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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 instability in their emission characteristics, including blinking and
photobleaching that limit their utility and performance. To overcome this limitation and
to push the limit of biological imaging, we develop self-healing organic fluorophores,
wherein the triplet state is intramolecularly quenched by a covalently attached stabilizer,
exhibit markedly improved photostability for biological imaging in vitro and in living
cells. Chapter 1 is a general introduction to fluorophores used for biological imaging
and the photophysical framework for fluorophore stability. Chapter 2 overviews the
methods used in this study. Chapter 3 is focused on the triplet-state-quenching
mechanism of photostabilization in self-healing fluorophore. Chapter 4 discusses the
generalization of this self-healing approach to organic fluorophores in different colors
and structural categories. Chapter 5 presents that self-healing fluorophores improve
single-molecule imaging in living cells. Chapter 6 presents a quantitative model for self-

healing fluorophore photostability, leading to enhanced photostability that are not



attainable with previous photo-protection approaches. Chapter 7 addresses the future

directions.
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1. Introduction

Published previously in modified from:
Qinsi Zheng, Manuel F Juette, Steffen Jockusch, Michael R Wasserman, Zhou Zhou,
Roger B Altman, Scott C Blanchard, Chemical Society Review, Ultra-stable organic

fluorophores for single-molecule research, 2014, 43, pp1044-1056

1.1 Summary

This chapter aims to provide background information related to the work discussed
in subsequent chapters. 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 stabilizers, 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.



1.2 Fluorophore for fluorescence imaging

Fluorescence imaging, which affords high specificity and imaging contrast,[4] has
proven to be an indispensable tool for advancing our understanding of biological
systems.[5] Although biomolecules often contain intrinsic fluorophores, such as
aromatic amino acids, that can be used to interrogate biological functions, extrinsic
fluorophores,[6] such as small-molecule organic fluorophores,[7, 8] fluorescent
proteins,[9, 10] and inorganic semiconductor particles (quantum dots),[11] have high
absorbance cross sections and fluorescence quantum yields that dramatically increase
image contrast and have therefore become essential for imaging. 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.[5] 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 dots[12, 13] (Figure 1.1). Correspondingly, when properly
positioned, organic fluorophores 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.[5] These essential tools have been
used for staining distinct cellular compartments,[6] for pH and analyte sensing in vitro
and in living cells,[14] and for detecting intermolecular interactions via changes in
fluorophore excitation, emission, and tumbling properties.[5] They have also been used

as essential reagents for immunofluorescence, proteomics, as well as a host of medical
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Figure 1.1. 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.[1-3]

diagnostic tools.[5, 6] In each application, the appropriate organic fluorophore
maximizes signal and minimizes noise. In this regard, the choice of fluorophore proves
paramount to successful outcomes.

While organic fluorophores lack the per se genetic encodability of fluorescent
proteins and can be less photostable than quantum dots, a number of recently developed
methods enable the problem of encodability to be overcome[15-17] as well as dramatic
improvements in photostability (reviewed here) that markedly expand their utility and
performance in almost every imaging application. In this chapter, we focus our
discussion on the use and performance of organic fluorophores in investigations using
single-molecule fluorescence as excellent reviews of fluorescent proteins and quantum
dots can be found elsewhere.[1, 9, 11, 12, 18-21]

Since the first single-molecule fluorescence measurements on biological samples at
ambient temperatures were made in the 1990s,[22, 23] the quest to image biological

systems one molecule at a time has grown exponentially.[24] The driving 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.[22-24] Single-molecule methods also
enable the quantification of heterogeneous molecular populations and the tracking of
asynchronous events in real time,[22-24] information that is inaccessible at the
ensemble scale. In vitro analyses of motor protein function,[25, 26] RNA folding and
catalysis,[27] transcription,[28] role of dynamics in molecular structure, dynamics, and
function. Single-molecule investigations in living cells,[29-38] 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.[8] The instability of fluorophores —including their propensity to switch
between bright and dark states (blinking) and permanently terminate fluorescence
(photobleaching) —compromises the regularity and duration of photon emission.[7, 8]
Depending on the nature of the fluorophore species, the illumination intensity, as well
as the environmental conditions, blinking events can range from rare to frequent and
last from microseconds to minutes. Blinking can arise for a variety of reasons. In the
case of organic fluorophores, transient dark states may occur due to reversible
isomerization of the conjugated = orbital system, resulting in temporary formation of a

weakly fluorescent or non-fluorescent isomers and thus cycles of bright and dark



states.[8] Blinking may also arise from triplet or radical states of the fluorophores, which
are non-fluorescent and have long lifetimes, as discussed in Section 1.3.[8]
Photobleaching is defined as the permanent loss of fluorescence from light-emitting
fluorescent species.

Such phenomena, which stem from fluorophore- and environment-specific
photophysical and photochemical reactions,[7, 8] limit the spatial and temporal
resolution 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. Advancements 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 that can be
interrogated. Here, we discuss our translation,[39] DNA recombination,[40, 41]
splicing,[42] telomere maintenance,[43, 44] reverse transcription,[45] chromatin
remodeling,[46] and membrane transport[47-49] have already lead to unprecedented
insights that have advanced our knowledge of the best estimate of the road ahead and
the likely obstacles that will need to be overcome to make further progress.

Although blinking can be exploited for reconstructing super-resolution images of
cellular structures,[50-52] 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.[53] Blinking can also be misinterpreted as biologically relevant events,[54, 55]
and significantly hamper efforts to track individual fluorophores in complex

environments.[56-58] Bright, slow-photobleaching and non-phototoxic[59-61]



fluorophores with stable fluorescence intensity are correspondingly in great demand.
Below, we discuss key challenges associated with the generation of organic
fluorophores spanning the visible spectrum with such performance characteristics and
how such properties may be associated with reduced phototoxicity in complex
biological settings[59-61]. Such species are referred to here as “ultra-stable” organic
fluorophores and progress towards their development is reviewed in the context of

recent advances in the field.

1.3 Origins of fluorophore instability
Our discussion of mitigating fluorophore instability necessarily begins with a brief
review of the photophysics and photochemistry underpinning organic fluorophore
performance. (Figure 1.2).[62] A fluorophore molecule in the ground state (So in
Figure 1.2) 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 state (S1 in Figure 1.2). The excitation
process can also be described in the framework of molecular orbital theory,[62] where
an electron within the highest occupied molecular orbital (HO in Figure 1.2) transitions
to the lowest unoccupied (LU in Figure 1.2) molecular orbital.
A fluorophore in S; can return to the So state through either a radiative (fluorescence
[F] in Figure 1.2) or a non-radiative (internal conversion [IC] in Figure 1.2) relaxation
pathway, at timescales on the order of 10" — 10 seconds (for fluorophores typically

used in single-molecule imaging).[7, 63, 64] Due to rapid vibrational
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Figure 1.2. The state energy diagram and the electron spin configuration for fluorophore
excitation and deactivation pathways. SO: 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): h igher-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.



relaxation following excitation, the energy of the emitted photon from Sy is lower than
the excitation photon, resulting in an increase in wavelength ranging from 5-50 nm
(Stokes shift).[62]

While an ideal fluorophore rapidly cycles between Si; and So, resulting in regular
photon emission, deviations from this simple two-state model feature prominently in
the experimentally observed behaviours of organic fluorophores. For instance, a
fluorophore in Sy can also undergo intersystem crossing (ISC in Figure 1.2) to a non-
fluorescent triplet excited state (T1 in Figure 1.2). Although ISC to Ty is typically a rare
event for organic fluorophores used in single-molecule imaging (< 0.01),[65-68] its high
energy and long lifetime (typically 10° — 10* seconds)[66, 69-72] 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 Ty are particularly active in
electron transfer reactions[62] that result in the formation of non-fluorescent radical
species (R* and R in Figure 1.2) 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
approximately 0.3 mM in aqueous solutions at ambient pressure,[73] 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 (*O2), an oxidizing



agent stronger than ground state molecular oxygen. Superoxide radicals and singlet
oxygen, along with other downstream reactive oxygen species (ROS), including HO-,
HO:-, and H>O, can cause photobleaching by reacting with the fluorophore[74-76] and
phototoxicity by reacting with nearby biomolecules.[61, 77, 78]

The aforementioned discussion provides a simplified framework for understanding
the experimentally observed instability of organic fluorophores (Figure 1.3). While the
ideal fluorophore cycles exclusively between the So and S; 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
calculation 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.[8] Assuming that the quantum yield of triplet state formation (®isc) is
0.001, the quantum yield of fluorescence (@) is 0.5, and the efficiency of photon
detection is 10%,[8] a fluorophore will make about two transitions to Ty during each
integration period.

In air-saturated solutions, reactions between molecular oxygen and Ty are rapid (on
the order of 10° st [79]), leading to substantial ROS generation and rapid
photobleaching (Regime 1 in Figure 1.3). In the absence of molecular oxygen, radical
states of the fluorophore may be rapidly formed through electron transfer with its
surroundings (Regime 2 in Figure 1.3). 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 Figure
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Figure 1.3. The nature of fluorophore instability. (a) A framework for understanding
the nature of fluorophore instability. (b) Kinetic regimes that lead to different behaviors
of a fluorophore. TSQ: triplet state quencher; ROX and ROX’: reducing or oxidizing
agents. texp: the exposure time for each frame of the measurement. Regime 1 occurs
when ket[O2] >> k™Sisc+kTso[TSQ], krox[ROX], and the fluorophore photobleaches
quickly. Regime 2 occurs when krox[ROX] >> ker[02], k™Sisc +krso[TSQ];
krox’[ROX’] < 1/ texp, and the fluorophore blinks frequently. Regime 3 occurs when
k™isc+ krso[ TSQ] >> ket[02], krox[ROX];

or krox[ROX] >> ket[O2], k™isc +kTso[TSQ]; krox’[ROX’] >> 1/ texp, and the
fluorophore lasts long and rarely blinks.
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1.3) and reducing and oxidizing agents (ROX in Figure 1.3) can quench T1 and radical
states[70, 72, 80] 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 Figure 1.3).

Reactions independent of the triplet state may also contribute to fluorophore
instability. The following two examples are relevant to many applications. First, excited
states higher than S; and T1 can be produced by the absorption of one or multiple
photons (eg. So—Sn, So—>S1—>Sh, and So—T1—Thn) (Figure 1.2). However, since Sy and
Tn generally relax to Sz or T1 (ca. femtoseconds to picoseconds) faster than they undergo
other transitions (Kasha’s rule),[62] higher excited states are usually not explicitly
discussed in the context of fluorophore photophysics. Nevertheless, an excess of
photobleaching are often observed in single-molecule Forster Resonance Energy
Transfer (SmFRET) and in multi-color excitation studies, which typically demand
intense illumination, suggesting an involvement of Sy or T, states.[79, 81-83] Second,
the polymethine chain in cyanine fluorophores in the S excited state can undergo cis-
trans isomerization to produce poorly fluorescent cis isoforms, leading to attenuations

in brightness, including microsecond timescale fluctuations and blinking.[7, 84-86]

1.4 Fluorophore stabilization through oxygen depletion
Given that the rate constant for quenching of fluorophore triplet states by molecular

oxygen is on the order of 10° M1s1[62] the effective rate of triplet state quenching in
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air-saturated solutions approaches 10° s This rate is substantially faster than the
intrinsic decay of triplet states for most organic fluorophore species (ca.5-50 x 10°s™).
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 on the order of 1 ps, 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 Figure 1.3; Figure 1.4a) and unwanted
phototoxicity[59-61].

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.[87] 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.[88-91] This is
particularly true in the case of single-molecule imaging, 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 usage of pyranose oxidase, D-glucose, and
catalase,[90] or methylene blue and thiol,[91] but such systems are less common and

have yet to be fully characterized.
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In an air sealed container, the PCA/PCD system can reduce the molecular oxygen

concentration to approximately 3 uM when operating properly.[89] In doing so, the
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Figure 1.4. Photophysical properties of Cyanine fluorophores. (a) Generic structure of
cyanine fluorophores. (b) Structures of commercially available cyanine fluorophores
along with important spectroscopic properties. Despite the ubiquitous use of cyanine
fluorophores, important properties like triplet state lifetimes and ISC quantum yield are
often not readily available. Aaps, Aem — Wavelengths of absorption, emission maximum;
emax — extinction coefficient; 1, T — lifetimes of fluorescence and triplet state; ®n, Disc
— 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;[92] [ii] Kassab 2002;[61] [iii] Cooper et al. 2004;[93]
[iv] Chibisov et al. 1996;[66] [v] Mujumdar et al. 1993;[94] [vi] Rurack and Spieles
2011;[95] [vii] unpublished data; [viii] Ponterini and Caselli 1992;[96] [ix] Jia et al.
2007;[71] [x] Zheng et al. 2012;[72] [xi] Chibisov 1977;[97] [xii] Roth and Craig
1974;[98] [xiii] Sanborn et al. 2007;[99] [xiv] Mujumdar et al. 1996.[100] Solvent: [a]
Water; [b] Ethanol; [c] Methanol; [d] Acetonitrile; [e] Butanol. [*] non-sulfonated form;
[-] no data available.
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Figure 1.5. Representative single-molecule fluorescence traces for Cy5. Cy5 was
imaged in (a) air saturated buffer, (b) deoxygenated buffer, and (c) deoxygenated buffer
plus ImM COT, NBA, and Trolox.

14



collision frequency between the fluorophore and molecular oxygen is lowered by
roughly two orders of magnitude (from ~1 ps™ to ~0.01 ps™). Although the removal of
molecular oxygen from the solution can reduce fluorophore photobleaching rates by an
order of magnitude or more (Figure 1.5a 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 (Figure 1.5b) due to the formation of
radical states lasting anywhere from several milliseconds to hours (Regime 2 in Figure
1.3).[101] As we discuss below, improved fluorophore performance can be realized
through the addition of exogenous chemical additives as well as fluorophore

engineering.

1.5 Fluorophore stabilization by solution additives

A small but growing number of specific chemical additives —collectively referred to
here and elsewhere[79] as stabilizers —have been identified that afford significant
improvements in fluorophore performance. Stabilizer may operate through a wide range
of mechanisms. However, they are generally characterized by their capacity to reduce
fluorophore photobleaching rates, to increase the mean photon emission rate, to reduce
variances in fluorescence intensity, and to reduce blinking frequency.[53, 80, 102]

The reducing agent, B-mercaptoethanol, was one of the first stabilizer to be employed
for fluorophore stabilization.[103] Consistent with the idea that radical species
contribute to poor fluorophore performance, the antioxidants cysteamine, N-propyl
gallate, ascorbic acid, p-phenylenediamine and 1,4-diazabicyclo[2.2.2]octane
(DABCO), have since been found to reduce the apparent blinking and photobleaching

rates in bulk and single-molecule imaging.[53 70 8. 102,104-1061 gome of these compounds
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constitute the active ingredients in commercially available anti-fading agents employed
for fixed cell imaging applications.[107]

Chemicals such as 1,3,5,7 cyclooctatetraene (COT)[39, 79, 102, 108] 4-
nitrobenzylalchohol (NBA),[39, 102, 108] and Trolox[53, 79, 102, 104] are on the
shortlist of preferred compounds for fluorophore stabilization. The combined use of
COT, NBA and Trolox under oxygen scavenging conditions can drastically increase the
mean fluorescence intensity as well as the duration of photon emission (Figure
1.5c).[102] 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 stabilizers were not known at the time that they were
initially employed.[53, 79, 102, 104] The utility of solution-based stabilizers as a
strategy for fluorophore stabilization is highlighted by the fact that stabilizers have been
used for the vast majority of single-molecule fluorescence applications over the past
decade.

A significant advance in the use of stabilizers for fluorophore photostabilization has
been the development of reducing and oxidizing systems (ROXS).[80] 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
(Figure 1.2). 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 Figure 1.3). ROXS can also reduce the lifetime of spontaneously formed
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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.[107, 109] 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 leads to reversible blinking, which can be exploited for
super-resolution applications based on stochastic blinking,[110] while at millimolar
concentrations and above, redox agents collide with the fluorophore on the microsecond
timescale, resulting in much shorter triplet and radical state lifetimes.[80] Under such
conditions, ROXS can significantly increase fluorophore stability by effectively 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.

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.[111] 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 (~94 kJ/mol) to prevent singlet oxygen generation. COT, which has a low-
energy triplet state (~92 kJ/mol),[112, 113] fits this description and has recently been

shown to greatly improve fluorophore stability in single-molecule imaging in aqueous
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environments.[47, 102, 114]

Despite the remarkable advancements afforded by solution-based stabilizers, such
approaches face severe constraints. First, the benefit to fluorophore performance by
exogenous stabilizers depends on the collision frequency.[102] 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,
stabilizers may lead to a non-specific inhibition of biological activities and their effects
must be carefully examined for each system under investigation. Second, the
hydrophobic nature and redox properties of stabilizers pose serious limitations for
investigations 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.[115] Third, the effects
of stabilizers may depend on the fluorophore and the labeling context.[80, 102] 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.

1.6 Self-healing fluorophores

To address the aqueous insolubilities and potential toxicities exhibited by stabilizers,
we have recently turned to a strategy of chemically engineering organic fluorophores to
improve their performance.[72, 116, 117] Efforts along these lines have been

successfully employed previously to develop fluorophores for the dye laser field,[118]
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to improve the aqueous solubility,[119] and to develop fluorescence-based
biosensors.[14] As indicated above, we have focused our recent endeavors on the
cyanine fluorophores (Figure 1.4), although we believe the mechanistic insights from
these investigations are likely applicable to other fluorophore classes.

Building on the observation that the stabilizers COT, NBA and Trolox operate
through a concentration-dependent mechanism,[102] we set out to covalently conjugate
them to the fluorogenic center to achieve the highest effective concentration possible.
In our initial efforts,[117] 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 stabilizers. In this work, we chose a generalizable
synthetic strategy in which a bis-N-hydroxysuccinimide activated Cy5 fluorophore was
coupled to amine-activated COT, NBA and Trolox molecules to create fluorophores
linked to these stabilizers 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 stabilizer would
increase the effective local concentration, each of the conjugates performed better than
Cy5 with the respective stabilizer in solution at near-saturating (1 mM) concentration.

Improvements in photostability were also found in oxygenated buffers, where stabilizers
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in solution had little or no effect.[117] These findings showed that a single, proximally
linked stabilizer could mediate photostabilization of the Cy5 fluorophore. Coined “self-
healing fluorophores”,[120] Tinnefeld and Cordes speculated that the observed
photostabilization could be mediated by ping-pong redox chemistry via the conjugated
stabilizer, thereby mitigating the formation of triplet and radical states directly.[120]
Despite the enhanced photostability for the self-healing Cy5 derivatives, key open
questions remained in order to use self-healing fluorophores to push the limit of
biological imaging: (1) to investigate the mechanism of enhanced photostability for self-
healing fluorophores; (2) to generalize the self-healing approach to organic
fluorophores in different color and structural categories; (3) to prove that they can
advance single-molecule measurement of biological processes in vitro and in living
cells; (4) to understand the design principles of self-healing fluorophores that can guide
further development. This dissertation presents my studies addressing these four open
questions. Chapter 2 overviews the methods used in this study. Chapter 3 is focused on
the triplet-state-quenching mechanism of photostabilization in self-healing fluorophore.
Chapter 4 discusses the generalization of this self-healing approach to organic
fluorophores in different colors and structural categories. Chapter 5 presents that self-
healing fluorophores improve single-molecule imaging in living cells. Chapter 6
presents a quantitative model for self-healing fluorophore photostability, leading to
enhanced photostability that are not attainable with previous photo-protection

approaches. Chapter 7 addresses the future directions.
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2. Material and methods

A part of this chapter was previously published in modified form:

Roger B Altman, Daniel S Terry, Zhou Zhou, Qinsi Zheng, Peter Geggier, Rachel A
Kolster, Yongfang Zhao, Jonathan A Javitch, J David Warren and Scott C Blanchard,
Cyanine fluorophore derivatives with enhanced photostability. Nature Methods (2012)
9,68-71

Roger B Altman, Qinsi Zheng, Zhou Zhou, Daniel S Terry, J David Warren and Scott
C Blanchard, Enhanced photostability of cyanine fluorophores across the visible
spectrum. Nature Methods (2012) 9, 428-429

Qinsi Zheng, Steffen Jockusch, Zhou Zhou, Roger B. Altman, J. David Warren,
Nicholas J. Turro, and Scott C. Blanchard, Journal of Physical Chemistry Letters, On
the Mechanisms of Cyanine Fluorophore Photostabilization. 2012, 3 (16), pp 2200—
2203

Qinsi Zheng, Steffen Jockusch, Zhou Zhou, Roger B. Altman, and Scott C. Blanchard,
Journal of Physical Chemistry Letters, The Contribution of Reactive Oxygen Species

to the Photobleaching of Organic Fluorophores. 2014, 90 (2), pp 448-454

2.1 Generation of fluorophore-labeled DNA duplexes

A 21-nucleotide DNA, 5'-(5AMMCG6)CATGACCATGACCATGACCAG
(3BIoTEG)-3', was chemically synthesized containing a 5" amino modifier with a six-
carbon linker (SAmMC6) for fluorophore linkage and an additional 3’ biotin moiety

attached via a 22-atom tetra-ethyleneglycol (TEG) spacer (3BioTEG) (Integrated DNA
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Technologies). A complementary strand was synthesized with a Ce-amino thymine at
various positions (indicated by asterisks) (5'-CTGGTCATGGTCAT*GGT*CAT*G-
3.

Each DNA strand was individually labeled with either commercially available N-
hydroxysuccinimide (NHS) ester activated fluorophore Cy5 (GE Healthcare) or newly
generated TSQ-linked compounds (Supplementary Note) through the following
procedure: lyophilized DNAs were resuspended in double-distilled (dd)H.O and
adjusted to 50 uM in 50 mM potassium borate buffer (pH 8.1) with 200 mM KCI.
Labeling was achieved by adding a fivefold molar excess of NHS-reactive fluorophore
or TSQ resuspended in dimethyl sulfoxide (DMSQO) in a 10-pul reaction. After incubation
at 37 °C for 30 min, all reactions were quenched with 0.2 pl of 1 M Tris-acetate pH 7.5
at 25 °C for 2 min. Complementary strands were hybridized by mixing the two in
equimolar ratios, briefly heating to 90 °C followed by passive cooling to room
temperature (23 °C). Unbound fluorophore was removed using 300 pl of
diethylaminoethyl (DEAE) cellulose resin equilibrated with 10 mM Tris-acetate (pH 7)
with 200 mM ammonium chloride. Hybrids were diluted in column buffer for binding,
then after extensive washing to liberate free fluorophore, the DNA was eluted with 10
mM Tris-acetate (pH 7) with 1 M ammonium chloride. Labeled fractions were pooled
(~200 pl total), diluted in 1 ml of buffer A (1.7 M ammonium sulfate, 10 mM
ammonium acetate pH 5.85) and applied over an (FPLC) phenyl 5PW column (Tosoh
Bioscience) using a 60-min gradient from buffer A to B (10% methanol and 10 mM
ammonium acetate; pH 5.85). The major peak of interest was collected and used for

single-molecule experiments.
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2.2 Single-molecule imaging of fluorophore-labeled DNA duplexes in vitro

All experiments were performed using a laboratory built, prism-based total internal
reflection fluorescence (TIRF) apparatus as previously described[102] at specified
illumination intensities in T50 buffer (10 mM Tris acetate (pH 7.5) and 50 mM KCl),
containing 5 mM [-mercaptoethanol, 1 mM 3,4-dihydroxybenzoic acid (PCA) and 50
nM protocatechuate 3,4-deoxygenase (PCD) (Sigma-Aldrich). Biotinylated DNA
molecules were immobilized via a biotin-streptavidin interaction in microfluidic
channels constructed on quartz slides[102, 121]. Fluorescence from surface-
immobilized molecules, illuminated via the evanescent wave generated by total internal
reflection of a 640 nm (Coherent) laser source, was collected using a 1.27 numerical
aperture (NA), 60x water-immersion objective (Nikon) and imaged onto a Cascade
Evolve 512 electron-multiplying charge-coupled device (EMCCD) camera
(Photometrics). Data were acquired using Metamorph software (Universal Imaging
Corporation) collecting at a frame rate of 10-100 s™!. Bulk studies were performed by
immobilizing a saturating amount of molecules under deoxygenated and oxygenated
conditions. Fluorescence decay curves were created by averaging intensity over the field

of view for each frame and fitting to single-exponential distributions.

2.3 Kinetic analysis of fluorescence time traces

The photophysical properties of fluorophores were investigated using automated
software built in-house using Matlab (MathWorks) as previously described[102].
Traces were extracted from wide-field TIRF movies by finding peaks of fluorescence
intensity at least 8 s.d. above background noise and summing the intensity of 4 total

pixels encompassing each peak. Neighboring peaks closer than 2.1 pixels were removed.

23



To reduce analytical error, traces were only used for analysis if they passed the
following criteria: signal-background noise ratio >10, single-step photobleaching and
background noise levels within 4 s.d. from the mean.

To extract kinetic parameters of blinking and photobleaching, the fluorescence traces
were normalized to the mean fluorescence intensity of each dataset and idealized using
the segmental K-means (SKM) algorithm[122] and a three-state model with one
fluorescent (on) state, a transient dark state (blinking) and a permanent dark state
(photobleaching). ton Was calculated by fitting the cumulative distribution (survival plot)
to an exponential function. Total ton Was calculated by taking the mean of the
distributions of the total time spent in the on state in each trace. Fluorescence intensity
was calculated from analog-to-digital units using a conversion provided by the
manufacturer. Photon counts were calculated by multiplying total ton With fluorescence

intensity.

2.4 Cell culture and media

FIp-in Chinese hamster ovary (CHO) cells (Invitrogen) were stably transfected with
pcDNAG/TR (Invitrogen), and single clones were selected with 15 pg ml™! blasticidin
and 100 pg ml' zeocin. The clone with the lowest basal expression and highest
induction ratio in response to overnight treatment with 1 pg ml™! tetracycline was stably
transfected with a pcDNAS/FRT/To-IRES construct encoding the Metabotropic
glutamate receptor 2 (mGlu2) with a SNAP tag (NEB) fused to its N terminus, and
single clones were selected in 200 ug ml~! hygromycin in the continued presence of 15
ug ml~! blasticidin. To reduce receptor expression for ease of single-molecule tracking,

the Kozak sequence was mutated to thymine at the —3 and +4 position sites, and
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the CMV enhancer sequence was partly deleted by digestion with Nrul and SnaBI (from
position 209 to 591) and religation. Cells were maintained in Ham's F-12 medium
(Cellgro) containing 10% FBS and 1% glutamine at 37 °C in 5% CO, in the presence
of blasticidin (15 pg ml™!) and hygromycin (200 pg ml!). Cells were used without

tetracycline induction to limit receptor expression.

2.5 Cell labeling and preparation for TIRF imaging

When cells reached ~70% confluence, they were washed with PBS, resuspended in
enzyme-free cell dissociation buffer (Millipore) and incubated in suspension with 10
nM Benzylguanine(BG)-derivatives of fluorophores (in 0.1% (vol/vol) DMSO and PBS)
for 1 h at 37 °C. BG-derivatives of fluorophores were prepared by standard procedures
in which O6-(4-(aminomethyl)benzyl)guanine (BG) was linked to NHS-derivatives of
fluorophores, followed by high-performance liquid chromatography (HPLC)
purification. This concentration was chosen based on fluorescence-activated cells
sorting (FACS) analysis to label only ~5% of the surface receptors to facilitate particle
tracking. Cells were then washed twice with 0.1% DMSO and Dulbecco's phosphate-
buffered saline (DPBS) (Cellgro) and once with 0.1% BSA and DPBS. Cells were
seeded on fibronectin-coated (0.1 pg pl™!) (Sigma-Aldrich), 25 mm, #1.5 glass
coverslips (Warner Instruments) and incubated in phenol-red—free DMEM/F12 medium
(Gibco) containing 10% FBS and 1% glutamine for at least 1 h. Before use, new
coverslips were cleaned with an optical lens cleaner (Sparkle; A.J. Funk and Co.),
followed by incubation for 1.5 h in a 1:0.25:5 solution of hydrogen peroxide and
ammonium hydroxide in deionized water at 75 °C. Coverslips were subsequently rinsed

in deionized water, then rinsed in 100% ethanol, rapidly dried with filtered air and
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passed several times over a flame. Before imaging, the coverslip with cells attached was
washed seven times in PBS, the coverslip was assembled into an imaging chamber (RC-
40LP, Warner Instruments) and the chamber was filled with Hank's balanced salt
solution (HBSS) (Gibco) (1.26 mM calcium chloride, 0.493 mM magnesium chloride,
0.407 mM magnesium sulfate, 5.33 mM potassium chloride, 0.441 mM potassium
phosphate monobasic, 4.17 mM sodium bicarbonate, 137.93 mM sodium chloride,
0.338 mM sodium phosphate dibasic and 5.56 mM D-glucose). Immediately before
imaging, PCA and PCD were diluted in HBSS to reach a final concentration of 1 mM

and 50 nM, respectively, in the imaging chamber.

2.6 Single-molecule imaging of mGlu2 receptor in living cells

Image sequences of single D2 receptors were measured using an objective-based
TIRF microscope (IX81 with CellTIRF illuminator, Olympus) equipped with a 100x
oil-immersion objective (L00OXUAPON NA 1.49, Olympus). Focus drift during data
acquisition was minimized by using a laser autofocus system (ZDC2, Olympus) in
continuous focusing mode. To establish evanescent wave illumination of receptor
labeled BG-Cy5 derivatives, the excitation light beam of a red laser (640 nm, 100 mW,
Olympus) was focused into the back focal plane of the objective at an angle of incidence
of 76.21°, resulting in an approximate penetration depth of 90 nm. The average laser
intensity during each measurement at the specimen plane was ~0.5 kW cm™.
Fluorescence emission was separated from excitation light using a full-multiband filter
set (LF405/488/561/635, Semrock) in combination with a single-bandpass filter (FFO1-
685/40, Semrock) and recorded with an EMCCD camera (Evolve 512, Photometrics) at

a time resolution of 40 ms.
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2.7 Laser Flash Photolysis measurement for the triplet state of the fluorophores
Laser flash photolysis experiments employed the pulses from a Spectra-Physics GCR
150-30 from a Nd:YAG laser (355 nm, ~ 5 mJ/pulse, 5 ns) and a computer-controlled
system, which has been described previously[123]. For the data presented in chapter 3,
acetonitrile solutions containing the Cy5 derivatives and BP were prepared and
deoxygenated by argon purging. The concentrations of the Cy5 derivatives and BP were
selected for optimum signal kinetics to achieve efficient triplet energy transfer from BP
triplets to Cy5, but minimize self-quenching of Cy5 triplets by Cy5 ground state
molecules. To accommodate the different concentrations, quartz cells of different
optical path length and different experimental geometry were selected (10 x 10 mm and
6 x 4 mm in right angel pump/probe geometry; 2 x 10 mm in front face pump/probe
geometry). For the data presented in chapter 6, 10 uM oxothioxanthone(OTX)-
derivatives of Cy5 and Cy5-COT fluorophores was used to efficiently pump the
fluorophore to triplet excited state through intramolecular triplet energy transfer. 10 x

10 mm quartz cells and right angel pump/probe geometry were used.

2.8 Ensemble fluorophore bleaching experiments

Fluorophores (5 um or 26 um for Cy5; 5 um for Cy5-COT, Cy5-NBA and Cy5-
Trolox; 10 um for ATTO 655 and ATTO 647N) were dissolved in solvent (H20, D20,
CHCIs, CDCls, acetontrile or 100 mm Tris-acetate aqueous solution at pH 7.5). Samples
(2 mL) were examined in a 1 cm cuvette, illuminated with a 300 W Tungsten halogen
lamp, using an RG570 longpass filter to block short-wavelength light. Absorbance

spectra of each fluorophore were measured using a UV-vis spectrometer (Agilent 8453).
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The decrease in the absorption was used to estimate the relative rate of fluorophore

photobleaching over the first 2 min using a linear fit.

2.9 Measurement of Singlet oxygen generation

Singlet Oxygen Sensor Green (SOSG; Invitrogen) experiments were performed in
aqueous buffer as previously described[124] in a 1 cm cuvette containing 2 mL of
100 mm Tris-acetate (pH 7.5), SOSG (2 um) fluorophore (5 or 10 pum). Samples were
illuminated for fixed periods of time with a 300 W Tungsten halogen lamp in
conjugation with a RG570 longpass filter. After each photolysis period, the fluorescence
of SOSG was recorded over a range of 510-630 nm using 504 nm for excitation.

Due to the incompatibility of SOSG with organic solvent, 9,10-diphenylanthracene
(DPA) was used to detect singlet oxygen in acetonitrile. DPA exhibits strong absorbance
at 373 and 393 nm, and forms 9,10-endoperoxide, a compound that has no absorbance
above 350 nm (Figure 3.13.A). The absorption of DPA was measured with a UV-vis

spectrometer (Agilent 8453).

2.10 Fluorescence quantum yield measurements

Fluorescence spectra of solutions containing 0.7 um Cy5, Cy5-COT, Cy5-NBA or
Cyb-Trolox were recorded with a spectrofluorometer (Fluorolog 3; HORIBA Jobin
Yvon), using an excitation wavelength of either 649 (aqueous Tris buffer, pH 7.5) or
654 nm (acetonitrile). The fluorescence quantum yield was calculated using Cy5 in

aqueous solution (¢ = 0.20[94]) as a standard.
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2.11 Fluorescence lifetime measurements

Fluorescence lifetimes were measured by time correlated single photon counting
(TC-SPC) with an OB920 spectrometer (Edinburgh Analytical Instruments) in
conjunction with a pulsed diode laser emitting at 659 nm. Fluorescence decay traces

were monitored at 670 nm.

2.12 Phosphorescence measurements

Solutions of the fluorescence dyes in ethanol/iodomethane (2:1, v/v) in 3 mm
quartz tubes (inner diameter) were frozen at 77 K in a optical liquid N2 quartz
dewar. lodomethane was added to increase intersystem crossing into the triplet
state. The frozen samples inside the quartz dewar were excited with a pulsed
Spectra Physics GCR-150-30 Nd:YAG laser (532 nm, ca. 1 mJ/pulse, 7 ns pulse
length) or excited with chopped (20 Hz) cw lasers at 473 nm and 633 nm. The
time-resolved phosphorescence spectra at 1 ms after pulsed excitation and a gate
width of 2 ms were recorded on an Acton Spectrograph (SpectraPro-2150) in
conjunction with an intensified CCD detector (PI-MAX from Princeton

Instruments) with fiber optics attachment.

2.13 Reduction and oxidation potential measurements

Cyclic voltammetry was performed in DMSO using glassy carbon electrodes
against an Ag/AgCl reference electrode and a platinum wire as a counter electrode
at a scan rate of 100 mV/s, with 0.1 M tetrabutylammonium perchlorate as the
electrolyte. Prior to measurement, the solution was purged with nitrogen gas for

15 min. All electrochemical measurements were made with a Hokuto Denko
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HSV-100 potentiostat. To test whether solvent significantly affects the
reduction/oxidation (redox) potential of fluorophores, a subset of fluorophores
(Cy5, ATTOG655, Alexa633, and fluorescein) was measured with water or
water/DMSO mixture as solvent. No significant change of redox potential was

detected.
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3. The mechanism of self-healing fluorophore photostabilitzation

Published previously in modified from:

Qinsi Zheng, Steffen Jockusch, Zhou Zhou, Roger B. Altman, J. David Warren,
Nicholas J. Turro, and Scott C. Blanchard, Journal of Physical Chemistry Letters, On
the Mechanisms of Cyanine Fluorophore Photostabilization. 2012, 3 (16), pp 2200—
2203

Qinsi Zheng, Steffen Jockusch, Zhou Zhou, Roger B. Altman, and Scott C. Blanchard,
Journal of Physical Chemistry Letters, The Contribution of Reactive Oxygen Species to

the Photobleaching of Organic Fluorophores. 2014, 90 (2), pp 448-454

3.1 Summary

Cyanine fluorophores exhibit greatly improved photostability when covalently
linked to stabilizers, such as cyclooctatetraene (COT), nitrobenzyl alcohol (NBA) or
Trolox. However, the mechanism by which photostabilization is mediated has yet to be
determined. Here we present spectroscopic evidence that COT, when covalently linked
to Cyb5, substantially reduces the lifetime of the Cy5 triplet state, and that the degree of
triplet state quenching correlates with enhancements in photostability observed in
single-molecule fluorescence measurements. By contrast, NBA and Trolox did not
quench the Cy5 triplet state under our conditions suggesting that their mechanism of
photostabilization is different from COT and may quench the triplet state through

electron transfer. We further showed that these self-healing fluorophores
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Chart 3.1. Structures of Cy5 derivatives used in this study.
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generate less reactive oxygen species than parent Cy5 fluorophore and other organic
fluorophores, suggesting exhibit reduced phototoxicity. These findings provide insights
into the mechanisms of fluorophore photostabilization that may lead to improved

fluorophore designs for biological imaging applications.

3.2 Introduction

Over the past decade, fluorescence microscopy has seen revolutionary advancements
in both sensitivity and resolution, highlighted by the recent development of single-
molecule fluorescence.[24, 125] However, the inherent instabilities and potential
toxicities of the fluorophores employed are a current limitation. Organic fluorophores
are highly prone to intermittent fluorescence (blinking) and photo-induced degradation
(photobleaching), which reduce the amplitude and duration of the experimental
signal.[8, 24] Consequently, there is an increasing demand for the development of new
strategies that enable fluorophore photostabilization. Recently, we demonstrated that
photostabilization of cyanine fluorophores can be achieved by covalently linking the
fluorophore to a “stabilizer” such as cyclooctatetraene (COT), nitrobenzyl alcohol
(NBA) and Trolox (Chart 3.1).[116, 117] We observed an up to 70-fold increase in the
duration of fluorescence prior to entering a non-fluorescent state.

The major pathway for photobleaching of most organic fluorophores is photo-
oxidation by reactive oxygen species, such as singlet oxygen and peroxides, which are
thought to arise from reactions between molecular oxygen and fluorophore triplet
states.[7] However, removal of molecular oxygen (a triplet quencher) often induces
severe blinking, primarily due to fluorophore triplet state-induced processes.[8, 24] It

had been suggested that the stabilizers (e.g. COT, NBA and Trolox) quench the triplet
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states to restore the fluorophore to the singlet ground state (So).[70, 109, 120] Several
mechanisms for this triplet quenching have been suggested. For example, the quenching
of rhodamine fluorophore triplet states by COT present in the solution has been
suggested to proceed through an energy transfer mechanism.[70] Studies with Trolox
and ATTO fluorophores suggested that Trolox restores the fluorophore ground state
from the triplet state through a reduction-oxidation (red-ox) mechanism,[109] and that
a single Trolox molecule may operate through a “ping-pong” red-0x mechanism to
enhance photostability.[120] The mechanism of NBA-mediated photostabilization is
not clear, but may also operate through red-ox cycles.[120] However, unambiguous
experimental proof of the involved mechanisms are still lacking. Here, we examined
whether enhanced photostability of the Cy5 fluorophore, when covalently linked to
stabilizers (COT, NBA or Trolox) (Chart 3.1) can be specifically attributed to a triplet
state quenching mechanism using laser flash photolysis (time-resolved transient

absorption spectroscopy).

hv + Cy5
BP — !BP* — 3BP* ————— S3C\5* (1)
(355nm) -BP

3.3 Cy5-COT exhibited shortened triplet state lifetime

Because the formation of triplet states of Cy5 is inefficient (triplet quantum yield <
0.003) upon direct excitation,[66] a triplet sensitizer was employed to more efficiently
populate the Cy5 triplet state (3Cy5*) through an energy transfer mechanism (eq 1).
Benzophenone (BP) was selected as a sensitizer, because of its high triplet quantum

yield and higher triplet energy (289 kJ/mol)[73] compared to Cy5 (154
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Figure 3.1. Transient absorption spectra of Cy5. Transient absorption spectra recorded
at different delay times after the laser pulse (355 nm, 5 ns pulse width) of deoxygenated
acetonitrile solutions of BP (5§ mM) and Cy5 (22 uM). The insets show kinetic traces
at different observation wavelength.
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Figure 3.2. The effect of oxygen on the transient absorption traces for Cy5. Transient
absorption traces recorded at 700 nm after pulsed laser excitation (355 nm, 5 ns pulse
width) of acetonitrile solutions of BP (5 mM) and Cy5 (22 uM). The solutions were

purged with argon (a) or a gas mixture of 95% N2 and 5% O.. Optical path length = 6
mm.
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kJ/mol)[126].1n addition, BP can be selectively excited at 355 nm, where Cy5 shows
negligible absorption.

Deoxygenated acetonitrile solutions containing BP and Cy5 were irradiated with light
pulses from a Nd-YAG laser at 355 nm (5 ns pulse width) to generate transient
absorption Kinetic traces across the visible spectrum. From these traces, transient
absorption spectra at different times after the laser pulse were constructed (Figure 3.1).
Directly after the laser pulse (Figure 3.1, red line) the spectrum is dominated by the
triplet absorption of BP, which is known to show a peak at 525 nm.[73] After several
microseconds (Figure 3.1, blue line) the BP triplet decayed under bleaching of Cy5

ground state absorption (~650 nm) and a new transient absorption at 700 nm appeared.
As shown in the insets of Figure 3.1, the three processes, decay of *BP* (observed at
525 nm), bleaching of Cy5 (monitored at 600 nm) and growth of the new transient at
700 nm, occur with very similar kinetics. Assignment of this new transient at 700 nm
as the triplet state absorption of Cy5 was subsequently confirmed by performing
quenching studies in the presence of a small amount of oxygen (0.45 mM; generated by
bubbling the acetonitrile solution with a gas mixture of 5% O2 and 95% N2).[73]
Consistent with its potent, triplet state quenching properties, in the presence of O the
lifetime of the 700 nm transient was reduced to 1.7 ps compared to ~22 s in the absence
of Oz (Figure 3.2). The quenching of the 700 nm transient was paralleled by recovery
of Cy5 in the ground state (monitored at 600 nm). In line with this assignment, other
cyanine dyes also show triplet state absorption at 700 nm.[66, 127] Conversely, the cis-
conformation of ground state Cy5 is also known to absorb in this spectral region.[66,

126, 127] However, the observed quantitative quenching of the
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Figure 3.3. Transient absorption spectra of Cy5 and its derivatives. Cy5 triplet
absorption traces recorded at 700 nm after pulsed laser excitation. The laser is at 355
nm with 5 ns pulse width. Experiments were performed with deoxygenated
acetonitrile solutions of BP (a-d: 3 mM; e: 10 mM) and Cy5 derivatives (a-d: 10 + 1
uM; e: 82 uM). The triplet lifetimes (t) derived from a kinetic fitting model
considering the growth kinetics due to energy transfer from 3BP* to Cy5. Details and
the fitted traces are shown in the Supporting Information, Figures 4 and 8.
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Figure 3.4. Transient absorption spectra of Cy5 and Cy5-COT(3) at different
wavelength. Transient absorption traces after pulsed laser excitation (355 nm, 5 ns
pulse width) of deoxygenated acetonitrile solutions of BP (a, b: 3 mM; ¢, d: 10 mM)
and Cy5 (a, b: 10 uM) or Cy5-COT(3) (c, d: 82 uM). Optical path length 10 mm (a,
b) or 2 mm (c, d). The transients were fitted (purple line) to a biexponential function,
which accounts for the growth kinetics (k1) and decay (k2) of Cy5 triplets.
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transient by O> demonstrates that the contribution of the ground state cis-conformer
(which is not quenched by O2) to the transient absorption at 700 nm is negligible.
Therefore, we conclude that the transient at 700 nm observed under our experimental
conditions using the BP sensitization strategy (eq 1) is correctly assigned to 3Cy5* and
this transient can be used to investigate Cy5 triplet state quenching by the covalently
linked stabilizers. However, some minor contribution of the cis-conformer to the
transient absorption at 700 nm cannot be excluded, especially at longer time scales.

A series of Cy5 derivatives with covalently linked stabilizers (Chart 3.1) were
synthesized following procedures analogous to those previously described.[116, 117] In
addition to different stabilizers (COT, NBA and Trolox), the length of the spacer
between Cy5 and the stabilizer was also varied. Laser flash photolysis experiments in
argon-saturated acetonitrile solutions using BP as the sensitizer were performed on each
of the Cy5 derivatives. Transient absorption bands similar to unsubstituted Cy5 (Figure
3.1) were observed. However, significant differences were seen in the kinetic features
of their triplet absorption at 700 nm (Figure 3.3). The initial growth in transient
absorption is caused by the energy transfer process from 3BP* to the Cy5 chromophore
analog eq 1, which then is followed by the decay of the Cy5 triplet state. The
concentrations of the Cy5 derivatives were optimized in order to ensure accurate triplet
lifetime determination. High concentration, while advantageous by increasing the rate
of triplet energy transfer (eq 1), had the negative effect of decreasing the Cy5 triplet
lifetime due to self-quenching by ground state Cy5. Exceedingly low concentrations
decreased the signal intensity at 700 nm and also substantially reduced the rate at which

3Cy5* was populated. In addition, a low enough laser power was used to eliminate the
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quenching of 3Cy5™* by triplet-triplet annihilation. The growth kinetic was deconvoluted
from the decay in order to accurately determine the triplet lifetimes of the Cy5
derivatives (Figure 3.4). The triplet lifetimes obtained are listed in Figure 3.3. Cy5-
NBA(3) (b) and Cy5-Trolox(3) (c) show triplet lifetimes, which are indistinguishable
from the lifetime of unsubstituted Cy5 (a) (60-63 us). However, the COT-linked
derivatives (d,e) showed significantly reduced triplet lifetimes. Cy5-COT(3), the
derivative with the shortest linker between the cyanine chromophore and COT has the
shortest triplet lifetime (1.1 us), and is two orders of magnitude shorter than the triplet
lifetime of the unsubstituted Cy5.

COT is known to have a low-energy (“relaxed”) triplet state with an energy of ~92
kJ/mol[112, 113] whereas the triplet energy of Cy5 is significantly higher (154
kJ/mol)[126]. Therefore, energy transfer from 2Cy5* to COT is energetically favorable.
The energy transfer mechanism between triplet donors and COT has been investigated
in detail.[113] The energy transfer process generates COT triplet states and returns the
cyanine chromophore to the ground state. The recovery of the cyanine fluorophore to

the ground state was directly observable by laser flash photolysis (Figure 3.4d).

3.4 Triplet state lifetime anti-correlate with fluorophore photostability
To examine whether this COT-mediated triplet state quenching and rapid ground state
recovery correlates with the observed photostability of the cyanine fluorophore, single-

molecule fluorescence measurements were performed, as previously
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Cy5-COT(13)

Cy5-COT(3)

Figure 3.5. Single-molecule image of Cy5 and its derivatives. Single-molecule images
of duplex DNA oligonucleotide labeled with Cy5, Cy5-COT(13) and Cy5-COT(3)
under deoxygenated solution conditions using a total internal reflection microscope with

641 nm illumination.
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described,[116] where the Cy5 derivatives were conjugated to double stranded DNA, a
model system to study fluorophore stability on biomolecules. Figure 3.5 shows
representative images of these systems using a total internal reflection fluorescence
microscope with illumination at 641 nm. By tracking the fluorescence of individual
molecules over time, the intensity and duration of fluorescence, as well as the kinetics
of blinking and photobleaching could be quantified. Visual inspection of individual
fluorescence traces revealed that the time period of fluorescence before blinking or
photobleaching was longest for Cy5-COT(3) and shortest for the unsubstituted Cy5
(Figure 3.6). By quantifying the number of photons detected for each ensemble of
single molecules (>500 for each data set; Table 3.1), we found that the average duration
of fluorescence increased from Cy5 to Cy5-COT(13) to Cy5-COT(3) in a manner that
was inversely correlated with the triplet lifetime. This finding shows that the triplet state
is a key intermediate for fluorophore blinking and photobleaching and that COT
photostabilizes the cyanine fluorophore by reducing the duration that the fluorophore
spends in the triplet state. A shortened triplet lifetime reduces the probability of
fluorophore transformation reactions from the triplet state and reduces the probability
of reactive oxygen species production, such as singlet oxygen, which is generated by
interaction of triplet excited states with molecular oxygen. It must be noted that the
interaction of COT triplet states, which are generated by energy transfer quenching from
3Cy5* to COT, does not lead to singlet oxygen as the triplet energy of COT (~92

kJ/mol)[112] is slightly lower than the energy of singlet oxygen (94 kJ/mol).
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Figure 3.6. Representative single-molecule fluorescence traces for Cy5, Cy5-COT(13)
and Cy5-COT(3). Fluorophores were covalently linked to DNA oligonucleotides and
imaged using a total internal reflection microscope under continuous laser excitation
(641 nm).
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Table 3.1. Average number of photons detected before photobleaching or blinking in
single-molecule measurements and triplet lifetime (Tuiplet) of Cy5 derivatives.

Average number of photons | tyipier (US)
(10* photons)
Cy5 2.1+0.1 63 + 3
Cy5-COT(13) 40 + 4 13+2
Cy5-COT(3) 99 + 6 1.1+0.1
Cy5-NBA(3) 10+1 62 +3
Cyb-Trolox(3) 22+2 60+ 4
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By contrast, shortening of the triplet lifetime was not observed for Cy5-NBA(3) and
Cy5-Trolox(3) under our experimental conditions, but both Cy5 derivatives showed
increased photostability compared to unsubstituted Cy5 (Figure 3.3 and Table 3.1).
This finding suggests that NBA and Trolox operate to stabilize the cyanine fluorophore
through different mechanisms, which do not target the Cy5 triplet state directly. Possible
stabilization mechanisms of NBA and Trolox could involve passivation of reactive
oxygen species and radicals, which can damage the fluorophore. However, a red-ox
mechanism where 3Cy5* is deactivated by Trolox and NBA through a electron exchange
mechanism (“ping-pong”)[120] appears unlikely under our conditions, because no
measurable reduction of the triplet lifetime was observed for Cy5-NBA(3) and Cy5-
Trolox(3). To test if the short linker between Cy5 and NBA or Trolox might sterically
hinder the electron transfer, a larger more flexible 11-atom linker chain was also tested.

However, no reduction of the Cys5 triplet lifetime was observed (Figure 3.7).
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Figure 3.7. Transient absorption spectra of Cy5-NBA(11) and Cy5-Trolox(11). Cy5
triplet absorption traces recorded at 700 nm after pulsed laser excitation (355 nm, 5 ns
pulse width) of deoxygenated acetonitrile solutions of BP (3 mM) and Cy5 derivatives
(10 £ 1 uM). The transients were fitted (purple line) to a biexponential function, which
accounts for the growth kinetics (k1) and decay (k2) of Cy5 triplets.
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Figure 3.8. Transient absorption traces for Cy5-COT(13), Cy5-NBA(3), and Cy5-
Trolox(3). Transient absorption traces at 700 nm after pulsed laser excitation (355 nm,
5 ns pulse width) of deoxygenated acetonitrile solutions of BP (3 mM) and Cy5-
COT(13) (a), Cy5-NBA(3) and Cy5-Trolox(3) (10 £ 1 pM). Optical path length 10
mm. The transients were fitted (purple line) to a biexponential function, which accounts
for the growth kinetics (k1) and decay (k2) of Cy5 triplets.
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3.5 Self-healing fluorophores generate less reactive oxygen species

Molecular oxygen plays a critical role in fluorophore photobleaching and
phototoxicity [7, 8, 59, 62] as it can participate in two probable reactions with an excited
fluorophore. First, energy transfer can occur from a fluorophore in the triplet excited
state to molecular oxygen leading to the formation of energetically excited singlet
oxygen. Second, electron transfer can occur from the triplet fluorophore to molecular
oxygen leading to the formation of a superoxide radical (Scheme 1) [62, 76]. Singlet
oxygen and superoxide radical, along with other oxidizing species formed subsequently
(Scheme 1), are collectively termed reactive oxygen species (ROS) which can degrade
fluorophores [7, 74-76, 128] and damage biomolecules in various contexts [59, 77, 78,
129, 130].

To examine whether the PA-conjugated fluorophores produce less singlet oxygen,
we attempted to spectroscopically measure singlet oxygen via its phosphorescence
emission band at 1270 nm [131] upon fluorophore illumination. However, under the
conditions of the experiment (5 uM fluorophore at room temperature), the yield of
singlet oxygen was too low to be reliably detected using this approach (data not shown).
We therefore used Singlet Oxygen Sensor Green (SOSG) as an indirect probe of singlet
oxygen generation. SOSG itself is weakly-fluorescent due to intramolecular electron
transfer quenching and becomes highly fluorescent following cycloaddition of singlet
oxygen (Figure 3.9a) [124].

Initially, singlet oxygen and photobleaching resulting Cy5 illumination (>570nm)

were tracked by monitoring fluorophore absorption and SOSG emission spectra as a
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Figure 3.9. Generation of singlet oxygen for Cy5 and its derivatives. (a) The mechanism
of singlet oxygen (*O2) induced fluorescence of SOSG. (b) The emission spectra of
SOSG upon illumination of Cy5. (c) *O2 generation, reported by the increase of SOSG
fluorescence, for distinct fluorophores at different illumination time. The relative rates
of 10, generation compared to the Cy5 fluorophore are shown in parentheses. (d) The
absorption spectrum of Cy5 observed at different illumination time. (e) The decrease of
Cy5, Cy5-COT, Cy5-NBA, Cy5-Trolox, ATTO 647N, and ATTO 655 absorption at
647nm as a function of illumination time. Experiments were performed in 100 mM Tris-
acetate buffered aqueous solution, pH=7.5.
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Figure 3.10. Comparison of singlet oxygen generation in water and deuterated water.
Relative rate of singlet oxygen generation, in H2O solution and in 90% DO solution,
reported by the increase of SOSG fluorescence integrated from 518 to 538 nm.
Experiments were performed with 0.7 uM Cy5 in 100 mM Tris-acetate buffered
solution (pH=7.5).
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function of illumination time (647 nm and 528 nm, respectively) (Figure 3.9b,d). As
expected, the observed increase of SOSG fluorescence emission paralleled the decrease
of Cy5 absorption. The increase in SOSG fluorescence was confirmed to arise from its
specific reaction with singlet oxygen by performing the same measurement in 90%
deuterated water, where the lifetime of singlet oxygen is significantly extended (see
discussion above). The rate of SOSG fluorescence increase was enhanced by
approximately 8 fold in solution in 90% DO (Figure 3.10).

In parallel, the rates of singlet oxygen generation were also measured for Cy5-COT,
Cy5-NBA, Cy5-Trolox, ATTO 655 and ATTO 647N. As observed for the experiment
of Cy5, SOSG fluorescence increased upon illumination of each fluorophore (Figure
3.9¢c,e). All three PA-conjugated fluorophores exhibited lower rates of singlet oxygen
generation, which paralleled their increased photostability compared to Cyb5.
Specifically, Cy5-Trolox, Cy5-COT and Cy5-NBA exhibited 2.5-fold, 5-fold and 20-
fold reductions in the rate of singlet oxygen generation, respectively (Figure 3.9c;
Table 3.2). By contrast, ATTO 655 exhibited rates of singlet oxygen generation that
were similar to those observed for Cy5, while ATTO 647N generated singlet oxygen at
a rate that was approximately 5-fold greater than Cy5 (Figure 3.9c). These data imply
that Cy5-PA fluorophores may be significantly less phototoxic than Cy5, ATTO 647N,
and ATTO 655 in biological contexts.

To further explore the generation of ROS, we examined the rates of hydroxyl radical
(HO-) formation using the probe Aminophenyl fluorescein (APF) [132]. Upon reaction
with hydroxyl radicals, APF converts to fluorescein, a highly fluorescent species [132]

(Figure 3.11a). Aqueous solutions containing APF and individual
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Table 3.2. A summary of the data. 100mM Tris acetate buffer (pH=7.5) was used in all
experiments in aqueous buffer. All of the rates were normalized to the corresponding
numbers for Cyb.

° [94]
Cys- Cys-
Solvent Cy5 Cy5-COT NBA Trolox
Relative rate of single-molecule 5 291002 0.27:0.02 0.4220.04
photobleaching
Relative rate —of ensemble o) (452003 0.24£0.04 0.78:0.06
photobleaching
Relative rate of 1O2 generation  1+0.05 0.18£0.01 0.05+0.01 0.41+0.01
agueous
i i + =0.
Relat1v§ rate of hydroxyl radical 120,03 0.4340.01 0.235+0.0 0.367+0.0
generation 04 09
Fluorescence lifetime (ns) 0.92+0.02 0.95+£0.02 0.59+0.02 0.76+0.03
Fluorescence quantum yield 0.20? 0.20 0.07 0.11
Relative rate —of “ensemble o 0s  050:001 1.060.1  09:0.1
photobleaching
... Relative rate of 1O2 generation  1+0.08 0.57+£0.06 0.92+0.06 0.86+0.06
acetonitri
le Fluorescence lifetime (ns) 1.11+0.03 1.18+0.05 0.93+0.04 1.02+0.03
Fluorescence quantum yield 0.22 0.22 0.18 0.19
Triplet state lifetime (ps) 63+3 1.1£0.1 62+3 60+4
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Figure 3.11. Generation of hydroxyl radical for Cy5 and its derivatives. (a) The
mechanism of hydroxyl radical detection with APF. (b) The emission spectra of APF at
different time points of the photo-illumination of Cy5. (c) The generation of hydroxyl
radical, reported by the increase of APF fluorescence, upon illumination of Cy5, Cy5-
COT, Cy5-NBA, Cy5-Trolox, ATTO 655, and ATTO 647N. In the parenthesis are the
relative rates of hydroxyl radical generation.
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Figure 3.12. Representative single-molecule fluorescence traces for Cy5, Cy5-COT,
Cy5-NBA, Cy5-Trolox, ATTO 647N, and ATTO 655. Fluorophores were covalently
linked to DNA oligonucleotides and imaged in air-saturated aqueous solution using a
total internal reflection microscope under continuous laser excitation (641 nm). p is the
average number of detected photons before fluorophore photobleaching.
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fluorophores showed marked increases in fluorescein fluorescence (Amax= 518 nm) as a
function of illumination time (Figure 3.11b). Consistent with their reduced rates of
singlet oxygen generation, the PA-conjugated fluorophores (Cy5-COT, Cy5-NBA and
Cy5-Trolox) exhibited significantly reduced rates of hydroxyl radical generation
(Figure 3.11c). These data provide supporting evidence that the Cy5-PA fluorophores
may be less phototoxic than the Cy5, ATTO 647N, and ATTO 655.

To directly examine the performance of fluorophores in single-molecule
fluorescence measurement in ambient oxygen conditions, each fluorophore was
conjugated to a double-stranded DNA oligonucleotide and imaged under a total internal
reflection fluorescence microscope [116]. Visual inspection of fluorescence traces from
individual molecules revealed that most of ATTO 647N and ATTO 655 molecules
showed substantial transient dark states and intensity fluctuations, while Cy5, Cy5-
COT, Cy5-NBA, and Cy5-Trolox rarely blinked or fluctuated (Figure 3.12). By
tracking the fluorescence of many single molecules (>1000) over time (Figure 3.12),
the fluorescence intensity and the photobleaching rates were quantified. To compare
each fluorophore’s photobleaching rate, n (the average numbers of photons detected
from individual fluorophore prior to photobleaching) was calculated. As anticipated
from prior investigations [116], the Cy5-COT, Cy5-NBA, and Cy5-Trolox fluorophores
exhibited significantly reduced rates of photobleaching (Table 3.2), emitting up to 4-
fold more photons than Cy5 prior to photobleaching (Figure 3.12). As previously
reported [116], the COT-conjugated fluorophore displayed a roughly 30% increase in
brightness relative to Cy5 (Figure 3.12). By contrast, both Cy5-NBA and Cy5-Trolox

conjugates investigated here were substantially dimmer than Cy5 (~30% and 50%,
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respectively; Figure 3.12), likely due to the electron transfer between the PA and Cy5
singlet excited state. The slow-photobleaching, non-blinking, and non-fluctuating
properties of the Cy5 derivatives investigated here render them suitable for single-
molecule quantitative measurements, such as fluorescence resonance energy transfer,
anisotropy, and stoichiometry. By contrast, the fluctuating emission behaviors of ATTO
647N and ATTO 655 make them more suitable for single-molecule tracking.

In previous studies [72], we showed that Cy5-COT, but not Cy5-NBA and Cy5-
Trolox, exhibits shortened triplet state lifetime compared to Cy5 (Table 3.2). However,
our previous measurements were exclusively performed in acetonitrile. Here we have
shown that each of the Cy5-PA fluorophores exhibit reductions in photobleaching rates
and in ROS generation, implying that in aqueous solution Cy5-COT, Cy5-NBA, and
Cy5-Trolox possess substantially shorter triplet state lifetime than Cy5. These data
suggest that the effects of NBA and Trolox are strongly solvent-dependent: in aqueous
solution they effectively quench the triplet state of Cy5, likely through an electron-
transfer mechanism [120, 133], whereas in acetonitrile they do not quench the triplet
state due to the solvent-dependent nature of the electron transfer where radical states
form [62]. The rate of electron transfer is known to be affected by solvent polarity [134].
By contrast, COT can quench the Cy5 triplet state in both solvents because of the
solvent-independent nature of triplet-triplet energy transfer [62, 72]. This mechanism is
supported by a further comparison of fluorophore properties in agueous solution and in
acetonitrile: the fluorescent lifetime, the fluorescent quantum yield, the photobleaching

rate and the singlet oxygen generation
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Figure 3.13. Reactivity to singlet oxygen for Cy5 and its derivatives. (a) The reaction
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absorption during photobleaching of Cy5 (5 uM) in acetonitrile. (c) In the parentheses
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rate for Cy5-NBA and Cy5-Trolox were strongly solvent-dependent, while these
properties for Cy5 and Cy5-COT were only weakly solvent-dependent (Table 3.2;

Figure 3.13).

3.6 Conclusion

In summary, we have observed that Cy5 derivatives containing covalently linked
COT have significantly reduced Cy5 triplet lifetimes due to intramolecular energy
transfer quenching, which regenerates the Cy5 fluorophore ground state. The triplet
lifetimes correlate well with the photostability in single-molecule fluorescence
experiments, where Cy5-COT(3), with the shortest triplet lifetime, showed the highest
photostability. It also suggests that COT is a robust and potentially general agent that
can be used to improve photostability of organic fluorophores especially when
covalently linked in close proximity to the fluorogenic center. We further showed that
self-healing fluorophores generate less ROS than conventional fluorophores do,

suggesting they are less phototoxic.
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4. Intramolecular triplet energy transfer is a general approach to improve
fluorophore photostability
part of this chapter was previously published in modified form:
Roger B Altman, Qinsi Zheng, Zhou Zhou, Daniel S Terry, J David Warren and Scott
C Blanchard, Enhanced photostability of cyanine fluorophores across the visible

spectrum. Nature Methods (2012) 9, 428-429

4.1 Summary

Bright, long-lasting and non-phototoxic organic fluorophores are essential to the
continued advancement of biological imaging. Traditional approaches towards
achieving photostability, such as the removal of molecular oxygen and the use of small-
molecule additives in solution, suffer from potentially toxic side effects, particularly in
the context of living cells. The direct conjugation of small-molecule triplet state
quenchers, such as cyclooctatetraene (COT), to organic fluorophores has the potential
to bypass these issues by restoring reactive fluorophore triplet states to the ground state
through intra-molecular triplet energy transfer. Such methods have enabled marked
improvement in the photostability of Cy5. However, the generality of this strategy to
chemically and structurally diverse fluorophore species has yet to be examined. Here,
we show that the proximal linkage of COT increases the photon yield of a diverse range
of organic fluorophores widely used in biological imaging applications, demonstrating
that the intra-molecular triplet energy transfer mechanism is a potentially general

approach for improving organic fluorophore performance and photostability.
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4.2 Introduction

Single-molecule and super-resolution fluorescence imaging techniques have yielded
unprecedented breakthroughs in a diverse range of biological systems and shed new
light on cellular structure and organization[24, 135]. Such methods rely critically on the
availability and performance of bright fluorescent probes spanning the visible and near
infrared spectrum (400 — 800 nm) that exhibit high brightness and photostabilities.
However, the inherent photo-chemical and photo-physical instabilities and related
photo-toxicities of fluorescent species remain limiting features of most imaging

applications[59, 60, 129, 136].

Fluorophore photo-instabilities, which manifest as intermittent dark states and
irreversible photobleaching, compromise imaging duration, signal-to-noise ratios
(SNR) and the spatial and temporal resolution that can be achieved[7, 8, 137].
Phototoxicity, which arises from the generation of reactive oxygen species through
excitation of a fluorophore, can perturb the system under investigation[59, 60, 129].
Experimental control of these factors is particularly challenging in complex biological
settings where the fluorophore’s physical environment may be confined or changing
over time. As a consequence of these limitations, many biological systems and questions
remain beyond the reach of imaging methods that require the maximization of finite
photon budgets or a minimization of time, such as single-molecule or super-resolution
imaging[8, 18, 136]. Hence, a general approach to increase fluorophore photostability
would enable these powerful imaging modalities to open new biological frontiers and
have the potential impact of broadly advancing the boundaries of numerous

fluorescence applications.
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The most commonly employed strategies to improve organic fluorophore
photostability require the removal of molecular oxygen.[88, 89] and the addition of
small-molecule stabilizers, such as cyclooctatetraene (COT)[39], nitrobenzylalcohol
(NBA)[102], Trolox (TX)[53, 138], and a combination of reducing and oxidizing
chemicals (ROXS)[80]. While such methods have a proven capacity to increase
fluorophore performance in a range of biological settings, they are restricted by their
fluorophore-specific impacts, the solubility limits of extant stabilizers (ca. 1 mM), and

their potential to exhibit biological toxicities[115], particularly in live-cells[31].

It has been recently shown that cyanine-class organic fluorophores can be intra-
molecularly photostabilized by the covalent attachment of a single COT, NBA, or TX
molecule in proximity of the fluorogenic center[72, 116, 117]. Mechanistic studies have
since revealed that Trolox and NBA, like other small-molecules employed for
ROXS[80], operate by redox chemistries on fluorophores trapped in relatively long-
lived, non-fluorescent excited states[72, 120, 133, 139]. Such mechanisms, which
necessarily entail the generation of charged intermediates, are strongly dependent on the
fluorophores employed and the environment setting. Stabilizers operating via electron
transfer also have the potential to quench singlet excited states[62], thus reducing
fluorophore brightness by reducing their effective fluorescence quantum yield. By
contrast, COT operates through a triplet-triplet energy transfer mechanism that recovers
the fluorophore from triplet states without charge separation[72]. As most organic
fluorophores that absorb in the visible spectrum have triplet state energies higher than
that of COT, we hypothesized that the proximal attachment of COT may provide a

potentially general approach to improve fluorophore photostability. Here, we show that
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the proximal attachment of a single COT molecule improved the performance of a broad
range of chemically distinct organic fluorophores, suggesting that intra-molecular triplet
energy transfer is a potentially general strategy for improving organic fluorophore

photostability.

4.3 Generality for Cyanine fluorophores across the visible spectrum

Our recent demonstration[116] that proximally linked ‘protective’ agents can yield
substantial improvements in the performance of the cyanine fluorophore Cy5 motivated
us to develop more photostable fluorophores spanning the visible spectrum. Such
fluorophores would enable a broad range of applications and experimental demands.
Here, using strategies identical to those previously described[116], we show that marked
enhancements in performance can also be achieved for other widely used members of
the cyanine class, Cy2, Cy3, Cy3.5, Cy5.5 and Cy7 (Figure 4.1a) when coupled to
individual cyclooctatetraene (COT), nitrobenzyl alcohol (NBA) and Trolox molecules.

We quantified each fluorophore's performance (Figure 4.1b) using single-molecule
fluorescence imaging techniques. This method gives access to a number of salient
properties of individual fluorophores under continuous laser excitation including the
apparent brightness of fluorescent states and the rates at which transient and permanent

non-fluorescent states are entered (‘blinking' and ‘photobleaching’,
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Figure 4.1. Enhanced photostability for Cy5 derivatives across the visible
spectrum. (a) Absorbance (dotted lines) and fluorescence (solid lines) spectra of the
cyanine-class fluorophores. (b) Average number of photons detected before the
fluorophore entered dark states (left) and the average SNR of fluorescence, a measure
of the variance in signal intensity over time (right), observed for the COT-, NBA- and
Trolox-linked fluorophore derivatives of Cy2, Cy3, Cy3.5, Cy5, Cy5.5 and Cy7. All
values were normalized to that of the corresponding parent compounds. Error bars, s.d.
(n =3 experiments). (c) Representative Cy7 (left) and Cy7-COT (right) single-molecule
fluorescence traces showing the average enhancement in performance (~70-fold)
observed for Cy7-COT relative to Cy7.
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respectively). These measures can then be used to assess the average number of photons
emitted by a fluorophore before entering a dark state (the duration of fluorescence (ton)
x mean fluorescence intensity) and the effective signal-to-noise ratio (SNR) of
fluorescence, a parameter that reports on the variance in a flourophore's photon emission
rate (Figure 4.1b). These data reveal that the performance of each cyanine-class
fluorophore tested is enhanced when linked to single stabilizers. Notably, these positive
effects varied substantially for each fluorophore type. For instance, each of the COT-
linked fluorophores showed dramatic enhancements in overall performance. For Cy2-
COT, we observed an ~25-fold increase in the number of photons emitted before a dark-
state transition. For Cy3-COT and Cy3.5-COT, this parameter changed very little, but
the SNR of fluorescence for both molecules increased approximately four- to fivefold.
Cy5.5-COT and Cy7-COT showed 50- and 70-fold increases, respectively, in the
number of photons emitted before entering a dark state. Consequently, the average
Cy5.5-COT and Cy7-COT molecule could be continuously imaged for ~3 min at an
SNR >7:1 (Figure 4.1c). Consistent with our previous work[116], we observed only
modest improvements for most NBA-linked fluorophores. However, we observed an
almost 70-fold enhancement of photon count for Cy7-NBA. Trolox, which shows the
most favorable impact on the performance of the Cy5 fluorophore[116], also had
relatively modest beneficial effects for the other cyanine-class fluorophores.

These data provide compelling evidence that the strategy of proximally linking
stabilizers to the fluorogenic center to enhance its performance can be generalized.
However, the high variability in a yield of benefits observed for the cyanine class

suggests the need for a deeper understanding of how stabilizers provide
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photostabilization. Plausible mechanisms for mediating enhancements in fluorophore
performance include cycles of reduction and oxidation, triplet-triplet energy transfer and
exciplex-type relaxation[62]. As suggested by Tinnefeld and Cordes[120], the
enhancements in performance of Trolox-linked fluorophores may arise through
favorable reduction-oxidation cycles with the fluorogenic center. However, the results
we obtained suggest that the benefits of such a mechanism may be restricted to the Cy5
and Cy5.5 fluorophores, which perhaps reflects an appropriate matching of their redox
potentials. By contrast, we observed more substantial and general enhancements for
each of the COT-linked cyanine fluorophores. Given the estimated triplet energy and
redox potential of COT (unpublished data) and COT's propensity for triplet-triplet
energy transfer[70], these findings suggest that a triplet-triplet energy transfer
mechanism may be the most generally effective means for cyanine fluorophore
photostabilization. Forward progress toward quantifying the relative weights and
impacts of each pathway for distinct fluorophores will enable additional improvements
in the activities of these known stabilizers. Insights of this kind may also aid the
discovery of new compounds and the implementation of new strategies to meet the
specific demands of distinct fluorophore types. Ultimately, continued efforts on these
fronts may yield strategies that can be generalized for tailoring fluorophore performance

for a broad array of distinct experimental demands.

4.4 Generality for fluorophores in different structural categories
Spontaneous energy transfer can occur when the excited-state energy of a stabilizer
is lower than that of a fluorophore[62]. COT’s reported triplet state energy of

approximately 92 kJ/mol[112, 113, 140] is substantially lower than the triplet state
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energies of most commonly used organic fluorophores employed for biological imaging
applications (ca. 100-200 kJ/mol[62]). Importantly, the energy of COT’s first singlet
excited state (Si1, >400 kJ/mol) is markedly higher than the S: energy of organic
fluorophores (ca. 150-300 kJ/mol)[113]. Thus, COT imparts little to no impact on
fluorophore brightness. These characteristics render COT a promising, general triplet
state quencher candidate for improving the performance of organic fluorophores
commonly used in biological imaging applications. Based on this rationale, and direct
evidence that COT mediates intramolecular photostabilization for certain cyanine dyes
spanning the visible spectrum[117], we examined whether COT can mediate
intramolecular photostabilization of the following chemically and structurally diverse
organic fluorophores: Cyanines (Cy3B, Cy5, DY654); Carbopyronines (ATTO647N);
Oxazines (ATTO655); Rhodamines (TMR, ATTO565, Alexa633, Alexa568); and
Fluoresceins (fluorescein) (Figure 4.2).

In order to enforce the proximity of COT to each of these fluorophore species, while
bypassing fluorophore-specific synthesis challenges and potentially negative impacts
on fluorophore solubility, N-hydroxysuccinimide (NHS)-activated COT and
fluorophore molecule were linked to the 3’- and 5’-ends, respectively, of
complementary strands of a short, double-stranded DNA oligonucleotides 21-base pairs
in length (Scheme 4.1). Thus positioned, collisional interactions are expected to occur
with a high frequency[116]. The performance of each fluorophore was examined in this

context at the single-
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Scheme 4.1. Assembly of fluorophores on quartz surfaces in close proximity to COT
using DNA base pairing and biotin-streptavidin binding.
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Figure 4.2. Chemical structures of the fluorophores used in this study.
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Figure 4.3. Enhanced photostablity for fluorophores at different structural categories.
(A) Total photon counts, (B) number of photons detected from individual fluorophores
per unit time (Brightness), and (C) signal-to-noise ratio of different fluorophores in
deoxygenated buffer (hatch bars), in deoxygenated buffer with 1ImM COT (grey bars),
or in deoxygenated buffer with a single proximal COT (black bars). Error bars indicate
standard deviation of three measurements.
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molecule scale by tethering the opposite end of the DNA duplex to a passivated-quartz,
microfluidic device via a biotin-streptavidin interaction such that fluorophore excitation
and emission performance could be examined under solution conditions using a prism-
based, wide-field total-internal-reflection fluorescence (TIRF) microscope[116].

Absolute and comparative fluorophore performance evaluations were based on the
number of photons detected from individual fluorophores per unit time (brightness), the
variance in the fluorescence signal detected (SNR = (average of fluorescence
intensity)/(standard deviation of fluorescence intensity)) as well as the total number of
photon detected (photon counts) prior to photo-induced degradation and signal loss
(Figure 4.3). Each fluorophore was also examined in the same context without
proximally attached COT and with 1 mM COT in solution. All experiments were
performed in a buffered saline solution (50 mM Tris-Acetate, 50 mM KCI)
supplemented with an enzymatic oxygen scavenging system (see Chapter 2 for
methods) to remove oxygen from the buffer.

To quantify the effectiveness of the proximal COT molecule in this context, we
benchmarked its impact for specific cyanine fluorophores, where beneficial impacts
have been previously documented[72, 116, 117]. As anticipated from these
investigations, the photostability of both Cy5 and Cy3B were significantly improved.
The Cy5 fluorophore exhibited a 50-fold increase in total photon count, a 2-fold increase
in brightness, and a 2.5-fold increase in SNR. As expected, these effects were more
pronounced than when 1 mM COT was present in solution (Figure 4.3)[102, 117]. The

impact of proximally linked
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Figure 4.4. Representative single-molecule fluorescence traces for ATTO565 and
ATTO647N. Each fluorophores were imaged in deoxygenated buffer, in deoxygenated
buffer with ImM COT, or in deoxygenated buffer with proximal COT.
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COT was significant, albeit less pronounced, for Cy3B (~4 fold increase in SNR and
20% increase in brightness and photon counts), whereas Cy3B was strongly
photostabilized (~6-fold increase in photon counts) with 1 mM COT in solution (Figure
4.3). Analogous impacts were observed for DY654, also a cyanine-class fluorophore.
The reason why Cy3B and DY 654 are less responsive to proximally linked COT is not
presently clear. We speculate, however, that this observation may relate to differences
in the probability of effective collisions between COT and the Cy3B/DY654
fluorophore when proximally conjugated.

We next tested the impact of proximally linked COT for representative fluorophores
of distinct structural families. Here, we observed that the photostability of each of the
fluorophores examined, with the exception of ATTO655 and fluorescein, was enhanced
by a proximally linked COT molecule (Figure 4.3). For ATTO647N, a fluorophore
widely used for single-molecule and super-resolution measurements[141-144],
proximal COT provided a 120-fold increase in photon count, a 4-fold increase in
brightness, and a 2.5-fold increase in SNR (Figure 4.3 and 4.4). A substantial, albeit
relatively modest impact, was also observed with COT in solution (Figure 4.3 and 4.4).
Analogous impacts were observed for ATTO565 (Figure 4.3 and 4.4). The proximally
linked COT molecule also improved the photostability of Alexa568, Alexa633, and
TMR. Here, the impacts were, however, more modest in nature, exhibiting ~4-8 fold
increases in photon counts and in SNRs. These specific fluorophores exhibited more
pronounced increases in photostability when 1 mM COT was present in solution

(Figure 4.3).
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We therefore conclude that the photostability of most organic fluorophores can be
markedly improved by a single, proximally linked COT molecule and that the precise
extent of the observed enhancement varies dramatically for each fluorophore species.
These fluorophore-specific distinctions may be attributed to differences in triplet energy
transfer rate and/or differences in the competing photochemical processes, such as redox
reactions from the triplet excited states. Under the conditions of the present
experiments, redox partners include an enzymatic oxygen scavenging system as well as
the oligonucleotides to which the fluorophore is attached. To investigate why COT
exhibited distinct impacts on fluorophore photostabilities when proximally linked in a
manner such that relatively uniform collision frequencies are enforced, the redox
potentials of each fluorophore were measured using cyclic voltammetry[145]. Here, we
hypothesized that a fluorophore’s responsiveness to COT reflects differences in the rates
of competing chemical pathways that generate radical fluorophore species which COT
is unable to rescue. According to the Marcus theory, the rate of electron transfer in the
normal region increases with the thermodynamic driving force of the reaction[146].
Here, the responsiveness of a fluorophore to COT is expected to be lowered when the
rate of gaining or losing electrons shortens the triplet state lifetime[137, 147] such that
redox reactions are faster than the rate of triplet energy transfer with COT.

The reduction potentials of the triplet state for each fluorophore were estimated using
the Rehm-Weller equation: g

T =eE0

red red

+E.+C, Where g2 is the first one-electron

reduction potential of the ground state obtained by cyclic voltammetry (Figure 4.5,

Table 4.1), g is the triplet state energy of the fluorophore obtained by phosphorescence

(Figure 4.6, Table 4.1), and e is the unit charge[62]. In aqueous solutions, the columbic
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attraction energy C can be neglected due to the high polarity of water[62]. Consistent
with the notion that fast electron transfer between the triplet fluorophore and its
environment competes with triplet energy transfer to COT, both fluorescein and
ATTOG655, the two fluorophores for which COT had a negligible impact, exhibited the

highest g7, (Table 1). By contrast, the fluorophores improved by COT tended to exhibit

lower g7

red °

consistent with the notion that a fluorophore’s responsiveness to COT-

mediated intra-molecular triplet state quenching is determined by the rates of competing

redox reactions from the triplet state. The absence of direct correlations between g

and COT responsiveness is not presently known but may relate to other factors affecting
the rates of charge transfer, such as the frequency of productive collisions between the
fluorophore and COT, as well as the reorganization energies in these structurally distinct

fluorophores[146].

4.5 Conclusion

The present observations demonstrate that photostabilization through intra-
molecular triplet energy transfer is a potentially general approach for improving the
experimental performance of organic fluorophores of various structures in biological
settings. We observe, however, that the effectiveness of this approach is strongly
dependent on the nature of the fluorophore. Our data suggest that competing electron

transfer processes, which are highly fluorophore specific,
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Table 4.1. Triplet state energy, reduction potential from the ground state, and reduction
potential from the triplet state for the fluorophores. DY654 and Alexa568 do not show
measurable reduction peak in cyclic voltammetry measurement.

* phosphorescence of ATTO655 was not detectable. The Et of ATTOG655 is estimated
to be 0.2 eV lower than the energy of the first singlet excited state (1.81 eV)

Fluore-
Fluorophore TMR ATTO647N Cy5 Cy3B Alexa633 ATTO565 ATTO655
scein
E; (eV) 1.72 1.46 148 166 1.55 1.72 1.98 1.6*
E?ed (V S
-1.58 -1.23 -1.24 -1.40 -1.175 -1.25 -1.40 -0.635
Ag/Ag+)
ErTed(eV) 0.14 0.23 0.24 0.26 0.38 0.47 0.58 1.0
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Figure 4.5. Representative cyclic voltammograms for ATTO565 (left) and ATTO647N
(right). The reduction peak potentials are indicated by the arrows.
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Figure 4.6. Phosphorescence spectra of the fluorophores. Fluorophores were in
ethanol/iodomethane glass (2:1, v/v) at 77 K with excitation at 473 nm (fluorescein),
532 nm (TAMRA, ATTO565, Alexa568, Cy3B) or 633 (Alexa633, DY654, Cyb5,
ATTO647N). The wavelengths of each phosphorescence maxima were converted to the
triplet state energy (Er) of the fluorophores.
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may be the explanation for the observed differences in effectiveness. To obtain
increased photostability, the relative rates of intra-molecular triplet energy transfer need
to be substantially faster than the rates of electron transfer from/to the triplet state of the
fluorophore. The rate of intra-molecular triplet energy transfer when sufficiently rapid
has the potential to shield the fluorophore from redox damage even in the presence of
highly reactive species such as molecular oxygen, which is present at nearly millimolar
concentrations in aqueous solutions. These observations rationalize future efforts aimed
at developing general synthetic strategies for linking COT, or other compounds capable
of intra-molecular triplet energy transfer, directly to a range of organic fluorophores
where their performance can be examined in diverse imaging contexts. For example, a
fluorophore may be first coupled to an “adapter molecule” where a COT is covalently
linked, before being labelled to the biomolecule of interest. Here it will be particularly
impactful to examine whether such methods can be extended to organic fluorophore
species commonly employed for live-cell imaging, such as TMR and the near-IR
emitting silicon-rhodamine (SiR)[136, 148, 149], where fluorophore performance in
complex cellular milieus are particularly demanding and prone to exhibit undesirable

phototoxicities.
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5. Self-healing fluorophores improve cellular imaging at single-molecule

scale

5.1 Summary

Despite the demonstrated enhanced photostability of in vitro conditions with purified
components, it remains an open question that whether self-healing fluorophores exhibit
enhanced photostability in a more complex environments. Here we showed similar
improvement of photostability in fixed cells and in living cells, which is better than
parent fluorophores with stabilizers in solution. These data demonstrate that self-healing
fluorophores can extend the temporal scale of cellular imaging, in bulk as well as at

single-molecule scale.

5.2 Introduction

The data in previous chapter have shown that self-healing fluorophores exhibit
increased photostability through shortening the fluorophore triplet state, and that the
linkage to cyclooctatetraene (COT) is a general approach to improve fluorophore
photostability for organic fluorophore across the spectrum and in different structural
categories. Despite the demonstrated enhanced photostability of in vitro conditions with
purified components, it remains an open question that whether self-healing fluorophores

exhibit enhanced photostability in a more complex environments.

Fluorescence imaging enables specific, non-invasive, and quantitative measurements
of biological process in living cells and in vivo. Various methods of advanced

fluorescence microscopy, including single-molecule[24] and super-resolution[150]
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microscopy, have the potential to reveal cellular processes at unprecedented
spatiotemporal resolution, but their application has been limited by a number of factors,
including the limited photostability of fluorophores[8, 136]. Here we aim to address this
limitation by applying self-healing fluorophores with improved photostability for

cellular fluorescence imaging at single-molecule scale.

In collaboration with Prof. Jonathan Javitch at Columbia University, we select the
dimerization of G-protein Coupling Receptors (GPCR) as a model system to
characterize the fluorophore performance in living cells. Receptor dimerization is
typically the first step of the induction of intracellular signaling after ligand binding,
and is fairly common for the GPCR super family[151]. Despite this importance, the
dimerization of GPCR has not been directly measured at its native environment at
single-molecule resolution. Here we use single-molecule Forster Resonance Energy

Transfer (SmFRET)[152] to characterize the dimerization of GPCR.

5.3 Result and Discussion

To specifically label the fluorophore to the targeted protein, we use SNAP tag, a self-
labelling protein tags [153] (See chapter 2 for the details of experimental methods).
SNAP was first fused with the targeted protein. After protein expression, the
benzylguanine (BG)- derivatives of the fluorophores were incubated with the cells.
SNAP catalyzes the ligation of fluorophore to the Cysteine at its active site, with BG as
a leaving group. After washing off the free dyes, cells were put on the coverslip and
imaged under the microscopy. Here we used the objective-based total-internal-

reflection fluorescence (TIRF) microscopy to measure the labeled membrane proteins.
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To benchmark the fluorophore performance, we fused SNAP tag to the N-terminus
(extracellular end) of mGlu2, a GPCR that forms constitutive dimer.

SmMFRET measurement requires two fluorophores, one donor and one acceptor, with
high brightness and high photostability. In addition, fast labelling and low-nonspecific
binding are required for live-cell imaging. We first select commercial-available
fluorophores that fulfil these requirements. Several fluorophores (e.g. ATTO647N)
exhibit high brightness and photostability but have high background due to non-specific
binding, and therefore are not suitable for live-cell imaging [154]. Based on the data
collected by Dr. Wesley Asher and Dr. Peter Geggier at the laboratory of Prof.
Jonanthan Javitch as well as others [154], we chose DY549 and Alexa647 as the donor
and acceptor, respectively, that are most suitable for this measurement.

Next, we applied the self-healing fluorophores for the same measurement and
compare with the DY549-Alexa647 dye pairs. To test the non-specific binding to living
cells, we expressed the mGlu2 proteins without fused to SNAP tag (mock cells) and use
the same labelling protocol. with the First generation self-healing fluorophores
containing two sulfonate groups[137] exhibit high non-specific binding to the cellular
membrane (Figure 5.1.B), which is probably due to the hydrophobicity of the
fluorophore. Indeed, elution time in reverse-phase HPLC C18 column with an aqueous
mobile phase shows that these fluorophores (Cy3-2S-COT(N3) and Cy5-2S-COT(N3))
is more hydrophobic than the DY549 and Alexa647. Other fluorophores with high non-
specific binding to living cells, such as ATTO647N and Cy3B, also exhibit large elution

time (i.e. high hydrophobicity). Therefore, elution time in the C18
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Cy3-45( C1) COT(M3): n=1 m=1
Cy5-4S-COT(M3): n=2 m=4

C  (Cy3-45(C1)-COT(M3) D ¢ys5-45-coT(M3)

Figure 5.1. Non-specific binding of self-healing fluorophores. (A) The structures of
Cy3-4S(C1)-COT(M3) and Cy5-4S-COT(M3) fluorophores. The non-specific binding
of (B) Cy3-4S5(C1)-COT(M3) , and Cy5-4S-COT(M3) to Mock cells. Each image
contains one cell.
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Figure 5.2. Comparison of aqueous solubility for self-healing fluorophores and
common organic fluorophores. Fluorophores are benchmarked for aqueous solubility
by comparing their relative elution times using reverse-phase HPLC with an aqueous

mobile phase.
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Figure 5.3. Photon counts of fluorophores labeled on SNAP tag. All measurements
were performed in buffer with ambient oxygen. Cy3, DY549, and Cy3-4S(C1)-
COT(M3) (Cy3E) were illuminated with a 532 nm laser at 150W/cm?. Cy5, Alexa647,
and Cy5-4S-COT(M3) (Cy5M) were illuminated with a 639 nm laser at 1200W/cm?,
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Table 5.1. Photobleaching time (sec) of single-molecule FRET (smFRET)
measurement at fixed cells. Two dyes pairs were labeled to mGlu2-SNAP fusion protein
and the cells were fixed before SMFRET measurements at different conditions. The
concentration of stabilizers was 1mM COT:cyclooctatetraene; NBA: 4-nitrobenzyl
alcohol; MV: methyl viologen; AA: ascorbic acid.

DY549 and Cy3-4S(C1)-COT(M3)

Alexa647 and Cy5-4S-COT(M3)
50% O 10 35
0% O2 7 100
0% O2+COT 8
0% O+COT, NBA, Trolox 37
0% O+MV, AA 55
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column provides a simple assay for fluorophore hydrophobicity and non-specific
binding to living cells.

To reduce the hydrophobicity of the self-healing fluorophores, we first introduce two
more sulfonate groups to the fluorophores (Cy5-4S-COT(N3) and Cy3-4S-COT(N3)).
They exhibit reduced hydrophobicity, but still higher than the Alexa647 and DY549.
We then distribute the sulfonate groups evenly around the fluorophore, which leads to
the synthesis of fluorophore Cy3-4S(C1)-COT(M3) and Cy5-4S-COT(M3) (Figure
5.1.A). These two fluorophores have further smaller retention time than the previous
self-healing fluorophores (albeit still higher than DY549 and Alexa647) (Figure 5.2),
and low non-specific binding to the mock cells (Figure 5.1.C and D), with which we
can specifically labeled the extracellular targets. We next labeled these fluorophore to
purified SNAP protein and characterized their photostability in vitro with ambient
oxygen. Like other self-healing fluorophores, they exhibited higher photostability than
the parent fluorophores (Cy3 and Cyb5, respectively) as well as DY549 (by 50%) and
Alexab47 (by 240%), the two commercial available fluorophores selected for SnFRET
imaging (Figure 5.3).

To benchmark the fluorophore photostability in cellular context, we performed
SmMFRET measurement for the two dye pairs (DY549 and Alexa647, as well as Cy3-
4S(C1)-COT(M3) and Cy5-4S-COT(M3)) at various conditions and recorded the
measurement time before one the fluorophore photobleaches (photobleaching time)
(Table 5.1). The conditions include imaging buffer with 50% or 0% of saturated
oxygen, as well as with stabilizers in solution. To simplify the measurement and data

analysis, we performed these experiments on fixed cells where fluorophore is immobile.
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Similar to the performance in vitro with ambient oxygen, in 50% oxygen self-healing
dye pairs exhibited 250% improvement of SMFRET photobleaching time compared to
DY549-Alexa647 dye pairs (Table 5.1). In fully deoxygenated buffer, the
photobleaching time of self-healing dye pairs further increase to 100 sec, much higher
than DY549-Alexa647 in the same condition, or even with different kinds of stabilizers
in solution (Table 5.1). With data demonstrate that self-healing fluorophores possessing
improved photostability extend the temporal scale of cellular imaging.

We next performed live-cell SmFRET. Consistent with the in vitro and fixed-cell
data, in 50% oxygen the self-healing dye pairs also exhibit 150% improvement of
photostability compared to the DY549-Alexa647 dye pairs. It worth noting that fully
deoxygenation of imaging buffer, which is widely used for in vitro measurements,
introduce significant perturbation and artifacts to the studied system. Figure 5.5
illustrated the representative images of cells labeled with fluorophores incubated with
deoxygenated buffer for 0 hour (up) or 1 hour (down). 1 hour incubation in
deoxygenated buffer leads to the absence of dye-labeled membrane receptor and severe
cellular autofluorescence, probably due to the internalization of membrane receptor.
This phenomenon is not observed for cells incubated in buffer with 50% saturated
oxygen, and is consistent with the fact that deoxygenation can perturbed many

fundamental cellular processes.

4.5 Conclusion
Consistent with the enhanced photostability in vitro, these data demonstrated that
self-healing fluorophores exhibit similarly enhanced photostability in the cellular

context. Self-healing fluorophores show higher photostability than conventional
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fluorophore in different buffer conditions, including with ambient oxygen, with partially
or fully deoxygenation, and with stabilizer in solution. Moreover, we found that prolong
incubation in fully deoxygenated buffer leads to severe imaging artifacts, suggesting
that deoxygenation, a photoprotection method widely used for in vitro advanced

imaging, may be problematic for live-cell imaging.
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Figure 5.4. Measurement time of live-cell single-molecule FRET for self-healing
fluorophores. (A) DY549 and Alexa647, and (B) Cy3-4S(C1)-COT(M3) and Cy5-4S-
COT(M3). The sample was illuminated with 1.5 mW 532 nm laser.
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Figure 5.5. Representative images of Cy3-4S(C1)-COT(M3) and Cy5-4S-COT(M3)
labeled cells that have spent (up) O hour or (down) 1 hours in deoxygenated buffer.
Excitation wavelengths are 640nm (left) or 532 nm (right).
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6. Understanding the design principles of self-healing fluorophores to improve

biological imaging

6.1 Summary

Bright, long-lasting organic fluorophores are essential to address shortcomings in
performance that currently limit a broad range of imaging applications. While the
depletion of oxygen and the addition of stabilizers improve fluorophore photostability
by quenching photo-induced reactive triplet state and radical species, such strategies
suffer from potential toxicities that restrict the utility in biological settings. “Self-
healing” fluorophores, which bear one or more intra-molecularly linked stabilizers,
offer a powerful means of addressing both the need for enhanced fluorophore
performance and biological compatibility. Although the existing self-healing
fluorophores exhibits significant improvements in photostability, their performance is
still far from the predicted potential of the self-healing mechanism, especially in
physiologically-relevant conditions (e.g. with ambient oxygen). To guide the
development of self-healing fluorophores with superior photostability, we have
synthesized a series of Cy5 derivatives in which the stabilizer cyclooctatetraene (COT)
is covalently attached via polymethylene linkers of defined lengths, and examined the
relationship between the rate of intramolecular triplet energy transfer and fluorophore
performance. Our data reveal key limitations of the self-healing mechanism
encompassed in existing technologies, including the instability of the stabilizer itself.
Exploiting this understanding, we modified COT to reduce its reactivity and

demonstrated a 3-fold increase in photostability for Cy3 and nearly 10-fold for Cy5 in
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ambient oxygen conditions. This is not attainable with existing photo-protection
approaches and offers a new generalizable strategy to rationally engineer the self-
healing mechanism to maximize the full potential of organic fluorophores commonly

employed in biomedical imaging.

6.2 Introduction

Fluorescence microscopy continues to witness revolutionary advancements in both
sensitivity and resolution, progress that is highlighted by the development of single-
molecule and super-resolution fluorescence imaging methods[24, 150]. Fast
fluorophore photobleaching (photo-induced degradation) currently limits further
developments in this area as the quality and duration of the experimental signals are
proportional to the total number of photons emitted and detected[8, 136, 137, 155, 156].
Photo-protection strategies that mitigate fluorophore photobleaching are therefore in
high demand[8, 137, 155].

The most common photo-protection strategies employed involves the removal of
molecular oxygen[88, 89] and the addition of small-molecule stabilizers, such as
Trolox[53, 138], nitrobenzylalcohol (NBA)[102], and cyclooctatetraene (COT)[39], to
solution[8]. While such have a proven capacity to increase fluorophore performance in
a range of biological settings, the utility of current photo-protection strategies is
restricted by the perturbation of oxygen depletion, the solubility limit of stabilizers (ca.
1 mM), and their potential biological toxicities[115], particularly in live-cell
contexts[31, 136].

To circumnavigate the limitations of current photo-protection strategies, we have set

out to engineer a modified class of probes wherein specific stabilizers are covalently
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linked to organic fluorophores, e.g. Cy5. In such “self-healing” fluorophores, reactive,
photo-induced fluorophore triplet and radical states are intra-molecularly quenched to
reduce the probability of chemical degradation[72, 120, 133]. This approach has been
shown to reduce the duration of reactive triplet states and lower the rate of
photobleaching by as much as 100 fold in deoxygenated solutions, and 4 fold in the
presence of ambient oxygen[116, 117, 137, 157]. The utility of intra-molecularly
photostablized fluorophores has already been demonstrated both in vitro and in living
cells[116, 158, 159].

The self-healing strategy is grounded in the principles of intra-molecular chemical
reactions, which posit that the covalent attachment of stabilizers to the fluorophore will
increase their effective concentration by up to ten orders of magnitude (ca. 10" M)
beyond their aqueous solubility limit[160, 161]. Such increases should, in principle,
lead to reductions in triplet state lifetime that would effectively render fluorophores inert
to photo-induced reactions involving molecular oxygen[137, 162]. However, the
effective concentrations of stabilizers (c.a. 1-100mM, see section 6.2.1) for current self-
healing fluorophores are still far lower than 10" M, with only a modest increase of
photostability in the presence of oxygen, a condition required for many biological and
cellular functions. Here we present a plausible mechanism that limits further
improvement of the current self-healing fluorophores. Exploiting this understanding, we
identify design principles for self-healing fluorophores, and improve the photostability
of Cy5 by nearly 10 fold in ambient oxygen conditions through reducing the reactivity
of the stabilizer COT. We further show that this approach can be generalized to

fluorophores across the visible spectrum.
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6.2.1 Calculating the effective concentration of stabilizers for *“Self-healing”
fluorophores

The effective concentrations of stabilizer in self-healing fluorophores were
calculated by dividing the rate of the intramolecular reaction (kintra) With the bimolecular
rate of intermolecular reaction (Kinter)[163]. For intramolecular triplet energy transfer,
Kinra = 1/t1, Which ~10° sec™. The kiner for triplet energy transfer from an organic
molecule to COT is 107 - 109s*M™[70, 140, 164]. Therfore, the effective concentration

f0r COT |S kintra/ kinter =1- 100 mM.

6.3 The lifetime of the Cy5-COT(n) triplet state correlates with linker lengths

Analogous to earlier intra-molecular triplet energy transfer investigations performed
on model systems[160, 165], we set out to synthesize a series of Cy5-COT fluorophores
in which COT was covalently attached to the Cy5 fluorogenic center via defined-length
polymethylene linkers (Cy5-COT(n)), where the number (n) of carbon atoms separating
the COT and the Cy5 fluorophore is 1, 2, 3, 4, 5, or 10 (Chart 6.1). Using these model
compounds, we have examined the relationship between each fluorophore’s triplet state
lifetime and their observed photostability both in ambient oxygen and in deoxygenated
solutions.

In previous work[72], we employed laser flash photolysis to characterize the triplet
state lifetime (t1) of Cy5 (*Cy5*) using benzophenone (BP) as a sensitizer. Upon

excitation with a 355 nm laser, BP undergoes efficient intersystem crossing to the
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Cy5-COT(n)
n=1,2,3,4,5,10

Chart 6.1. Structures of Cy5-COT(n) fluorophores used in this study.
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Figure 6.1. Cy5 triplet absorption traces recorded at 700 nm and BP triplet absorption
traces recorded at 525 nm after pulsed laser excitation. The laser is at 355 nm with 5 ns
pulse width. Experiments were performed in deoxygenated acetonitrile solutions of BP
(3 mM) and CyS5 (10 uM). The triplet lifetimes (t) are derived from a kinetic fitting
model considering the growth kinetics due to energy transfer from *BP* to Cy5.
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Figure 6.2. Transient absorption spectra for OTX-Cy5. (A) Reaction scheme for
intramolecular sensitization of Cy5 fluorophore via OTX; (B) Transient absorption
spectra recorded at 1-7 us after the laser pulse (355 nm, 5 ns pulse width) of
deoxygenated acetonitrile solutions of OTX-Cy5 (10 uM). The insets show kinetic
traces at appropriate observation wavelengths.
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TX-Cy5-COT(n)
h=1,2,3,4,5,10

Chart 6.2. Structures of OTX-Cy5-COT(n) used to determined triplet state lifetime of
Cy5-COT(n).

100



triplet state and populates the Cy5 triplet state through triplet-triplet energy transfer,
which was monitored by its transient absorbance at 700 nm[72]. In solution, this
approach generates 3Cy5* at a timescale of approximately 0.5 ps, limited by the
diffusion of triplet benzophenone (3BP*) and Cy5 (Figure 6.1). While this approach has
proven useful for estimating the tr of 3Cy5* (ca. 60 ps) and for qualitative comparisons
of distinct fluorophore species[72], it suffers key drawbacks that preclude its use here.
First, high concentrations of both BP (c.a. 10 mM) and fluorophore (c.a. 100 uM) are
needed to rapidly populate the Cy5 triplet state, which can result in complications
including dye aggregation and triplet-triplet annihilation. These effects can lead to an
underestimation of tr as well as other potentially complicating artifacts. Second, and of
paramount importance to the present investigations, the timescale for the inter-
molecular triplet sensitization approach is also insufficient for determining short Tt
(<0.5 ps).

To address these shortcomings, we have used an intra-molecular approach to
populate the Cy5 triplet state by covalently linking a triplet state sensitizer, 9-
oxothioxanthone (OTX), to Cy5 and Cy5-COT(n) fluorophores (Figure 6.2A, Chart
6.2). OTX was selected as an intra-molecular sensitizer because it has high triplet
quantum yield[166], higher triplet state energy than Cy5[166], and can be selectively
excited at non-interfering wavelengths (eg. 355nm) due to its high molar
absorptivity[167]. Using this approach, the rate of triplet-triplet energy transfer from
OTX to Cy5 is increased by nearly an order of magnitude (ca. 0.05 us) and is
concentration independent. Correspondingly, triplet lifetime measurements can be

performed at substantially lower dye concentrations (ca. 1-10 uM), where the tr of Cy5
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is revealed to be approximately twice as long (~110 us) as previously estimated (Figure
6.2B)[72]. Hence, all Tt measurements reported here were made using OT X-conjugated
versions of the Cy5-COT(n) fluorophores (Chart 6.2; Figure 6.3), from which the rate
constants of intra-molecular triplet energy transfer were calculated (ktet=1/ t1). These
findings were independent of the sensitizing methods as tr of OTX-Cy5-COT(10)
(3.1£0.1 ps) was indistinguishable from tr of Cy5-COT(10) (3.2+0.3 pus) measured
using benzophenone free in solution (Figure 6.4).

Cy5-COT(n) fluorophores generally exhibited longer tr at longer linker lengths; at
linker lengths below four atoms, Tt increased sharply (Table 6.1, Figure 6.5A). These
data are notably consistent with previous intramolecular triplet energy transfer studies,
where it was suggested that energy transfer preferentially occurs efficiently via a
through-bond mechanism for short linkers (length < 4 atoms) whereas transfer
preferentially occurs through intramolecular collision when longer linkers (length>5
atoms) are employed.[165, 168, 169] However, the most rapid triplet quenching rates
achieved, where the COT was separated from Cy5 by just a single carbon atom
(1/tr(Cy5-COT(1)) = 4.5x10°s™), was 2-3 orders of magnitude lower than expected for
the through-bond energy transfer mechanism[165, 168, 169]. This suggests that the
observed rate of triplet energy transfer for Cy5-COT(n) is possibly limited by
conformational changes in the COT molecule, of which the formation of planar species

are thought to be required for its “non-vertical” transition to the triplet state[112, 113].
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Figure 6.3. Transient absorption traces for OTX-Cy5-COT(n), n = 1, 2, 3, 4, 5, 10.
Transient absorption traces at 700 nm after pulsed laser excitation (355 nm, 5 ns pulse
width) of deoxygenated acetonitrile solutions of OTX-Cy5-COT(n) (~10 uM). The
optical path length is 1 cm. The transient absorption at 700 nm was fit (blue line) to a
single-exponential function, which accounts for the decay of Cy5 triplets.
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Figure 6.4. Transient absorption traces at 525 nm and 700 nm after pulsed laser
excitation. Laser is at 355 nm with 5 ns pulse width. Experiments were performed in
deoxygenated acetonitrile solutions of BP (~20 mM) and Cy5-COT(10) (~39 uM). The
optical path length is 2 mm. The trace at 700 nm was fit (blue line) to a bi-exponential
function, which accounts for the growth kinetics (ki) and decay (k2) of Cy5 triplets.
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Figure 6.5. Triplet state lifetime and photostability of Cy5-COT(n). (A) The inverse
of triplet state lifetime (1/17) and (B) the average number of photons detected before
photobleaching in single-molecule measurements versus the length of linkers between
Cy5 and COT. The Cy5-COT with an 13-atom linker is from our previous study.[72]
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Table 6.1. Triplet state lifetime (tT), and average number of photon detected (counts)
before photobleaching in single-molecule measurement of Cy5 and Cy5-COT
fluorophores. The Cy5-COT with an 11-atom linker is from our previous study.[72]

71 (M) Counts in Counts in ambient
deoxygenated buffer  oxygen (x10%)
(x10°)
| Cy5 1105 0.04+0.02 0.5+0.1 |
Cy5-COT(1) 0.15 + 0.01 0.19 + 0.02 24+0.2
Cy5-COT(2) 0.19 +0.01 17+0.1 2.1+0.2
Cy5-COT(3) 0.40+£0.02 21x0.1 21x0.2
Cy5-COT(4) 1.1+0.1 17+0.1 1.9+0.1
Cy5-COT(5) 0.75 + 0.04 17+0.1 1.9+0.2
Cy5-COT(10) 3.1+0.1 13+0.1 1.9+0.2
Cy5-COT(13) 13+ 2 08+0.1 16+0.3
Cy5-bisCOT(3) 0.22+0.01 3.1+01 44+0.3
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Scheme 6.1. Probable photophysical and photochemical processes of Cy5-COT
fluorophores. So: ground state; Si: singlet excited state; Ti: triplet excited state; P:
photobleached product.
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6.4 Linker-length dependence of Cy5-COT(n) photostability

To examine the relationship between triplet lifetime and photostability, each
fluorophore was imaged at a single-molecule resolution through total-internal-reflection
fluorescence (TIRF) microscopy using a prism-based, wide-field illumination strategy
where thousands of individual fluorophores attached to DNA oligonucleotides can be
imaged simultaneously[116]. The photostability of each Cy5-COT(n) fluorophore was
first examined under deoxygenated conditions[89], and the total number of photons
detected prior to photobleaching was quantified. As previously reported[116], marked
increases in total photon count were observed relative to the parent Cy5 molecule.
Consistent with the notion that fluorophores photobleach through the triplet state
(Scheme 6.1), the photon counts of Cy5-COT(n), with n>2, increase as the 1/tt
increases (Table 6.1, Figure 6.5). Total photon counts were, however, notably
uncorrelated with 1/t for Cy5-COT(2) and Cy5-COT(1) (Table 6.1, Figure 6.5). In
particular, although Cy5-COT(1) possesses the shortest triplet state lifetime (0.15 ps),
it also exhibits the least photon counts (1.9x10°). Thus, at the shortest linker length,
nearly all benefits of the COT-mediated intramolecular triplet quenching process were
lost.

To understand these observations, we considered the most probable photophysical
and photochemical pathways for Cy5 stabilization and photo-induced degradation[62,
70, 72, 82]. Fluorophores may photobleach through the first triplet state (T1), and they
may absorb multiple photons and degrade through higher excited states (S, or Tn, n>1)
(Scheme 6.1)[82, 83], the rate of which is expected to increase with excitation

power[82, 83]. According to this model, we reasoned that at low illumination intensity
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(<100W/cm?) fluorophores photobleach mainly through their first triplet state (T1). A
kinetic scheme describing the photobleaching rate from T1 shows that 1/®g T, the inverse
of the yield of photobleaching through the triplet state, increases linearly with kret (i.e.
1/t7) (Scheme 6.2). Correspondingly, the photon count should be linearly dependent on
1/z7 if it is solely due to photobleaching from the triplet state. Indeed, we found that at
low (80W/cm?) illumination intensity, photon counts increase linearly with 1/t for
Cy5-COT(n) with n>2 (Figure 6.6A, red dots).

The observation that Cy5-COT(n) with n<3, (Cy5-COT(1) and Cy5-COT(2))
deviates substantially from this trend (Figure 6.6A), suggests that these two
fluorophores may exhibit a pronounced increase in photobleaching through alternative
pathways. We posit that such alternative pathways for degradation may specifically
arise from the proximity of COT to the Cy5 fluorophore, where at short distances
excited states of COT may react with Cy5, thereby causing photobleaching. It is
important to note that the lifetime of 3COT* s similar to that of *Cy5* (ca. ~100
us[164]). At short tether lengths, such 3COT™ lifetimes may be sufficiently long lived
for secondary intramolecular reaction events to occur with Cy5 prior to COT’s
relaxation back the ground state through non-radiative relaxation processes.

According to the model in Scheme 6.1, the rates of photobleaching would also be
expected to increase with excitation power[82, 83]. We therefore characterized the
photon counts for each Cy5-COT(n) fluorophore over a range of illumination
intensities. The inverse of photon counts, proportional to the photobleaching quantum
yield (®g), was observed to increase linearly with illumination intensity (Figure 6.7),

indicating that higher excited states contribute to the effective rate of photobleaching.
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Scheme 6.2. Photobleaching pathways from the triplet state in the absence of oxygen.
T triplet excited state; So: ground state; I: intermediate state to photobleaching; P:
photobleached product. ®g 1: Quantum yield of photobleaching from triplet state.
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Figure 6.6. The limiting factors for the photostability of Cy5-COT(n). (A) In
deoxygenated solution and at low excitation power (80W/cm?), photon counts increase
linearly with 1/t7 for Cy5-COT(n) (n>2) and Cy5-bisCOT(3) (red circles), but not for
Cy5-COT(1) and Cy5-COT(2) (black rectangle). (B) In ambient oxygen, the photon
counts of Cy5, Cy5-COT(n) and Cy5-bisCOT(3) fluorophores increase linearly with the
number of COT molecules attached to Cy5.
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Chart 6.3. Structures of Cy5-bisCOT(3) fluorophore.
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Figure 6.8. Transient absorption trace OTX-Cy5-bisCOT(3). Transient absorption
traces at 700 nm after pulsed laser excitation (355 nm, 5 ns pulse width) of deoxygenated
acetonitrile solutions of OTX-Cy5-bisCOT(3) (~10 uM). Optical path length is 1 cm.
The transient absorption at 700 nm was fitted (blue line) to a double-exponential (down)
function, which accounts for the decay of Cy5 triplets.
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6.5 Additional attached COT molecule enables additive effects of photo-
protection

To explore the effects of additional triplet state acceptors for intra-molecular triplet
energy transfer and for improving photostability, we synthesized Cy5-bisCOT(3),
where Cy5 was attached to two COT molecules via a three-carbon linker (Chart 6.3).
The 11 of Cy5-bisCOT(3) is 0.22 us (Table 6.1, Figure 6.8), an approximately two-fold
reduction from Cy5-COT(3) (t1 = 0.40 ps), suggesting additive effects of triplet energy
transfer for multiple COT molecules attached. The shortened triplet state translated into
a nearly 50% enhancement in fluorophore photostability in a deoxygenated solution, the
highest photon count of any of the Cy5-COT(n) fluorophores examined so far (3.1x10°;

Table 6.1).

6.6 Photostability in ambient oxygen conditions

We next sought to examine each fluorophore’s photostability under ambient oxygen
conditions. Compared to the parent Cy5 fluorophore, the Cy5-COT(n) fluorophore
derivatives exhibited an approximately 3-5 fold increase in total photon counts; the Cy5-
bisCOT(3) fluorophore showed an approximately 9 fold increase in total photon counts
(Table 6.1). These data are consistent with the model that COT-mediated reductions in
tr of Cy5 effectively protect the Cy5 fluorophore from damaging reactions with
molecular oxygen. They are also in line with the notion that the rates of intra-molecular
triplet energy transfer in self-healing fluorophores substantially exceed the rates of
damaging reactions with molecular oxygen and/or reactive oxygen species[62, 137].' In
this context, it is notable that Cy5 fluorophore photostability in the presence of

molecular oxygen correlated linearly with the number of COT molecules attached to
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Cy5 (Figure 6.6B) but not linker length (Figure 6.9, Table 6.1). This observation
suggests that COT’s protective function may be inactivated during imaging through
reactions with molecular oxygen. Given its comparatively long lifetime[164], this may
be particular to 3COT*[164, 170]. In this view, each COT molecule extends the Cy5
fluorophore photon counts by an equal amount. After both COT molecules are
inactivated, Cy5 photobleaches on a time scale of the parent Cy5 molecule.
6.7 COT substituted with an electron-withdrawing group increases fluorophore
photostability

On the basis of this hypothesis, we reasoned that increasing the stability of COT may
in turn improve fluorophore photostability, particularly in ambient oxygen. Previous
works have shown that COT can react with photo-generated singlet oxygen and that the
reactivity is significantly reduced if COT is substituted with an electron withdrawing
group (EWG)[170]. We predicted that Cy5 linked to EWG-substituted COT would
exhibit further improved photostability in oxygen. To test this hypothesis, we
synthesized amide-substituted COT, linked it to Cy5 through a 11-atom linker (Cy5-
amide-COT(11); Figure 6.10A), and characterized its photostability. Indeed, in buffer
with ambient oxygen, Cy5-amide-COT(11) exhibits 35,000 photon counts, two times
more than the photon counts (16,000) of Cy5-COT(13), a fluorophore with a difference
of only two methylene groups (Figure 6.10B). Surprisingly, Cy5-amide-COT(11) also
showed enhanced photostability in oxygen-depleted buffer, exhibiting three times more
photon counts than Cy5-COT(13) (Figure 6.10C). We next tested amide-COT with

other cyanine fluorophores, namely Cy2, Cy3, Cy5.5, and Cy7. In all
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Figure 6.9. The photon counts of Cy5, Cy5-COT(n), and Cy5-bisCOT(3) in ambient
oxygen conditions as a function of inverse of triplet state lifetime (1/t7).
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Figure 6.10. COT-amide further improves fluorophore photostability. (A) Structures of
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depleted buffer.
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Figure 6.11. COT-amide further improves fluorophore photostability. (A) Structures of
Cy5-amide-COT(4) and Cy5-amide-COT(5). (B) Photon counts of Cy5-COT(n) and
Cy5-amide-COT with different lengths of linker (B) in buffer with ambient oxygen or
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employed to compare with Cy5-amide-COT(11).
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Table 6.2: Triplet state lifetime (1), and average number of photon detected (counts)
before photobleaching in single-molecule measurement of Cy5-amide-COT
fluorophores.

171 (US) Counts in Counts in ambient
deoxygenated solution oxygen (x10%)
(x10°)
" Cy5-amide-COT(4) 0077+  44+01 44403
0.005
Cybs-amide-COT(5) 0.28 £0.01 3.6+£0.2 4101
Cy5-amide-COT(11)  0.33+0.01 2.8+0.1 35+0.3
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cases, amide-COT improves the photostability significantly more than COT (Figure
6.10B, C). For Cy3, a fluorophore widely used for routine and advanced imaging
applications, amide-COT improves its photon counts by about 200% both in the
presence and absence of oxygen, while COT does not improve its photon count.

Based on our findings with the Cy5-COT(n) fluorophores, we sought to further
improve fluorophore photostability by shortening the linkers to 4 and 5 atoms (Cy5-
amide-COT(4) and Cy5-amide-COT(5)) (Figure 6.11.A). As expected, these
fluorophores exhibit further increased photostability (Figure 6.11.B and C). In ambient
oxygen, these fluorophores exhibit 8-9 fold more photon counts (44000 and 41000,
respectively) than Cy5 (5000). Compared to Cy5-COT(n) fluorophores with the same
linker length, we see an increase tr in photon counts by more than 100% with Cy5-
amide-COT, both in ambient oxygen and in a deoxygenated environment (Table 6.2;
Figure 6.11.B and C).

The improved photostability for Cy5-amide-COT may arise from the reduced
reactivity of COT with oxygen species. Alternatively, amide-COT may more efficiently
quench Cy5 triplet state than COT does, thus further improving photostability. To
examine the latter possibility, we measured the triplet state lifetime of Cy5-amide-
COT(n), with n=4, 5, and 11. Their t7 1s 0.077 ps, 0.28 ps, and 0.33 ps respectively
(Table 6.2), shorter than the tr of Cy5-COT(n) with similar linker lengths. Although
the mechanism of how amide-COT more efficiently quenches the triplet state is not
clear, we speculate that the amide group may change the potential energy surface of
COT, which affects the rate of “non-vertical” triplet energy transfer[113]. However, the

improved photostability for Cy5-amide-COT(n) in ambient oxygen cannot be totally
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attributed to the shortened triplet state, because they exhibit 100% more photons than
the Cy5-COT(n) fluorophores with comparable tr, namely Cy5-COT(1) , Cy5-COT(2),
and Cy5-COT(3) (t1=0.15 ps, 0.19 ps, 0.40 ps, respectively). Therefore, the improved

photostability may arise from the reduced reactivity for EWG-substituted COT.

6.8 A general module to improve fluorophore photostability

With increased rate of triplet energy transfer and reduced reactivity to molecular
oxygen, amide-COT may be a general stabilizer to improve fluorophore photostability
when covalently linked to a fluorophore. Here we create a general strategy for
implementing intra-molecular photostabilization for organic fluorophores that are
widely used to visualize intracellular processes in a broad array of biological
applications. Our strategy is based on the synthesis of an adaptor molecule containing
amide-COT, which can then be directly attached to NHS-activated forms of
commercially available dye molecules (Figure 6.12; Figure 6.13). We firsted test it
with Cy3B, TMR, and silicon rhodamine (SiR), fluorophores used for single-molecule
and live-cell imaging[148, 149]. The —NHS activated parent and amide-COT
fluorophores were labeled to DNA oligo nucleotides and characterized with TIRF
microscopy. In ambient oxygen, SiR-amide-COT exhibited 2.5 fold enhancement of
fluorophore photostability, demonstrating the effectiveness of the approach (Table 6.3).
Modest improvement was also observed for Cy3B, but not for TMR (Table 6.3).
Consistent with the result for Cyanine fluorophores, the effects of the amide-COT
attached are more pronounced in the deoxygenated conditions. All of the amide-COT
fluorophores exhibit 5-30 fold improvement on photostability compared to parent

fluorophores (Table 6.3).
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We next examined whether the improved photostability of fluorophore labeled on
DNA can be extended to fluorophores labeled on protein. The parent SiR and SiR-
amide-COT are tethered to the SNAP tag[153, 171] using a BG reactive group. (Figure
6.13.B). A ~2-fold enhancement in the total number of photons emitted was observed
in the presence of oxygen (Figure 6.13.C) without any change in fluorophore brightness.
This latter observation indicates that the COT-amide linker has little to no effect on
lactone formation. Hence the fluorogenic nature of SiR upon protein conjugation[149]
remains unperturbed. Even more substantial benefits were observed in the absence of
oxygen, where the increase in photon yield was more than 15-fold (Figure 6.13.C).
These observations demonstrate that a simple modification of fluorophore —by attaching
it to an adapter molecule with a stabilizer- could lead to improved photostability that is

not attainable with previous photoprotection methods.
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Figure 6.12. Chemical structures of Cy3B, TMR, and SiR and their COT-amide
derivatives.

Table 6.3: Average number of photon detected (counts) before photobleaching in
single-molecule measurement of TMR, Cy3B, SiR, and their amide-COT derivatives.

counts in deoxygenated counts in ambient
solution (x10°) oxygen (x10%)

TMR (parent) 1.8+0.1 12+1

TMR-amide-COT 8.1+0.1 13+1

Cy3B (parent) 29+0.1 44+0.3
Cy3B-amide-COT 231 6.0+0.1
SiR (parent) 0.3+0.1 8.0+0.2
SiR-amide-COT 10.0+0.3 20.0+0.1
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Figure 6.13. Amide-COT improves photostability for SiR. (A) a general method to
covalently link a stabilizer, or stabilizer (PA, protective agent), to a dye molecule. Here
the dye is labeled to the target biomolecule via an adapter, i.e., an universal linker
containing a stabilizer. (B) Chemical structure of BG-reactive SiR-COT-amide
fluorophores where stabilizer COT-amide is attached to a SiR fluorophore through the
adapter linker. (C) Photon counts of SiR and SiR-COT-amide (left) in imaging buffer
with ambient oxygen or (right) in deoxygenated imaging buffer.
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6.9 Conclusions

The data obtained through these investigations serve as an important guide for the
further development of self-healing fluorophores aiming to maximize their performance
through intramolecular triplet energy transfer. These findings also aid our goal of
establishing quantitative models for the photostability of self-healing fluorophores and
identify key bottlenecks for reaching their full potential. In addition to photobleaching
from the triplet state, the data presented here suggest that these bottlenecks could also
include photobleaching from higher-order excited states, reactivity between the
fluorophore and COT, as well as the inactivation of COT by oxygen species. Exploiting
these understandings, we found that a simple structural modification — attaching amide-
COT to a fluorophore - further improves photostability across the visible and near-
infrared spectrum. It is worth noting that, in ambient oxygen, the amide-COT improves
the photostability of Cy3 by 3 fold, Cy5 by nearly 10 fold, and SiR by 2 fold, which is
not attainable with previous photo-protection approaches. These findings are critical for
the development of self-healing fluorophores designed to push the frontiers of biological
imaging at the single-molecule scale including live-cell imaging which requires the
presence of molecular oxygen[29, 31, 136, 156, 172]. Further development of this
approach could yield a new generation of self-healing fluorophores with superior
photostability. For example, EWGs other than an amide group can be explored and
multiple triplet state acceptors could be employed. To push the limit of biological
imaging, the self-healing approach needs further generalization to fluorophores in
different structural categories (e.g. Rhodamine and carbopyronine)[173], as well as

combination with other protective approaches[148, 174].
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7. Future directions

7.1 Benchmark fluorophore performance inside living cells

The mechanism, generalization, and application of self-healing fluorophores pave
the way for the advancement of single-molecule fluorescence microscope to study
biological processes in vitro, in fixed or living cells, in embryos or tissues, and in vivo.
To achieve these goals, it is important to test the photostability of self-healing
fluorophores inside living cells. The most widely used approach to label intracellular
targets with organic fluorophore is to deliver net-neutral, membrane permeable
fluorophores inside cells through passive diffusion and to label with a self-labeling
protein tag[18, 153, 175, 176]. Because triplet energy acceptors COT and amide-COT
are neutral, when attached to a fluorophore they do not change its net charge and
therefore may not significantly affect its membrane permeability. We plan to label the
intracellular targets with the self-healing derivatives of membrane permeable
fluorophores (e.g. SiR-amide-COT). Due to the charged sulfonate group, sulfonated
cyanine fluorophores and their self-healing derivatives are not permeable to cellular
membrane and therefore cannot be delivered to intracellular targets through passive
diffusion[18]. Delivery of fluorophore-labeled biomolecules into living cells through
microinjection[31, 143] or other delivery approach[177] may represent a valuable

alternates.

7.2 Development of new triplet state acceptor to further improve photostability
We have established a quantitative model of the photostability of self-healing

fluorophore, and have identified rate-limiting steps and key bottle necks for further
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improvement of photostability, which can guide the development of the second-
generation self-healing fluorophores to push the frontier of biological imaging. The
mechanistic understanding points to the searching and development of triplet state
acceptor with the following properties: (1) low triplet state energy and high singlet state
energy; (2) faster triplet energy transfer to the acceptor; (3) low reactivity to molecular

oxygen; (4) fast relaxation to the ground state.

7.2.1 Searching for small molecules with low triplet state energy and high singlet
state energy

A triplet state acceptor should possess triplet state energy lower than that of organic
fluorophore, but possess singlet state energy higher than that of organic fluorophore to
avoid quenching fluorescence, leading to large singlet-triplet energy difference (AEsT).
COT has an unusually low triplet state energy (c.a. 1 eV[112]) and large AEsT (C.a. 3.1
eV [112]; AEst(Cy5) = 0.3eV [Chapter 4]), and we can learn from its properties in order
to search other small molecules with low large AEst. As an annulene with 8 -electrons,
COT has aromatic triplet states and anti-aromatic singlet states (Baird’s theory[178,
179]), leading to low triplet state energy and high singlet state energy. We can utilize
Baird’s theory to guide the search of other small molecule with low triplet state energy
and large AEst. One example is pentafulvene and its derivatives, which forms aromatic
triplet excited state with 4 n-electrons and has triplet state energy as low as 0.7 eV[180].
The triplet state energy of dimethylpentafulvene (DMPF) is 1.7 eV[180], higher than
the triplet state energy of Cy2 (2.0 eV), similar than Cy3 (1.7 eV), and higher than Cy5
(1.5 eV) (measured by phosphorescence; see chapter 2 for methods). Consistent with

our model and measured the triplet state energy, our preliminary data show that 1mM
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DMPF in deoxygenated imaging buffer improves photostability for Cy2, but not for Cy3
and Cy5 (Figure 7.1), suggesting that fulvene derivatives with even lower triplet state
energy (e.g. 1,2,3,4-Tetrachloro-6,6-dicyanopentafulvene, Et = 0.7 eV)[180]can be a
stabilizer for long-wavelength fluorophores. Computational studies predicts that other
class of fulvene (e.g. benzofulvene, heptafulvene[180]) certain heterocyclic
compound[181] also possess low triplet state energy and large AEst and therefore are

promising candidates for triplet energy acceptor.

7.2.2 Increase the rate of intramolecular triplet energy transfer

Our mechanism study (Chapter 6) shows that the rate of intramolecular triplet energy
transfer for Cy5-COT(n) fluorophores is 3-4 orders of magnitude lower than the rates
reported for other molecules[165, 182], which can be explained by the conformational
change required for the transition from COT ground state to triplet state. According to
the Baird’s theory[178, 179] that presented earlier (Chapter 7.2.1), COT in triplet state
is aromatic and adopts a planar conformation, while COT in the singlet ground state
adopts a boat-shape conformation to avoid anti-aromaticity. Therefore, a
conformational change from boat shape to plane is required for triplet energy excitation,
and may become a rate-limiting step for the intramolecular energy transfer from
fluorophore to COT.

Our data predicts that further shortening of triplet state leads to improvement of
fluorophore photostability (Chapter 2 and 6). To achieve faster intramolecular triplet
energy transfer, one can employ other triplet acceptors, e.g. fulvene and its derivatives,
which do not involves a significant change of conformation during triplet energy

excitation. An alternate approach is to identify COT derivatives with faster energy
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transfer rate. The intramolecular triplet energy transfer from Cy5 to amide-COT is 1-2
orders of magnitude faster than from Cy5 to COT (chapter 6.2). The reason for this
unexpected observation is currently unknown, but according to the theoretical study[113]
it may be related to the energy and gradient of the triplet potential energy surface that
are affected by amide substitute. Theoretical and computational study of the mechanism
of faster triplet energy transfer to amide-COT would guide the development of

substituted COT with faster energy transfer.

7.2.3 Triplet state acceptor with reduced reactivity and lifetime

The mechanistic study in chapter 6 indicates that the degradation of triplet COT after
intramolecular energy transfer may serve another bottleneck for improvement of
photostability, especially in the presence of molecular oxygen. Previous report showed
that COT substituted with electron withdrawal group (EWG) exhibited reduced
reactivity to oxygen species[170]. Consistent with this model, linkage of amide-COT to
a fluorophore is a general approach to improve fluorophore photostability, more
effective than the linkage of COT (Chapter 6). A variety of EWG could be incorporated
to COT derivatives, which may further improve fluorophore photostability. In addition,
our data show that attachment of multiple triplet state acceptors further increases Cy5
fluorophore photostability, which may be generalizable to other fluorophores.

An alternate approach to slow down the degradation from the triplet state is to shorten
its lifetime with heavy atom effects, which states due to spin-orbit coupling that organic
molecules attached to a heavy atom (e.g. bromine or iodine) possess higher quantum

yield of intersystem crossing (e.g. from the triplet state to the ground state). However,
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COT substituted with bromide is not stable at room temperature and rearrange quickly.

The effects of fulvene substituted with heavy atoms remain unexplored.

7.3 Combinatory approaches for photostable organic fluorophore

To maximize the potential of self-healing fluorophore for biological imaging, it is
probably most effective to combine with other photo-protection approach. In
deoxygenated imaging buffer, self-healing fluorophores with stabilizers in solution (e.g.
COT[39, 102], NBA[39]Dave], Trolox[53, 138], ROXS[80]) exhibit higher
photostability than either approach alone (chapter 5), and a number of labs have been
using this combinatory approach for in vitro single-molecule experiments [158, 159,
183, 184]. While stabilizers in solution do not improve photostability for fluorophore in
ambient oxygen (unpublished data), self-healing approach could be combined with
other structural modification of fluorophore that leads to enhanced photostability, such
as azetidinyl Rhodamine[148] and halogenations[174]. Moreover, to fulfill the
requirement of high brightness, high chemical specificity, and low background for
single-molecule imaging, self-healing fluorophore could be combined with other
module that leads to high fluorescence quantum yield[93, 148] and fluorogenicity[16,

17, 149, 176, 185], altogether pushing the limit of biological imaging.
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Figure 7.1. Fulvene as a candidate of potent stabilizer. (A) Structure of 6°,6’,-
dimethylpentafulvene (DMPF). (B) Photon counts and (C) signal-to-noise ratio (SNR)
of Cy2, Cy3, and Cy5 with no stabilizer, 1 mM COT, or 1 mM DMPF in solution.
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