acid (PCA) and protocatechuate-3,4-dioxygenase (PCD), are the
most widely employed. Alternative methods include the use of
pyranose oxidase, D-glucose, and catalase,112 or methylene blue
and thiol,113 but such systems are less common and have yet to
be fully characterized.

In an air sealed container, the PCA–PCD system can reduce the
molecular oxygen concentration to approximately 3 mM when
operating properly.111 In doing so, the collision frequency between
the fluorophore and molecular oxygen is lowered by roughly two
orders of magnitude (from B1 ms�1 to B0.01 ms�1). Although the
removal of molecular oxygen from solution can reduce fluorophore
photobleaching rates by an order of magnitude or more (Fig. 5a
and b), doing so accentuates the redox characteristics of the
fluorophore’s triplet state. In solution conditions and biological
settings, this typically results in severe blinking (Fig. 5b) due to the
formation of radical states lasting anywhere from several milli-
seconds to hours (Regime 2 in Fig. 3).114 As we discuss below,
improved fluorophore performance can be realized through the
addition of exogenous chemical additives as well as fluorophore
engineering.

Fluorophore stabilization using
solution additives

A small but growing number of specific chemical additives –
collectively referred to here and elsewhere83 as ‘‘protective
agents’’ – have been identified that afford significant improve-
ments in fluorophore performance. Protective agents may
operate through a wide range of mechanisms. However, they
are generally characterized by their capacity to reduce fluoro-
phore photobleaching rates, to increase the mean fluorescence
intensity, to reduce variances in fluorescence intensity, and to
reduce blinking frequency.55,83,84,115

The reducing agent, b-mercaptoethanol, was one of the first
protective agents to be employed for fluorophore stabilization.116

Consistent with the idea that the reactive oxygen species
contribute to poor fluorophore performance, the antioxidants
cysteamine,62 N-propyl gallate,117 ascorbic acid,118 p-phenylene-
diamine,119 and 1,4-diazabicyclo[2.2.2]octane (DABCO),120 have
since been found to reduce the apparent blinking and photo-
bleaching rates in bulk and single-molecule imaging.83 Some of
these compounds constitute the active ingredients in commer-
cially available anti-fading agents employed for fixed cell imaging
applications.121

Chemicals such as 1,3,5,7-cyclooctatetraene (COT),27,83,115,122

4-nitrobenzylalcohol (NBA),27,115,122 and Trolox55,83,115,123,124 are
on the shortlist of preferred compounds for fluorophore stabili-
zation. The combined use of COT, NBA and Trolox under oxygen
scavenging conditions can drastically increase the mean fluores-
cence intensity as well as the duration of photon emission
(Fig. 5c).115 Although these reagents were understood to operate
through a collision-based mechanism and to exhibit the greatest
benefits when used in combination, the precise mechanisms of
these protective agents were not known at the time that they
were initially employed.55,83,115,123 The utility of solution-based
protective agents as a strategy for fluorophore stabilization is
highlighted by the fact that protective agents have been used
for the vast majority of single-molecule fluorescence applica-
tions over the past decade.

A significant advance in the use of protective agents for
fluorophore photostabilization has been the development
of reducing and oxidizing systems (ROXS).84 These systems
elegantly address the tendency of organic fluorophores to enter
dark states via the formation of radical fluorophore species that
are directly on path to photobleaching (Fig. 2). The proper
balance of reducing agents, such as ascorbic acid and n-propyl
gallate, and oxidizing agents, such as methylviologen, can
reduce the lifetime of the triplet state by forcing the formation
of fluorophore radicals that can then be quickly returned to the
ground state by providing a readily available source of redox
agents (Regime 3 in Fig. 3). ROXS can also reduce the lifetime of
spontaneously formed radical states through similar means.
Trolox and two commercially available anti-fading agents
(Vectashield and Ibidi-MM) have also been shown to function
through ROXS mechanisms.121,125 Importantly, ROXS has
proven effective for controlling the duration of bright and dark
states for a variety of commercially available fluorophores by
adjusting the concentration of reducing and oxidizing agents
used. Sub-millimolar ROXS concentrations generally lead to
reversible blinking, which can be exploited for super-resolution
applications based on stochastic blinking,126 while at millimolar
concentrations and above, redox agents collide with the fluoro-
phore on the microsecond timescale, resulting in much shorter
triplet and radical state lifetimes.84 Under such conditions,
ROXS can significantly increase fluorophore stability by effec-
tively short-circuiting photobleaching pathways. However, ROXS
performance is strongly dependent on fluorophore type and
experimental demands. It also functions by enforcing the entry
into dark states and thus only appears to eliminate blinking
when imaging at integration times substantially slower than
the blinking frequency.

Fig. 5 Representative single-molecule fluorescence traces for Cy5 in
(a) air saturated buffer, (b) deoxygenated buffer, and (c) deoxygenated
buffer plus 1 mM COT, NBA, and Trolox.
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Research in the dye laser field dating back to the 1960s
demonstrated that certain agents can increase fluorophore
brightness and photostability by operating through a triplet–
triplet energy transfer mechanism.127 For this mechanism to be
efficient, the triplet energy of the fluorophore (donor) must be
higher than the triplet energy of the triplet state quencher
(acceptor). In the presence of molecular oxygen, the triplet
energy of the quencher should also be lower than the triplet–
singlet energy gap of molecular oxygen (B94 kJ mol�1) to
prevent singlet oxygen generation. COT, which has a low-energy
triplet state (B92 kJ mol�1),128,129 fits this description and has
recently been shown to greatly improve fluorophore stability in
single-molecule imaging in aqueous environments.35,115,130

Despite the remarkable advancements afforded by solution-
based protective agents, such approaches face severe constraints.
First, the benefit to fluorophore performance by exogenous
protective agents depends on the collision frequency.115 Thus,
millimolar concentrations are typically required for stabilizing
effects. This concentration regime is at, or near, the solubility
limit for many of these compounds. Correspondingly, protective
agents may lead to a non-specific inhibition of biological activ-
ities and their effects must be carefully examined for each system
under investigation. Second, the hydrophobic nature and redox
properties of protective agents pose serious limitations for inves-
tigations of biological systems at the membrane or in living cells.
Indeed, it has now been shown that COT, NBA and Trolox
interact with biological membranes to quantitatively alter the
function of integral membrane proteins.131 Third, the effects of
protective agents may depend on the fluorophore and the label-
ing context.84,115 Such considerations pose significant challenges
for ROXS-based stabilization strategies in particular, as the redox
properties of organic fluorophores are dependent on fluorophore
type, solution conditions, and biological context. These issues
suggest that a universal, fluorophore-independent solution for
optimizing photostability using this approach may not exist.

Self-healing fluorophores

To address the aqueous insolubilities and potential toxicities
exhibited by protective agents, we have recently turned to a
strategy of chemically engineering organic fluorophores to
improve their performance.76,95,132 Efforts along these lines
have been successfully employed previously to develop fluoro-
phores for the dye laser field,133 to improve the aqueous
solubility,134 and to develop fluorescence-based biosensors.11

As indicated above, we have focused our recent endeavors on
the cyanine fluorophores (Fig. 4), although we believe the
mechanistic insights from these investigations are likely applic-
able to other fluorophore classes.

Building on the observation that the protective agents COT,
NBA and Trolox operate through a concentration-dependent
mechanism,115 we set out to covalently conjugate them to the
fluorogenic center to achieve the highest effective concentration
possible. In our initial efforts,132 we focused on the commercially
available cyanine fluorophore, Cy5, one of the most widely

employed organic fluorophores in fluorescence and FRET
imaging. Cy5 serves an important role in cellular imaging
and FRET due to its red-shifted emission properties but is
prone to frequent blinking and rapid photobleaching in
the absence of protective agents. In this work, we chose a
generalizable synthetic strategy in which a bis-N-hydroxy-
succinimide activated Cy5 fluorophore was coupled to amine-
activated COT, NBA and Trolox molecules to create fluorophores
linked to these protective agents through a flexible 13-atom
linker (termed Cy5-COT(13), Cy5-NBA(11), and Cy5-Trolox(11),
respectively; Scheme 1).

Remarkably, these fluorophores showed little blinking and
reduced photobleaching rates compared to the parent Cy5
fluorophore in distinct biological contexts (linked to a DNA
molecule in vitro, and to the Dopamine D2 receptor on the
surface of living cells). Consistent with the hypothesis that
covalent attachment of the protective agent would increase
the effective local concentration, each of the conjugates per-
formed better than Cy5 with the respective protective agent in
solution at near-saturating (1 mM) concentration. Improvements
in photostability were also found in oxygenated buffers, where
protective agents in solution had little or no effect.132 These
findings showed that a single, proximally linked protective
agent could mediate photostabilization of the Cy5 fluorophore.

Scheme 1 The structures of Cy5-COT(13), Cy5-COT(3), Cy5-NBA(11),
and Cy5-Trolox(11).
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Coined ‘‘self-healing fluorophores’’,135 Tinnefeld and Cordes
speculated that the observed photostabilization could be
mediated by ping-pong redox chemistry via the conjugated
protective agent, thereby mitigating the formation of triplet
and radical states directly.135

In a later report,95 this approach was extended to cyanine
fluorophores spanning the visible and near-infrared spectrum
(Cy2, Cy3, Cy3.5, Cy5.5, and Cy7), to find that each cyanine
fluorophore responds uniquely to the attached protective agent,
where the difference in photon count varied by several orders of
magnitude. Pursuing the observation in this report that COT-
linked fluorophores tended to exhibit the broadest and most
substantial enhancements in fluorophore performance, includ-
ing increased brightness, photon count, and signal-to-noise
ratio (Fig. 6a), a mechanistic investigation was undertaken to
explore whether further improvements could be achieved.76

In this study, we demonstrated that the COT moiety in Cy5-
COT(13) improved Cy5 performance by directly reducing the
lifetime of the triplet state through triplet–triplet energy trans-
fer (see Discussion in the previous section). In acetonitrile, we
observed a 4.8-fold reduction in the Cy5 triplet state lifetime
(from B63 ms to B13 ms), while no effect on the triplet state was
observed for Cy5-Trolox(11) or Cy5-NBA(11). This finding
demonstrated that COT operates through a distinct mechanism
from NBA and Trolox. It also agreed with the notion that
beneficial effects of NBA and Trolox on Cy5 performance
operated through a charge transfer mechanism,135 which was
efficiently suppressed in the organic solvent used.

As triplet–triplet energy transfer is a collision-based process,
these experiments also led us to test the hypothesis that further
improvements in Cy5 performance could be achieved by redu-
cing the length of the linker between COT and the fluorogenic
center. This led to the development of synthetic strategies
enabling us to bring COT to within 3 atoms of the Cy5

fluorophore (Scheme 1), where we observed an additional
12-fold reduction in triplet state lifetime (1.1 ms vs. 13 ms for
Cy5-COT(13)). By quantifying the number of photons detected
for each ensemble of single molecules, we showed that the
number of detected photons before blinking or photobleaching
for Cy5, Cy5-COT(13), and Cy5-COT(3) (2 � 104, 4 � 105, and
1 � 106, respectively) was inversely correlated with the triplet
state lifetime, demonstrating that the triplet state plays a key role
in fluorophore instability (Fig. 3). Following analogous strategies
to synthesize Cy2-COT(3), Cy3-COT(3) and Cy7-COT(3), we show
here that each of these fluorophores also exhibits marked
enhancements in photon emission rates, total photon counts
and signal-to-noise ratios (Fig. 6).

Experiments enabled by self-healing
fluorophores

Organic fluorophores with improved stability are anticipated to
enable new types of single-molecule experiments that were not
previously feasible. For instance, the enhanced brightness,
signal-to-noise ratio, and total photon counts should facilitate
imaging at faster temporal resolution. In the field of particle
tracking, sub-millisecond resolution using large scattering targets
has enabled important findings in membrane diffusion and
organization.136 The combination of self-healing fluorophores
with feedback-driven tracking instrumentation137,138 and new
high-speed sCMOS cameras offers the promise of similar success
using fluorescence.139,140 Self-healing fluorophores are also
anticipated to vastly expand the range of systems that can be
investigated using single-molecule imaging methods. Today,
fluorophore performance places highly restrictive, practical
limitations on imaging time scales. In practice, single-molecule
fluorescence studies are generally restricted to a temporal resolu-
tion of 10 ms or longer, where adequate photon counts
(ca. >100 photons per time step) can be achieved over time
periods that are functionally relevant to biological systems
(ca. seconds to minutes). While sub-millisecond temporal
resolution has been reported for fluorescence detected in a
confocal geometry, the duration of fluorescence under these
conditions is restricted to very short (ca. o1 ms) bursts.141

To assess the feasibility of high-temporal resolution imaging
using self-healing fluorophores, we compared the single-molecule
fluorescence signals detected from Cy5 and Cy5-COT(3) – both
conjugated to DNA oligonucleotides – over a wide range of
excitation intensities using a wide-field TIRF configuration. In
these experiments molecular oxygen was depleted using the PCA–
PCD system and samples were imaged in a simplified Tris-buffer
solution (pH = 7.5) containing 50 mM potassium chloride and
5 mM b-mercaptoethanol. The data obtained show that individual
Cy5-COT(3) fluorophores exhibit a linear increase in photon
emission rate over the full range of excitation intensities tested,
reaching up to 150 detected photons ms�1 at 1 kW cm�2. In sharp
contrast, fluorescence detected from the Cy5 fluorophore
saturated at an emission rate of 15 photons ms�1 at much
lower powers (Fig. 7). These findings reveal that the Cy5-COT(3)

Fig. 6 (a) A representative trace of Cy5-COT(3). The signal is defined as
the average intensity before photobleaching. The noise is the standard
deviation of the intensity. (b) Average number of photons detected before
the fluorophore photobleaches, and (c) the signal-to-noise ratio (SNR)
observed for Cy2, Cy3, Cy5, Cy7, and their COT-linked derivatives.
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fluorophore has enough stability for 1 millisecond time scale
imaging and suggest that additional head room may be avail-
able to image even faster. Further experiments are needed to
verify this possibility.

To demonstrate that self-healing fluorophores enable
millisecond-timescale smFRET imaging, we prepared a labeled
ribosome complex as previously described,142 in which donor
(either Cy3 or Cy3-COT(3)) and acceptor (either Cy5 or Cy5-COT(3))
fluorophores were site-specifically conjugated to ribosomal pro-
teins L1 and S13 within the large and small subunit, respectively
(Fig. 8a). This system gives rise to FRET changes that report on
spontaneous conformational processes in the ribosome that facili-
tate rotation of the large and small subunits with respect to each
other (inter-subunit rotation).142,143 This reversible process gives
rise to fluctuations between low- and high-FRET states in indivi-
dual molecules as a function of time. In the absence of molecular
oxygen, ribosomes bearing self-healing donor and acceptor
fluorophores yielded robust FRET recordings over extended
periods (ca. 1 second) (Fig. 8b). Here, an equivalent of roughly
B150 photons could be detected per millisecond where the
total fluorescence intensity observed showed remarkably little
variance. Under the same conditions, FRET recordings could
not be obtained using the Cy3 and Cy5 fluorophores as photo-
bleaching occurred in less than one frame (data not shown).

Although single-molecule studies in complex biological
and cellular contexts have been reported for more than a
decade,42,144,145 the signals and timescales achieved thus far
have been severely limited by rapid fluorophore photobleaching
and low signal-to-noise ratios. Traditional methods to improve
photostability, including oxygen scavenging systems and solution
additives, may be incompatible in complex biological settings or
have little or no benefit.42 Protective agents that exhibit redox
properties and/or hydrophobicity may also interfere with the
system under investigation.131 Self-healing fluorophores bypass
these limitations and may be enabling for future endeavors
aiming to perform single-molecule measurements in living cells.
Self-healing fluorophores will be particularly important for multi-
color fluorescence studies, where different fluorophores – or the

same fluorophore in unique environments – respond differently, or
even negatively, to protective agents such that optimal conditions
for multiple fluorophores cannot be achieved using solution-based
approaches.

Future perspectives and the development
of next-generation ultra-stable organic
fluorophores

While substantial progress has been made in developing photo-
protection methods for organic fluorophores and in gaining a
deeper phenomenological and quantitative understanding of
the associated mechanisms, many open questions and significant
challenges remain. Ultimately, advancements in the breadth and
scope of systems that can be investigated using single-molecule
imaging require even greater improvements in organic fluoro-
phore photostability and brightness than what has already been
achieved. Biological systems that exhibit dynamics on the 1–100 ms
timescale and interact with ligands in the micromolar to milli-
molar regime146 are beyond the reach of the photon emission rates
and detection efficiencies that can be presently achieved. A diverse
range of multistep and complex biological processes (e.g. transla-
tion of a whole protein or changes in gene expression) also lay

Fig. 7 Photon emission rate as a function of excitation intensity (640 nm)
for Cy5 (red, dashed line) and Cy5-COT (blue line) in the presence of the
PCA–PCD oxygen scavenging system.

Fig. 8 Self-healing fluorophores enable robust smFRET recordings at
emission rates compatible with millisecond time scale imaging. Data were
collected in Tris-polymix buffer using a wide-field TIRF illumination system
as previously described142 at a frame rate of 66 Hz. (a) Cartoon illustrating
the labeling strategy designed to probe inter-subunit rotation of the
bacterial ribosome using smFRET. Low FRET reports on an unrotated
ribosome conformation; high FRET reports on a rotated ribosome con-
formation. (b) A long-lived trace with emission rate of >100 photons per
millisecond enabled by imaging with self-healing dyes. Molecular oxygen
was depleted using the PCA–PCD system.
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outside the range of timescales that can be reliably tracked
under continuous illumination. As a consequence, the single-
molecule field has been largely restricted to investigations of
biological systems that exhibit dynamics within a fairly narrow
imaging regime (Fig. 9). Although self-healing fluorophores will
doubtless enable faster imaging timescales and longer observa-
tion windows for many systems, the ultimate goals of tracking
minute-long reactions at timescales approaching those achieved
through molecular dynamics simulations are still beyond reach.
Efforts towards this goal are essential to bridging the knowledge
gap that currently exists between single-molecule imaging and
complete atomistic descriptions of molecular systems and bio-
logical functions.147–150

These goals call for further efforts towards the development
of ultra-stable fluorophores, where triplet state lifetimes are
engineered to be significantly shorter than the temporal resolu-
tion of interest and the rate of molecular oxygen’s collision with
the fluorophore (ca. o100 ns). Given the rate constants of
diffusion-controlled quenching mechanisms (109–1010 M�1 s�1),
the physical limits of solubility, and issues surrounding biological
toxicity, the ‘‘self-healing’’ strategy, rather than solution additive
approach, is likely to be the preferred route to meeting this
demand. While our achievements in this area point to this
potential, today we are more than an order of magnitude away
from this quenching rate using a single protective agent. One
immediate goal is to explore the possibility that multiple protec-
tive agents may be conjugated to the fluorogenic center to achieve
additive or even synergistic shortening of the triplet state lifetime.
Yet, distinct strategies may also be warranted. Eliminating the
formation of triplet and radical states through enhancing the
fluorescence decay rate (kF in Fig. 3) and intersystem crossing rate

(kISC and kISC
0 in Fig. 3) may be considered equally attractive.151

While proof-of-concept studies in this direction have been
published recently,152,153 biologically amenable strategies of
this nature have yet to be realized.

Our working framework (Fig. 3) also falls short of explaining
experimental observations showing that red-emitting fluoro-
phores photobleach much faster when illuminated with short
wavelength light than with direct excitation.86,87 Such compli-
cations, which may involve photoreactions from higher-energy
excited states,85 are particularly challenging for FRET-based
measurements, where short-wavelength light must be used to
excite a donor fluorophore. Although the violation of Kasha’s rule66

has not yet been shown unambiguously, experimental observations
of this kind suggest that investigations into the formation and
features of higher excited states are greatly needed.

In parallel, the field of single-molecule imaging will also be
greatly advanced by continued efforts to facilitate the goal of
making organic fluorophores genetically encodable. A growing
number of approaches – including non-natural amino acid
chemistry, expressed protein ligation and enzymatic peptide
targeting strategies – already enable organic fluorophores to be
site-specifically attached to a biological molecule of interest in
increasingly complex milieus.12 Further improvements in the
specificity of these methods, and the means to induce fluoro-
genicity upon the fluorophore’s attachment to its target13,14 are
advents that are likely to propel single-molecule research far
beyond its current scope into realms unimaginable just a few
years ago.
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N. Plumeré and M. Schlierf, ACS Nano, 2012, 6, 6364–6369.
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