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3 | The Power of Two: Covalent Coupling of Pho-
tostabilizers for Fluorescence Applications

Fluorescence is a versatile tool for spectroscopic investigations and imaging of dynamic processes
and structures across various scientific disciplines. The photophysical performance, that is, signal
stability and signal duration, of the employed fluorophores is a major limiting factor. In this Letter,
we propose a general concept to covalently link molecules, which are known for their positive
effect in photostabilization, to form a combined photostabilizer with new properties. The direct
linkage of two (or more) photostabilizers will allow one to obtain combined or synergetic effects in
fluorophore stabilization and can simplify the preparation of imaging buffers that would otherwise
require a mixture of photostabilizers for optimal performance. This concept was explored by
synthesizing a molecule with a reducing and oxidizing moiety that is referred to as internal
ROXS or “iROXS”. Using single-molecule fluorescence microscopy, inter- and intramolecular
healing of iROXS was observed, that is, strongly reduced blinking and increased photostability of
the cyanine fluorophore Cy5. Moreover, it is shown that a covalently coupled photostabilizer can
replace a mixture of molecules needed to make a functional photostabilizing ROXS buffer and
might hence represent the new standard for defined and reproducible imaging conditions in single-
molecule experiments. In self-healing fluorophores with intramolecular triplet-state quenching,
an unprecedented photostability increase of >100-fold was obtained when using iROXS, which is
even competitive with solution-based healing. Control experiments show that the oxidizing part
of the iROXS molecule, an aromatic nitro group, dominates the healing process. The suggested
synthetic concept and the proof-of-concept experiments represent the starting point for the quest
to identify optimal combinations of linked photostabilizers for various fluorescence applications

Jasper H. M. van der Velde, Jens Oelerich, Jingyi Huang, Jochem H. Smit, Matthias Hiermaier,
Evelyn Ploetz, Andreas Herrmann, Gerard Roelfes and Thorben Cordes
Published in: The Journal of Physical Chemistry Letters 5, 3792-3798 (2014)



Introduction

Small organic fluorophores have emerged as key players for standard fluorescence applications and
for the development of advanced techniques such as single-molecule fluorescence spectroscopy
and super-resolution microscopy1,2. To ensure excellent performance, substantial efforts were
made toward a structure-based development of fluorescent probes with superior photophysical
parameters, that is, high brightness and photostability3. Additionally, photostabilizers such as
triplet-state quenchers4 or redox-active compounds5–8 are commonly used as buffer additives to
suppress both transient signal “blinking” and irreversible “photobleaching” via fluorophore dark
states, that is, reactive triplet or radical ion states.

The addition of organic compounds for photostabilization to a biological buffer requires,
however, micro- to millimolar concentrations of photostabilizers to allow efficient diffusional
quenching of (reactive) dark states, for example, triplet or radicals, causing toxic effects6 and
potential interference with the system of interest9. In such a “solution-based healing” scenario,
combinations of different buffer additives, for example, a reducing and oxidizing system (ROXS)
or “cocktails” of photostabilizers, have proven to be most effective4–6,10. It remains, however,
a challenge to obtain reproducible stabilization effects due to the tendency of commonly used
(anti)oxidants or thiols to degrade in aqueous buffers or under intense laser irradiation, thereby
altering the composition of photostabilizers in the imaging buffer8,11,12.

As an alternative to the above-mentioned methods to improve the photophysical performance
of organic fluorophores, direct linkage of single photostabilizers to fluorophores, was introduced
by Lüttke and co-workers13,14. This strategy was recently revived by the Blanchard lab15–17 and
Cordes lab (Chapter 2)18 to achieve intramolecular triplet quenching or “self- healing”19 with
automatic repair of triplet-induced photo-damage in the fluorophore system. Despite all advances
made so far, the self-healing approach15–19 cannot yet compete with solution-based healing due
to a fundamental limitation. In the case of commonly used cyanine fluorophores such as Cy5, a
>200-300-fold increase is observed when using solution-based healing18. Self-healing fluorophore
derivatives show a rather moderate increase in photostability with respect to the nonstabilized flu-
orophore, that is, on average 5-20-fold gain over their nonstabilized parent compound depending
on the type of photostabilizer. This difference in photostabilization renders self-healing rather
unattractive for standard (biophysical) applications due to increased experimental complexity,
that is, the need for chemical synthesis but less efficient photostabilization.

A clear bottleneck for the advancement of both inter- and intramolecular photostabilization is
the availability of alternative photostabilizing compounds and the understanding of their molec-
ular working principles. Inspired by these problems, we suggest here to covalently link multiple
photostabilizers to create molecules with new photostabilizing properties. The direct linkage of
two or more photostabilizers is expected to (i) show combined or synergetic effects for (inter-
and intramolecular) fluorophore stabilization and (ii) greatly simplify the preparation of mixtures
of photostabilizers. Herein, the synthesis of a photostabilizer molecule consisting of a reducing
and oxidizing moiety is described that was successfully used for both inter- and intramolecular
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healing of the fluorophore Cy5, as shown by single-molecule fluorescence microscopy.

Results and Discussion

Combined photostabilizer for intermolecular photostabilization.
To synthesize a combined photostabilizer, it is suggested to use unnatural amino acids (UAAs)20

as a scaffold to link two photostabilizers P and P’ via amide bond formation (Figure 3.1a).
Using this strategy, an intramolecular reducing and oxidizing system6, “iROXS”, was synthesized
using the UAA nitrophenylalanine (NPA) and the vitamin E derivative trolox (TX) (Figure 3.1b
and the Appendix)5,8,18. The presented synthesis route is a general platform toward combined
photostabilizers by the use of different UAAs20 (comprising P) and coupling partners (comprising
P’) and is not limited to two coupling partners by, for example, synthesizing a photostabilizing
oligopeptide.

Such combined photostabilizers can be used for solution-based healing, that is, as a buffer
additive at micro- to millimolar concentrations or for self-healing when bound in proximity to the
fluorophore. In self-healing, the covalent coupling of the combined photostabilizer, fluorophore,
and biomolecular target is realized via established scaffolding approaches15,18,21.

Surface-immobilized Cy5 molecules were studied under different buffer conditions with confo-
cal scanning and total internal reflection fluorescence (TIRF) microscopy. Immobilization of flu-
orophores was facilitated using biotin-streptavidin interactions. All experiments were performed
in PBS buffer using glucose oxidase catalase (GOC) for oxygen removal6. Note that oxygen
removal was performed to exclude triplet-state quenching by molecular oxygen and resulting
singlet oxygen generation, which both complicate a clear photophysical understanding of newly
designed photostabilizers (Figure 3.1). The GOC system was chosen for oxygen removal instead
of a combination of protocatechuic acid and protocatechuate 3,4-dioxygenase (PCA/PCD)22 to
avoid additional photostabilization effects of millimolar concentrations of the reducer PCA23.

Figure 3.1 | (a) Scaffolding concept for combined photostabilizers using UAAs with photostabilizer residue P and
an amine-reactive precursor of a different photostabilizer (P’-NHS ester). (b) Chemical structure of the combined
photostabilizer synthesized in this Letter via coupling of TX and NPA.
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Figure 3.2 | Photophysical characterization of Cy5 under varying buffer conditions. (a) Confocal scanning image
of surface-immobilized Cy5 and corresponding representative fluorescent time traces with autocorrelation function,
(b) Cy5 in the presence of 1 mM TX and 1 mM NPA, and (c) 1 mM iROXS. All experiments were performed in
aqueous PBS buffer at pH 7.4 in the absence of oxygen (10 × 10 µm, 50 nm pixel size, 2 ms·pixel-1, intensity
scale from 10 to 300 counts, excitation intensity of 4 kW·cm-2 at 640 nm).

With confocal scanning microscopy (for details, see the Appendix and van der Velde et al.18

(Chapter 2)), the positions and point spread functions of single immobilized Cy5 molecules were
identified, and their photophysical properties were studied. Cy5 shows low photostability with
bleaching on the second time scale and pronounced blinking in the absence of oxygen (Figure
3.2a). The fluorescence lifetime was determined with time-correlated single-photon counting (τFl
= 1.7 ± 0.2 ns (Figure 3.2a and Figure 3.A.1). Autocorrelation analysis of fluorescent transients6

reveals the presence of two different photophysical processes. After double exponential fitting of
the autocorrelation curves, the decay times and their amplitudes were used to infer the kinetics
of the blinking processes24. The off-state lifetimes were assigned to triplet blinking (τT = 11.0
± 4.5 ms) and cis-trans isomerization (τ c/t = 54.3 ± 12.6 µs), in good agreement with earlier
studies (Figure 3.2a and Figure 3.A.1)18,25–27.

In agreement with previous reports, the addition of both reducing and oxidizing compounds,
that is, 1 mM TX and 1 mM NPA, to the imaging buffer (ROXS)6 fully removes triplet blinking
(Figure 3.2b and Figure 3.A.2). Under these conditions, single molecules can be observed for
minutes with count rates of ∼50-80 kHz at high excitation intensities of ∼4 kW·cm-2. The
fluorescence lifetime remains unchanged with respect to nonstabilized Cy5 (τFl = 1.75 ± 0.15
ns). Strikingly, the addition of iROXS molecules at the same concentration showed nearly
identical effects with slightly shorter observation times (see Figure 3.2c and Figure 3.A.3). The
three conditions show a high homogeneity with >80% of all molecules having the behavior as
depicted in the respective panels of Figure 3.2. Further experimental data can be found in the
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Figure 3.3 | Photophysical characterization of self-healing Cy5 derivatives using confocal scanning microscopy.
Confocal scanning image of surface- immobilized molecules and corresponding representative fluorescent time
traces with an autocorrelation function. (a) Cy5-iROXS, (b) Cy5-TX, and (c) Cy5-NPAA. All experiments were
performed in aqueous PBS buffer at pH 7.4 in the absence of oxygen (10 × 10 µm, 50 nm pixel size, 2 ms·pixel-1,
intensity scale from 10 to 300 counts, excitation intensity of 4 kW·cm-2 at 640 nm).

Appendix (Figure 3.A.1-3.A.3).
The presented data show that one molecule with both oxidizing and reducing properties can

effectively enhance the photostability of organic fluorophores according to the ROXS concept
when added at a millimolar concentration to the imaging buffer. The strategy of combining the
properties necessary for ROXS photostabilization into a single molecule is a useful alternative
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to replace mixtures of photostabilizers, for example, the generation of a mixture of TX and its
quinone via exposure to UV8.

Combined photostabilizer for intramolecular photostabilization.
Next, the photostabilizing properties of iROXS and its building blocks in proximity to the cyanine
fluorophore Cy5 were studied using terminal labeling of DNA via flexible six-carbon linkers (Figure
3.3a). Remarkably, the proximity of iROXS to Cy5 shows similar results to solution-based ROXS,
that is, the appearance of bright and nonblinking Cy5 molecules in the confocal image (Figure
3.3). The average observation times are multiple tens of seconds with a low number of blinking
events. Triplet blinking is fully removed, and only the cis-trans isomerization component can be
found in the autocorrelation analysis (Figure 3.3a, τ c/t = 50.3 ± 10.0 µs). The fluorescence
lifetime drops to τFl = 1.45 ± 0.15 ns (Appendix Figure 3.A.4), which is indicative of singlet
quenching, as also described by Altman and van der Velde et al. (Chapter 2)15,18.

Compared to solution-based stabilization, however, a higher heterogeneity for Cy5-iROXS
was observed (Figure 3.3a and Figure 3.A.4). As described previously for a single TX moiety,
different chemical forms of the photostabilizer might cause this heterogeneity.

To determine the influence and contribution on the self-healing processes and to further
understand their combined effect, the single building blocks of iROXS, that is, TX and nitro-
phenyl acetic acid (NPAA), were studied by similar means. As described previously, Cy5-TX
shows significant heterogeneity between the different molecules (Figure 3.3b), with an overall
low photostability and short observation times18. In comparison with Cy5-iROXS, Cy5-TX shows
a significantly higher frequency of dark and dim states of yet unidentified origin (Figure 3.3b).
As reported before, the fluorescence lifetime of this compound is 1.50 ± 0.15 ns due to dynamic
singlet quenching of Cy5 by TX (Appendix Figure 3.A.5).

The self-healing Cy5-NPAA, on the contrary, closely resembles the data obtained for Cy5-
iROXS regarding photophysical properties, as shown in Figure 3.3a and c. Both compounds
show stable emission and a low number of blinking events. The amount of variability between
individual Cy5-NPAA molecules is significantly smaller compared to Cy5-TX. Interestingly, the
lifetime of Cy5-NPAA is reduced to 1.45 ± 0.10 ns (Appendix Figure 3.A.6), as was also found
for Cy5-iROXS. Overall, the Cy5-NPAA and Cy5-iROXS show a very high degree of similarity
regarding their photophysical properties. Note that the self-healing fluorophores show a unifying
feature, that is, bleaching is often preceded by a dim state, which might represent a period where
the photostabilizer has already undergone a chemical change to a state that is prone to either
“bleach” the fluorophore or lead to irreversible destruction of the photostabilizer itself.

A direct comparison of the amplitudes of the autocorrelation function between Cy5-TX (τ c/t
= 43.2 ± 7.7 µs), Cy5-iROXS (τ c/t = 50.3 ± 10.0 µs), and Cy5-NPAA (τ c/t = 54.6 ± 9.8
µs) reveals slight variations within experimental error. Under the assumption that the cis-trans
component remains unaffected within the different Cy5 derivatives (∼50 µs off-state lifetime
with a constant amplitude), these slight variations can be caused by a second component that
causes signal fluctuations on similar time scales. This second component could be indicative of
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variations in (i) a remaining triplet-state population with a short lifetime due to quenching via
the photostabilizer or (ii) radical states that are formed upon photoinduced electron transfer.

To systematically quantify photophysical parameters of Cy5 for both inter- and intramolecular
photostabilization, single-molecule TIRF microscopy was employed. 500 s movies with 100 ms
integration times were recorded at laser excitation intensities of ∼50 W·cm-2. Note that the
intensity is 80-fold lower than that in the confocal experiments. First, the number of fluorescent
molecules per camera frame was determined, and the obtained decay curves were fitted with an
exponential function (Figure 3.4a). Second, background-corrected single-molecule fluorescent
transients were extracted to determine the photon count rate per second, the signal-to-noise
ratio (SNR, given by the ratio of the mean signal and the standard deviation of the signal), and
the total number of emitted photons, given by the product of photobleaching time and count
rate (Figure 3.4b).

The exponential bleaching constants τbleach were determined from either a mono- or biex-
ponential fit (for details, see the Materials and Methods Section), allowing one to calculate
the relative increase of photostability with respect to the nonstabilized Cy5 (Figure 3.4a). The
standard deviation of each value was derived from multiple experimental decay curves, as shown
in Figure 3.4a (see the Materials and Methods Section for details). Note that the determined
bleaching times are the inverse equivalent of a microscopic bleaching rate28. A quantitative
assessment of the photobleaching quantum yields, which is a more precise measure of photosta-
bility, is not directly possible using only the presented data but requires further experiments to
determine the fluorescence quantum yield, absorption properties, and an excitation dependence
of photostability28.

For nonstabilized Cy5, a τbleach of 9.6 ± 1.5 s was found, in accordance with previous reports
(Chapter 2)18. ROXS and iROXS in solution (sol-ROXS and sol-iROXS, respectively) show high
bleaching lifetimes of 1732 ± 675 s and 805 ± 132 s, respectively, rendering the molecules
“ultrastable” and extremely useful for biophysical applications, for example, fluorescence imaging
or single-molecule imaging including smFRET. These experiments also show a drastic influence
of the excitation intensity on the observed photobleaching lifetime. While in confocal microscopy
(with 80-fold higher excitation intensity) the observed time durations were only on the order of
multiple tens of seconds (Figure 3.2 and Figure 3.3), an average observation time of >10 min at
lower excitation power in the TIRF experiments was observed. The SNR was found to increase
>3-fold with respect to the nonstabilized Cy5 (Cy5, 3.0 ± 0.7; Cy5-sol-ROXS, 10.6 ± 2.2; Cy5-
sol-iROXS, 9.9 ± 2.3; Figure 3.4b). The count rate increased 1.5-fold with respect to Cy5 (3.51
± 1.08 kHz) for both situations. The total number of detected photons was found to increase
with values up to 9.51 ± 5.72 × 106 photons for sol-ROXS.

As a next step, we quantitatively compared inter- and intramolecular photostabilization.
Solution-based ROXS (1 mM TX and 1 mM NPA) shows the best performance with a striking
196-fold increase in photobleaching lifetime, a 306-fold increase in the number of detected
photons, a 2-fold increase in the count rate, and a 3-fold increase in SNR (Figure 3.4). The found
values are similar for the iROXS system with slightly better results as a proximal photostabilizer;
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Figure 3.4 | Quantitative analysis of photophysical parameters utilizing TIRF microscopy. (a) Photobleaching
behavior of the different samples from TIRF microscopy by counting fluorophore numbers in individual frames
over a period of 500 s. The photobleaching curves are averages from >5 TIRF movies, repeated in at least two
independent experiments. (b) Analysis of photophysical parameters from the different buffer conditions and Cy5
derivatives.(c) Representative fluorescent time traces from the different buffer conditions and Cy5 derivatives that
were extracted from TIRF microscopy measurements.

a substantial increase, that is, ∼100-fold, of the photobleaching lifetime to 973 s was found,
∼2-fold increased count rates, and up to 3.41 ± 1.35 × 106 detected photons, that is, a 110-fold
gain (Figure 3.4, Cy5-iROXS). In both cases, a small number of blinking events and a 4-fold
increase in the SNR values were observed. Particularly, Cy5-iROXS shows a higher homogeneity
compared to confocal experiments; see Figure 3.A.4for representative TIRF traces versus Figure
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3.3a for confocal traces. The long observation times, high SNR, and count rates suggest using
Cy5 in combination with sol-ROXS, sol-iROXS, or Cy5-iROXS.

To benchmark the performance of iROXS against its single building blocks, the photosta-
bilization of a single TX and NPAA molecule were compared to a single iROXS molecule. For
proximal attachment of a single TX unit, full removal of triplet-state blinking was found (Ap-
pendix Figure 3.A.5). However, only moderate photostabilization and frequent long-lasting dim
and dark states were observed (Appendix Figure 3.A.5), that is, a 170 ± 40 s bleaching lifetime
corresponding to a 19-fold increase that is consistent with previous reports15,16, rendering TX
a less favorable alternative for intramolecular photostabilization. In contrast, the NPAA unit
performs very similar to iROXS regarding all photophysical parameters (Figure 3.4).

The high photostability of Cy5-NPAA was surprising to us and and is in contrast to previous
reports showing moderate photostabilizing effects of aromatic nitrobenzene units in self-healing
Cy5 derivatives15,16. According to these reports, a moderate photostabilizing effect for a single
NPAA of ∼10-20 fold was expected. A detailed study to explain these unexpected findings is in
progress, in which the influence of modifications of the chemical structure of the nitrobenzene
moiety on the self-healing process is described. We will further show how to optimize the
orientation and collision frequency of fluorophore and photostabilizer for optimal self-healing.
We also note that the influence of the biological target (here DNA) is still unclear, and we are
currently in the process of quantitatively comparing the performance of the same self-healing
fluorophores on DNA, proteins, and other targets.

Conclusion

As a future step to advance intramolecular healing of organic fluorophores, the systematic study
of the photostabilizing effect via single or combined compounds with respect to fluorophore prop-
erties such as the redox potential, excitation wavelength, chemical stability, and oxygen sensitivity
is needed. It is further still uncertain how intramolecular photostabilization is most efficiently
combined with solution-based healing and whether solution-based additives should directly in-
teract with the fluorophore or rather focus on support of the photostabilizer19. New questions
directly arising from the findings described herein concern the ideal combination of intramolec-
ular photostabilizers for a certain type of fluorophore. Furthermore, it remains interesting to
speculate how combinations of pure triplet-state quenchers4,29 and redox-active compounds5,6

or a tandem of two identical photostabilizers perform in intramolecular photostabilization.
Combinations of photostabilizers generally provide flexibility to compensate for varying re-

quirements of a single fluorophore in a varying environment (in vitro studies of DNA, RNA,
or proteins4 or in vivo conditions15). Potential variations of the compound shown in Figure
3.1b might involve antioxidant residues in UAAs, triplet-state quenchers, or even photoswitch-
able compounds. These UAA building blocks could be coupled to amine-reactive precursors of
TX, aromatic nitro compounds, cyclooctatetraene, singlet-oxygen scavengers30, or other well-
established or commercially available photostabilizers12, allowing various combinations. Besides

Conclusion | 61



the possibility to link different photostabilizers, it could be used to enhance solubility of po-
lar molecules for lipid environments or to create liposomes for immobilization31 of proteins in
single-molecule studies with built-in photostabilization. The synthetic strategy presented here
will allow one to generally modify and combine properties of photostabilizers.

Next to the numerous possibilities for future improvement of self-healing organic fluorophores
as well as improvement of compounds for photostabilizing buffers, we are convinced that the
advances made here will serve as a solid basis to develop ultrastable (self-healing) fluorophores for
many fluorescence-based applications, meeting the varying demands of other classes of organic
fluorophores, for example, cyanines, rhodamines, carbopyronines, bodidys, perylenes, and so
forth. The suggested synthetic design concept on the other hand provides a platform for further
development of combined photostabilizers and to explore their full potential. An extension of
the strategy would be to scaffold photostabilizers with even more than two different types of
photostabilizers. The suggested synthetic concept and the proof-of-concept experiments hence
represent only the starting point for the quest to identify optimal combinations of photostabilizers
for various fluorescence applications.

Materials and Methods

All chemicals were obtained from Chem-Impex International or Sigma Aldrich and were used
without further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 400 (400
and 100 MHz). Chemical shifts (δ) are denoted in ppm using residual solvent peaks as internal
standard (δH=7.26 and δC=77.0 for CDCl3). High resolution mass spectra (HRMS) were
recorded on an Orbitrap XL (Thermo Fisher Scientific; ESI pos. mode). Flash chromatography
was performed using a Grace Reveleris R© Flash System (40 µm silica column).

Synthesis of the reactive photostabilizer-derivatives.

(R)-2,5-dioxopyrrolidin-1-yl-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylate
(“TX-NHS”) Synthesized following a published procedure for racemic Trolox32. To (R)-Trolox
(250 mg, 1.0 mmol) and N-hydroxysuccinimide (NHS) (115.1 mg, 1.0 mmol), in 4 ml anhy-
drous 1,4-dioxane, N,N’-dicyclohexyl carbodiimide (DCC) (206 mg, 1.0 mmol) was added at
0◦C. After stirring at ambient temperature overnight, the mixture was cooled to 10◦C and the
precipitate was filtered. The filtrate was evaporated in vacuo. Residual 1,4-dioxane was removed
by subsequent addition and evaporation of anhydrous ethanol to yield a white solid. Yield: 287
mg (0.870 mmol, 87%) 1H NMR (400 MHz, CDCl3) δ = 4.37 (br, 1H), δ = 2.81 (dd, J=11.5,
5.8, 1H), 2.75 (s, 4H), 2.73 - 2.67 (m, 1H), 2.56 (ddd, J=13.7, 6.3, 2.8, 1H), 2.16 (s, 3H), 2.14
(s, 3H), 2.08 (s, 3H), 2.02 (ddd, J=13.7, 12.1, 6.2, 1H), 1.82 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ = 169.1, 168.8, 145.6, 144.9, 122.4, 121.4, 118.6, 116.7, 76.7, 31.2, 25.5, 25.5, 20.6,
12.2, 11.7, 11.2. HRMS calcd for C18H22NO6

+ [M+H+]: 348.1447; found 348.1442
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(S)-2-((R)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxamido)-3-(4-nitrophe—
nyl)propanoic acid (“TX-NPA”) A solution of (S)-4-nitrophenylalanine (142.2 mg, 0.677
mmol) and K2CO3 (280.7 mg, 2.031 mmol) in 5 ml of H2O was added to a solution of TX-NHS
in 1 ml of DMF. This mixture was stirred until full conversion of activated ester (∼3 hours).
Then, 10 ml of H2O was added and the mixture was acidified to pH 1. The aqueous solution was
extracted by EtOAc (3 × 15 ml). The combined organic phases were dried over Na2SO4 and
evaporated under reduced pressure to give the crude product. After flash column chromatogra-
phy (DCM/MeOH gradient) the product was isolated as yellow sticky oil. Yield: 135 mg (1.33
mmol, 45%). 1H NMR (400 MHz, CDCl3 δ = 8.13 (d, J=8.6, 2H), 7.32 (d, J=8.6, 2H), 6.98
(d, J=7.5, 1H), 4.78 (m, 1H), 4.37 (br, 1H), 3.37 (dd, J=14.0, 5.7, 1H), 3.21 (dd, J=13.9, 6.1,
1H), 2.69 - 2.50 (m, 2H), 2.23 (dt, J=13.3, 6.5, 1H), 2.12 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H),
1.90 (dt, J=13.6, 6.9, 1H), 1.43 (s, 3H). 13C NMR (101 MHz, CDCl3) δ = 175.0, 173.5, 147.2,
145.7, 143.8, 143.4, 130.2, 123.7, 121.9, 121.5, 119.0, 117.6, 77.9, 52.4, 37.0, 29.3, 23.8, 20.2,
12.2, 11.8, 11.3. HRMS calcd for C23H27N2O7

+ [M+H+]: 443.1813; found 443.1795

(S)-2,5-dioxopyrrolidin-1-yl-2-((R)-6-hydroxy-2,5,7,8-tetramethylchroman-2-car —
boxamido)-3-(4-nitrophenyl)propanoate (“TX-NPA-NHS") To TX-NPA (66.5 mg, 0.15
mmol) and N-hydroxysuccinimide (NHS) (17.3 mg, 0.15 mmol), in 2 ml anhydrous 1,4-dioxane,
N,N’-dicyclohexyl carbodiimide (DCC) (31.0 mg, 0.15 mmol) was added at 0◦C. After stirring
at ambient temperature overnight, the mixture was cooled to 10◦C and the precipitate was
filtered. The filtrate was evaporated in vacuo. Residual 1,4-dioxane was removed by subsequent
addition and evaporation of anhydrous ethanol to yield TX-NPA-NHS as a yellow solid, which
was used without further purification. HRMS calcd for C27H30N3O9

+ [M+H+]: 540.1977; found
540.1970.

Production of DNA-oligonucleotides. Immobilization and investigation of single-fluorophores
was achieved using a dsDNA scaffold comprising two 40-mer oligonucleotides (Figure 3.2 and
Figure 3.3). Sequences of both oligomers were adapted from Chapter 28. For proximal studies
and as a non-stabilized control we used DNA2-Cy5 (Cy5-C6-5’-TAA TAT TCG ATT CCT TAC
ACT TAT ATT GCA TAG CTA TAC G-3’; used as received from Eurofins, Germany).

Synthesis of photostabilizers on DNA1. The photostabilizers P = TX, NPA-TX and NPAA
were attached to NH2-labeled DNA1 via an amide bond (DNA1-P: Biotin-5’-CGT ATA GCT
ATG CAA TAT AAG TGT AAG GAA TCG AAT ATT A-3’-C6-NH2; used as received from IBA,
Germany) using an NHS-activated ester of photostabilizers. Conditions for amide coupling were
as follows. The lyophilized DNA was resuspended in MilliQ water and adjusted to 80 µM in 0.2
M NaHCO3 buffer (pH 8.35). To this solution, the same volume of a 20 mg·ml-1 NHS-ester
solution in DMF was added and the mixture was vortexed thoroughly. If necessary, additional
DMF was added in 10 µl portions to obtain a clear solution. After reaction at room temperature
overnight the functionalized oligonucleotides were pre-purified on an Illustra NAP 25 column
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loaded with sephadex G-25 DNA Grade material obtained from GE Healthcare. Illustra NAP 25
columns were equilibrated with 3 × 5 ml of eluent (triethylammonium acetate buffer 50 mM
pH 7.0). The oligonucleotide sample after reaction was diluted with eluent to a final volume
of 0.5 ml and added to the column. After the sample was loaded completely, 1 ml of eluent
was added and the pre-purified oligonucleotide was collected in one portion. The oligonucleotide
solution was lyophilized (Christ Alpha 2-4 LD plus freeze-dyer) directly after collection. Reversed
phase HPLC (rp-HPLC) analysis and preparative purifications were performed on a Shimadzu
LC-10AD VP machine equipped with Waters Xterra MS C18 column (3.0 × 150 mm, particle
size 3.5 µm) and Waters Xterra MS C18 prep column (7.8 × 150 mm, particle size 10 µm) using
a gradient of acetonitrile/triethylammonium acetate buffer 50 mM pH 7.0. Gradient 1: 05/95
0 to 10 min, to 35/65 at 60 min, to 65/35 at 65 min, to 05/95 at 70 min for 20 min. Gradient
2: 05/95 0 to 10 min, to 65/35 at 60 min, to 75/25 at 65 min, to 05/95 at 75 min for 15
min. Flow 0.5 ml·min-1 analytical run or 1.0 ml·min-1 preparative run. The DNA was isolated
by collecting the major peak of interest (See Materials and Methods section) and characterized
by Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
(Table 3.1). Spectra were recorded on an ABI Voyager DE-PRO MALDI TOF (delayed extraction
reflector) Biospectrometry Workstation mass spectrometer. A mass spectrum of biotin-DNA1-
TX is published in Chapter 218.

Calcd. (g·mol-1) Found (g·mol-1)

biotin-DNA1-TX-NPA 13425 13414
biotin-DNA1-NPAA 13164 13215

Table 3.1 | IMALDI-TOF mass values of biotin-DNA1-TX-NPA as well as biotin-DNA1-NPAA; calculated (calcd.)
and found values.

Sample preparation for single-molecule microscopy. Single immobilized dye-molecules on
dsDNA were studied in Lab-Tek 8-well chambered cover slides (Nunc/VWR, The Netherlands)
with a volume of 750 µL as described in Chapter 218. After cleaning with 0.1% hydrofluoric acid
(HF) and washing with PBS-buffer (one PBS-tablet was dissolved in deionized water yielding
a 10 mM phosphate buffer with 2.7 mM potassium chloride and 137 mM sodium chloride at
pH 7.4; Sigma Aldrich, The Netherlands), each chamber was incubated at 4◦C with a mixture
of 5 mg/800 ml BSA and 1 mg/800 ml BSA/biotin (Sigma Aldrich, The Netherlands) in PBS
overnight. Subsequently, a 0.2 mg·ml-1 solution of streptavidin was incubated for 10 minutes
and washed three times with PBS-buffer.

The immobilization of dsDNA was achieved via a biotin-streptavidin interaction using pre-
annealed DNA1/2 (see Figure 1). For this 5-50 µL of a 1 µM solution of DNA1 and DNA2 were
heated to 98◦C for 4 minutes and cooled down to 4◦C with a rate of 1◦C·min-1 in annealing
buffer (500 mM sodium chloride, 20 mM TRIS-HCl, and 1 mM EDTA at pH = 8). The treated
LabTek coverslides were incubated with a 50-100 pM solution of pre-annealed dsDNA for a few
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minutes leading to a typical surface coverage of fluorophore-labelled dsDNA as shown in Figure
2 and the Supplementary Material.

All subsequent single-molecule experiments were carried out at room temperature (22 ± 1◦C).
In the imaging buffer, oxygen was removed from the buffer system utilizing an oxygen-scavenging
system (PBS, pH = 7.4, containing 10% (wt·vol-1) glucose and 10% (vol·vol-1) glycerine, 50
µg·ml-1 glucose-oxidase, 100-200 µg·ml-1 catalase, and 0.1 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP)). As shown before such low concentrations of the reducer TCEP have no
noticeable effect on the photophysics of organic fluorophores33,34 and do hence not convolute
with effects from intramolecular stabilization.

Confocal scanning microscopy and data analysis. A custom-built confocal microscope, de-
scribed in Chapter 218, was used to study the fluorescenced properties of Cy5 and its derivatives
on the level of single molecules. Briefly, excitation was done with a spectrally filtered laser
beam of a pulsed supercontinuum-source (SuperK Extreme, NKT Photonics, Denmark) with an
acousto-optical tunable filter (AOTFnc-VIS, EQ Photonics, Germany) leading to ∼2-nm broad
excitation pulses centered at 640 nm. The spatially filtered beam was coupled into an oil im-
mersion objective (60×, NA 1.35, UPLSAPO 60XO mounted on IX71, both Olympus, Germany)
by a dichroic beam splitter (zt532/642rpc, AHF Analysentechnik, Germany). Surface-scanning
was performed using a XYZ-piezo stage with 100 × 100 × 20 µm range (P-517-3CD with E-
725.3CDA, Physik Instrumente, Germany). Fluorescence was collected by the same objective,
focused onto a 50 µm pinhole, spectrally filtered (ET700/75 AHF Analysentechnik, Germany)
and detected by an avalanche photodiode (τ -spad, <50 dark-counts/s, Picoquant, Germany).
The detector signal was registered using a Hydra Harp 400 picosecond event timer and a module
for time-correlated single photon counting (both Picoquant, Germany). The data was evaluated
using custom made LabVIEW software33,35. Blinking kinetics were characterized by OFF- and
ON-times that were determined according to established procedures35. Fluorescence lifetimes
were determined using time-correlated single-photon counting as described in Chapter 218.

TIRF-microscopy including data analysis. Widefield fluorescence imaging was conducted on
an inverted microscope (Olympus IX-71 with UPlanSApo 100×, NA 1.49, Olympus, Germany) in
objective type total-internal-reflection fluorescence (TIRF) configuration as described in Chapter
218. Images were collected with a back-illuminated emCCD camera (512 × 512 pixel, C9100-13,
Hamamatsu, Japan in combination with ET700/75, AHF Analysentechnik, Germany). Excita-
tion from a diode laser (Cube, Coherent, Germany filtered by ZET640/10, Chroma, USA) was at
640 nm with ∼50 W·cm-2 at the sample location. To quantitatively characterize the photosta-
bility of Cy5-derivatives in this study we imaged areas with the size of ∼28 × 31 µm containing
≥100 molecules. A movie was recorded for 600 s with an integration time of 100 ms. Fluores-
cent time traces were extracted identifying pixels which showed at least 2-8 standard deviations
above background noise (standard deviation of all pixels over the entire movie) and averaging
the intensity in a 3 × 3 pixel area. Neighboring peaks closer than 5 pixels were not taken into ac-
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count (see typical examples of fluorescence time traces in Appendic Figure 3.A.1g-3.A.2g, Figure
3.A.3f, Figure 3.A.4g-Figure 3.A.6g). The signal-to-noise ratio (SNR) was determined using the
fluorescent time traces after background correction by dividing the average fluorescence intensity
of the signal before photobleaching by the standard deviation. The number of fluorescent spots
in each frame image was determined using an absolute threshold criterion, i.e., the signal had to
be higher than 2500 counts. The number of fluorescent emitters per image were then plotted
over time and fitted to a mono-exponential decay (Equation 3.1):

y(t) = B +Ae−ct (3.1)

with c = 1/τbleach and τbleach being the characteristic bleaching time constant. In case of
Cy5-pTX, where the decay deviated from a mono-exponential decay, the decay was fitted by a
double-exponential of the form (Equation 3.2): (Equation 3.1):

y(t) = B + (A1e
−ct +A2e

−dt) (3.2)

with τbleach = A1 · τ1 +A2 · τ1. Bleaching times and associated standard deviations were derived
from multiple repeats of the same experiment on different days, where each compound was
tested in ≥5 movies.
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Figure 3.A.1 | Detailed experimental results of Cy5. (a) Schematic view of the photostabilizer-dye conjugate
on DNA and the experimental strategy for surface immobilization.(b) Confocal scanning image of immobilized
molecules, including the identification of positions of single emitters (scale bar 5 µm). (c) Histogram of the
fluorescence lifetimes including Gaussian fit (black line). (d) Representative fluorescence time trace of the selected
single emitters. (e) Off-state lifetime histogram (long: triplet; short: cis/trans isomerization) derived from
autocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm). (g) Representative fluorescence time
traces of single emitters from TIRF recordings. 640 nm excitation with 0.66 kW·cm-2 for confocal and 50 W·cm-2

for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000 (high) and 10 (low) to 300 (high)
for confocal images.
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Figure 3.A.2 | Detailed experimental results of Cy5 with 1 mM TX and 1 mM NPA. (a) Schematic view of
the photostabilizer-dye conjugate on DNA and the experimental strategy for surface immobilization.(b) Confocal
scanning image of immobilized molecules, including the identification of positions of single emitters (scale bar
5 µm). (c) Histogram of the fluorescence lifetimes including Gaussian fit (black line). (d) Representative
fluorescence time trace of the selected single emitters. (e) Off-state lifetime histogram (long: triplet; short:
cis/trans isomerization) derived from autocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm).
(g) Representative fluorescence time traces of single emitters from TIRF recordings. 640 nm excitation with 0.66
kW·cm-2 for confocal and 50 W·cm-2 for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000
(high) and 10 (low) to 300 (high) for confocal images.

68 | Materials and Methods



1.50 1.75
0

15

30

45 C y5-s ol-iR O X S

τfl  =  1.65 ns

F
re

q
u

en
cy

F luores c enc e lifetime (ns )

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

0 100 200 300 400 500 600
0

150

300

450

600

750

900

1050

Time (s)

P
ho

to
n 

co
un

ts
 / 

10
0 

m
s

P
ho

to
n 

co
un

ts
 / 

10
0 

m
s

Time (s) Time (s)

a b c

d

f

g

e

t=0 min t=2 min

Figure 3.A.3 | Detailed experimental results of Cy5 with 1 mM TX-NPA (iROXS). (a) Schematic view of the
photostabilizer-dye conjugate on DNA and the experimental strategy for surface immobilization.(b) Confocal
scanning image of immobilized molecules, including the identification of positions of single emitters (scale bar
5 µm). (c) Histogram of the fluorescence lifetimes including Gaussian fit (black line). (d) Representative
fluorescence time trace of the selected single emitters. (e) Off-state lifetime histogram (long: triplet; short:
cis/trans isomerization) derived from autocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm).
(g) Representative fluorescence time traces of single emitters from TIRF recordings. 640 nm excitation with 0.66
kW·cm-2 for confocal and 50 W·cm-2 for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000
(high) and 10 (low) to 300 (high) for confocal images.
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Figure 3.A.4 | Detailed experimental results of Cy5-iROXS. (a) Schematic view of the photostabilizer-dye conju-
gate on DNA and the experimental strategy for surface immobilization.(b) Confocal scanning image of immobilized
molecules, including the identification of positions of single emitters (scale bar 5 µm). (c) Histogram of the flu-
orescence lifetimes including Gaussian fit (black line). (d) Representative fluorescence time trace of the selected
single emitters. (e) Off-state lifetime histogram (long: triplet; short: cis/trans isomerization) derived from au-
tocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm). (g) Representative fluorescence time
traces of single emitters from TIRF recordings. 640 nm excitation with 0.66 kW·cm-2 for confocal and 50 W·cm-2

for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000 (high) and 10 (low) to 300 (high)
for confocal images.
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Figure 3.A.5 | Detailed experimental results of Cy5-TX. (a) Schematic view of the photostabilizer-dye conjugate
on DNA and the experimental strategy for surface immobilization.(b) Confocal scanning image of immobilized
molecules, including the identification of positions of single emitters (scale bar 5 µm). (c) Histogram of the
fluorescence lifetimes including Gaussian fit (black line). (d) Representative fluorescence time trace of the selected
single emitters. (e) Off-state lifetime histogram (long: triplet; short: cis/trans isomerization) derived from
autocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm). (g) Representative fluorescence time
traces of single emitters from TIRF recordings. 640 nm excitation with 0.66 kW·cm-2 for confocal and 50 W·cm-2

for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000 (high) and 10 (low) to 300 (high)
for confocal images.
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Figure 3.A.6 | Detailed experimental results of Cy5-NPAA. (a) Schematic view of the photostabilizer-dye conjugate
on DNA and the experimental strategy for surface immobilization.(b) Confocal scanning image of immobilized
molecules, including the identification of positions of single emitters (scale bar 5 µm). (c) Histogram of the
fluorescence lifetimes including Gaussian fit (black line). (d) Representative fluorescence time trace of the selected
single emitters. (e) Off-state lifetime histogram (long: triplet; short: cis/trans isomerization) derived from
autocorrelation analysis. (f) TIRF images at 0 and 2 min (scale bar 2 µm). (g) Representative fluorescence time
traces of single emitters from TIRF recordings. 640 nm excitation with 0.66 kW·cm-2 for confocal and 50 W·cm-2

for TIRF-experiments. Brightness and contrast settings 2000 (low) to 20000 (high) and 10 (low) to 300 (high)
for confocal images.

72 | Materials and Methods



References

1. Weiss, S. Fluorescence Spectroscopy of Single Biomolecules. Science 283, 1676–1683
(1999).

2. Ha, T. & Tinnefeld, P. Photophysics of Fluorescent Probes for Single-Molecule Biophysics
and Super-Resolution Imaging. Annual Review of Physical Chemistry 63, 595–617 (2012).

3. Sauer, M., Hofkens, J. & Enderlein, J. Handbook of Fluorescence Spectroscopy and Imaging
(Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2011).

4. Dave, R., Terry, D. S., Munro, J. B. & Blanchard, S. C. Mitigating Unwanted Photophysi-
cal Processes for Improved Single-Molecule Fluorescence Imaging. Biophysical Journal 96,
2371–2381 (2009).

5. Rasnik, I., McKinney, S. a. & Ha, T. Nonblinking and long-lasting single-molecule fluores-
cence imaging. Nature Methods 3, 891–893 (2006).

6. Vogelsang, J., Kasper, R., Steinhauer, C., Person, B., Heilemann, M., Sauer, M. & Tinnefeld,
P. A Reducing and Oxidizing System Minimizes Photobleaching and Blinking of Fluorescent
Dyes. Angewandte Chemie International Edition 47, 5465–5469 (2008).

7. Vogelsang, J., Steinhauer, C., Forthmann, C., Stein, I. H., Person-Skegro, B., Cordes, T. &
Tinnefeld, P. Make them Blink: Probes for Super-Resolution Microscopy. ChemPhysChem
11, 2475–2490 (2010).

8. Cordes, T., Vogelsang, J. & Tinnefeld, P. On the mechanism of trolox as antiblinking and
antibleaching reagent. Journal of the American Chemical Society 131, 5018–5019 (2009).

9. Alejo, J. L., Blanchard, S. C. & Andersen, O. S. Small-Molecule Photostabilizing Agents
are Modifiers of Lipid Bilayer Properties. Biophysical Journal 104, 2410–2418 (2013).

10. Campos, L. A., Liu, J., Wang, X., Ramanathan, R., English, D. S. & Muñoz, V. A pho-
toprotection strategy for microsecond-resolution single-molecule fluorescence spectroscopy.
Nature Methods 8, 143–146 (2011).

11. Uphoff, S., Holden, S. J., Le Reste, L., Periz, J., van de Linde, S., Heilemann, M. &
Kapanidis, A. N. Monitoring multiple distances within a single molecule using switchable
FRET. Nature methods 7, 831–836 (2010).

12. Cordes, T., Maiser, A., Steinhauer, C., Schermelleh, L. & Tinnefeld, P. Mechanisms and
advancement of antifading agents for fluorescence microscopy and single-molecule spec-
troscopy. Physical Chemistry Chemical Physics 13, 6699–6709 (2011).

13. Liphardt, B., Liphardt, B. & Lüttke, W. Laser dyes with intramolecular triplet quenching.
Optics Communications 38, 207–210 (1981).

References | 73



14. Liphardt, B., Liphardt, B. & Luttke, W. Laser-Dyes III: Concepts to Increase the Photosta-
bility of Laser-Dyes. Optics Communications 48, 129–133 (1983).

15. Altman, R. B., Terry, D. S., Zhou, Z., Zheng, Q., Geggier, P., Kolster, R. A., Zhao, Y.,
Javitch, J. A., Warren, J. D. & Blanchard, S. C. Cyanine fluorophore derivatives with
enhanced photostability. Nature Methods 9, 68–71 (2011).

16. Altman, R. B., Zheng, Q., Zhou, Z., Terry, D. S., Warren, J. D. & Blanchard, S. C. Enhanced
photostability of cyanine fluorophores across the visible spectrum. Nature Methods 9, 626–
626 (2012).

17. Zheng, Q., Jockusch, S., Zhou, Z., Altman, R. B., Warren, J. D., Turro, N. J. & Blanchard,
S. C. On the mechanisms of cyanine fluorophore photostabilization. Journal of Physical
Chemistry Letters 3, 2200–2203 (2012).

18. van der Velde, J. H. M., Ploetz, E., Hiermaier, M., Oelerich, J., De Vries, J. W., Roelfes,
G. & Cordes, T. Mechanism of intramolecular photostabilization in self-healing cyanine
fluorophores. ChemPhysChem 14, 4084–4093 (2013).

19. Tinnefeld, P. & Cordes, T. ’Self-healing’ dyes: intramolecular stabilization of organic fluo-
rophores. Nature Methods 9, 426–427 (2012).

20. Liu, C. C. & Schultz, P. G. Adding New Chemistries to the Genetic Code. Annual Review
of Biochemistry 79, 413–444 (2010).

21. Zheng, Q., Jockusch, S., Zhou, Z. & Blanchard, S. C. The Contribution of Reactive Oxygen
Species to the Photobleaching of Organic Fluorophores. Photochemistry and Photobiology
90, 448–454 (2014).

22. Aitken, C. E., Marshall, R. A. & Puglisi, J. D. An Oxygen Scavenging System for Improve-
ment of Dye Stability in Single-Molecule Fluorescence Experiments. Biophysical Journal 94,
1826–1835 (2008).

23. Le Gall, A., Dulin, D., Clavier, G., Méallet-Renault, R., Bouyer, P., Perronet, K. & West-
brook, N. Improved Photon Yield from a Green Dye with a Reducing and Oxidizing System.
ChemPhysChem 12, 1657–1660 (2011).

24. Yu, J., Lammi, R., Gesquiere, A. J. & Barbara, P. F. Singlet-Triplet and Triplet-Triplet
Interactions in Conjugated Polymer Single Molecules. The Journal of Physical Chemistry B
109, 10025–10034 (2005).

25. Widengren, J. & Schwille, P. Characterization of Photoinduced Isomerization and Back-
Isomerization of the Cyanine Dye Cy5 by Fluorescence Correlation Spectroscopy. Journal of
Physical Chemistry A 104, 6416–6428 (2000).

74 | References



26. Levitus, M. & Ranjit, S. Cyanine dyes in biophysical research: the photophysics of polyme-
thine fluorescent dyes in biomolecular environments. Quarterly Reviews of Biophysics 44,
123–151 (2011).

27. Stein, I. H., Capone, S., Smit, J. H., Baumann, F., Cordes, T. & Tinnefeld, P. Linking
single-molecule blinking to chromophore structure and redox potentials. ChemPhysChem
13, 931–937 (2012).

28. Eggeling, C., Widengren, J., Rigler, R. & Seidel, C. A. M. Photostability of fluorescent dyes
for single-molecule spectroscopy: Mechanisms and experimental methods for estimating
photobleaching in aqueous solution (Rettig, W., Ed.; Springer: Berlin, Germany, 1999).

29. Pfiffi, D., Bier, B. A., Marian, C. M., Schaper, K. & Seidel, C. A. M. Diphenylhexatrienes as
photoprotective agents for ultrasensitive fluorescence detection. Journal of Physical Chem-
istry A 114, 4099–4108 (2010).

30. Schweitzer, C. & Schmidt, R. Physical mechanisms of generation and deactivation of singlet
oxygen. Chemical Reviews 103, 1685–1757 (2003).

31. Okumus, B., Wilson, T. J., Lilley, D. M. & Ha, T. Vesicle Encapsulation Studies Reveal that
Single Molecule Ribozyme Heterogeneities Are Intrinsic. Biophysical Journal 87, 2798–2806
(2004).

32. Koufaki, M., Detsi, A., Theodorou, E., Kiziridi, C., Calogeropoulou, T., Vassilopoulos, A.,
Kourounakis, A. P., Rekka, E., Kourounakis, P. N., Gaitanaki, C. & Papazafiri, P. Synthesis
of chroman analogues of lipoic acid and evaluation of their activity against reperfusion
arrhythmias. Bioorganic & Medicinal Chemistry 12, 4835–4841 (2004).

33. Vogelsang, J., Cordes, T. & Tinnefeld, P. Single-molecule photophysics of oxazines on DNA
and its application in a FRET switch. Photochemical & Photobiological Sciences 8, 486–496
(2009).

34. Vaughan, J. C., Dempsey, G. T., Sun, E. & Zhuang, X. Phosphine quenching of cyanine dyes
as a versatile tool for fluorescence microscopy. Journal of the American Chemical Society
135, 1197–1200 (2013).

35. Vogelsang, J., Cordes, T., Forthmann, C., Steinhauer, C. & Tinnefeld, P. Controlling
the fluorescence of ordinary oxazine dyes for single-molecule switching and superresolution
microscopy. Proceedings of the National Academy of Sciences of the United States of
America 106, 8107–8112 (2009).

References | 75



76 | References




