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2 | Mechanism of Intramolecular Photostabiliza-
tion in Self-Healing Cyanine Fluorophores

Organic fluorophores, which are popular labels for microscopy applications, intrinsically suffer
from transient and irreversible excursions to dark-states. An alternative to adding photostabiliz-
ers at high concentrations to the imaging buffer relies on the direct linkage to the fluorophore.
However, the working principles of this approach are not yet fully understood. In this contribu-
tion, we investigate the mechanism of intramolecular photostabilization in self-healing cyanines,
in which photodamage is automatically repaired. Experimental evidence is provided to demon-
strate that a single photostabilizer, that is, the vitamin E derivative Trolox, efficiently heals the
cyanine fluorophore Cy5 in the absence of any photostabilizers in solution. A plausible mechanism
is that Trolox interacts with the fluorophore through intramolecular quenching of triplet-related
dark-states, which is a mechanism that appears to be common for both triplet-state quenchers
(cyclooctatetraene) and redox-active compounds (Trolox, ascorbic acid, methylviologen). Addi-
tionally, the influence of solution-additives, such as cysteamine and procatechuic acid, on the
self-healing process are studied. The results suggest the potential applicability of self-healing fluo-
rophores in stochastic optical reconstruction microscopy (STORM) with optical super-resolution.
The presented data contributes to an improved understanding of the mechanism involved in in-
tramolecular photostabilization and has high relevance for the future development of self-healing
fluorophores, including their applications in various research fields.

Jasper H. M. van der Velde, Evelyn Ploetz, Matthias Hiermaier, Jens Oelerich, Jan Willem de
Vries, Gerard Roelfes and Thorben Cordes
Published in: European Journal of Chemical Physics and Physical Chemistry 14, 4084-4093
(2013)



Introduction

Organic dyes are, among all available fluorescent labels, a popular choice because of their small
size, well-characterized photophysical properties, linking flexibility, and commercial availability.
They are used in standard (biological) fluorescence imaging as well as for advanced microscopy
techniques with single-molecule sensitivity1 or optical super-resolution <250 nm1–3. Unwanted
excursions to dark states (“blinking”) and irreversible destruction (“photobleaching”), however,
limit their applicability.

In various fluorophores, the triplet-state was identified as a major cause for these unwanted
effects4–10. Potential damage is linked to the intersystem crossing rate (kisc) into the triplet-
state, T1 (Figure 2.1a). Its long lifetime, in the µs-ms time regime, provides sufficient time
for diffusion-based collisions with appropriate photostabilizers, P, quenching the triplet state
and restoring the fluorophore in its singlet ground state (Figure 2.1a). Quenching can occur
through triplet-triplet energy transfer with compounds such as cyclooctatetraene (COT)4, or by
photoinduced redox reactions with compounds such as Trolox (TX)5,7.

A solution-based healing strategy (Figure 2.1a) requires millimolar concentrations of photo-
stabilizer in the imaging buffer to allow a sufficient number of collisions per unit time. This is
especially problematic for situations in which the addition of chemical compounds is not tolerated
because of toxicity, is experimentally complicated (e.g. in vivo), has an unwanted influence on
the properties of the system of interest11, or simply remains ineffective for photostabilization
because of a lack of collisions between the photostabilizer and the fluorophore (e.g. in the case
of green fluorescent protein).

Lüttke and co-workers have presented an alternative strategy through the covalent linkage
of triplet-state quenchers to fluorophores, facilitating intramolecular quenching12,13. Such a
“self-healing”14 or self-protecting15 fluorophore has a built-in repair of triplet-induced damage,
attributed to the proximity of the photostabilizer (Figure 2.1b). Recently, this approach was
revived by Blanchard and co-workers16–18 in which self-healing cyanine dyes were tested for

a
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Figure 2.1 | Working principles of different methods for photostabilization of organic fluorophores. (a) Solution-
based healing using collisional quenching with photostabilizers provided at high concentrations in the imaging
buffer. (b) Self-healing using a single covalently attached photostabilizer, creating a high local concentration
resulting in collisions between the fluorophore-triplet and the photostabilizer
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single-molecule applications. Additionally, they extended the synthetic strategy to realize self-
healing fluorophores on a specific target16,17. However, the working mechanisms of the latter
concept remains to be understood in full detail.

In this contribution, we elucidate the mechanism of intramolecular photostabilization in self-
healing cyanines by means of single-molecule fluorescence microscopy. We provide experimen-
tal evidence that a single photostabilizer (TX) is sufficient for the self-healing of the cyanine
fluorophore Cy5, and that it requires no additional solution-based healing for the removal of
dark-states and increased photostability. A plausible mechanism is that TX heals the fluo-
rophore through intramolecular quenching of triplet-related dark-states, which is a mechanism
that appears to be typical for both triplet-state quenchers (COT) and redox-active compounds
(TX, ascorbic acid (AA), methylviologen (MV)). This mechanism is in good agreement with
published studies on the stabilization mechanism of fluorophores by redox-active compounds in
solution6,7,10,19–24. We further demonstrate the influence of cysteamine (MEA)25,26[25,26] and
procatechuic acid (PCA)27 on the self-healing process in a Cy5 derivative. Our results suggest,
instead of additional stabilization by MEA/PCA, the potential applicability of self-healing fluo-
rophores in stochastic optical reconstruction microscopy (STORM) with optical super-resolution
<250 nm28–30. The presented study supports published reaction models14 and has high rel-
evance for future developments of self-healing fluorophores and their applications in various
research fields.

Results and Discussion

Photophysics of Cy5 on the Single-Molecule Level.
The photophysical properties of Cy5 fluorophores were first characterized by confocal single-
molecule microscopy. The fluorophore was immobilized on microscope coverslips by using a
standard protocol employing biotin-streptavidin interactions and double-stranded DNA (dsDNA)
as a scaffold (Figure 2.2a; for further details see the Materials and Methods section). Attachment
of the fluorophore to single-stranded DNA (ssDNA) was achieved via a flexible six-carbon linker,
allowing free rotation of the fluorophore, as described in the literature7,10,19,21–23. All experiments
were performed in phosphate-buffered saline (PBS). Glucose-oxidase catalase (GOC) was used for
oxygen removal6,31. Preferentially, the GOC system is used over a combination of protocatechuic
acid and protocatechuate-3,4,dioxygenase (PCA/PCD)31, to avoid any unwanted convolution of
solution-based healing caused by millimolar concentrations of the reducer PCA27.

Single point-spread functions of immobilized Cy5 molecules were identified with confocal
scanning microscopy (for further details see the Materials and Methods section), and the fluores-
cence signal was recorded as a function of time. Confocal images and fluorescence time traces
in the absence of oxygen reveal low photostability and pronounced blinking of Cy5 (Figure 2.2c).
Notably, the blinking of Cy5 occurs on the millisecond time-scale, causing single molecules to
appear sparse and noisy in the confocal image. Note, that the image was recorded with a 2
ms integration time per pixel. The fluorescence lifetime (τFl), determined with time-correlated
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Figure 2.2 | Investigation of Cy5 photophysics. (a) The single-molecule microscopy experimental strategy used
to study Cy5 that was terminally attached to dsDNA and immobilized on to microscope coverslips. (b) Scanning
confocal microscopy image of Cy5 in the absence of oxygen (2 ms per pixel, 4 kW·cm-2, thresholds: low = 10
and high = 300 photon counts), scalebar = 1 µm. (c) Representative fluorescent time trace of one emitter under
similar excitation conditions.

single-photon counting, was found to be 1.6 ± 0.2 ns (for further details see the Materials and
Methods section). This represents a small increase with respect to the free (diffusion limited)
fluorophore in methanol (τFl = 1.1 ns)16. However, such an increase in the fluorescent lifetime
upon conjugation to DNA is not unusual and was also found for other dyes such as ATTO65519.
Additionally, it matches results from Cy5-dCTP conjugates (τFl = 1.4 ns)32,33.

Rebinning of the fluorescent time traces to 1 ms and subsequent autocorrelation analysis6

reveals the presence of two distinct photophysical processes causing the stochastic on-off fluc-
tuations within the Cy5 signal (Figure 2.3a). Note, that the fluorescent time traces shown in
Figure 2.2 and Figure 2.3 are fully representative for the photophysics of each condition, that is,
the single-molecule populations show a high homogeneity. Two different off-state lifetimes were
identified after a quantitative analysis of more than 50 molecules. The fact that the long-lived
compound is absent in the presence of oxygen (Figure 2.3a and b) supports its assignment to
the triplet-state (τT = 13 ± 4 ms). The short component can be assigned to the cis/trans iso-
merization34 of the central double bonds in the Cy5 chromophore (τ c/t = 50 ± 10 µs). These
interpretations are supported by the data shown here and in other reports6,24,35. Additionally, the
influence of millimolar concentrations of photostabilizer was studied to elucidate the compounds
that directly interact with the triplet state.

Cyclooctatetraene (COT), a molecule that effectively depopulates the triplet-state by a
Dexter-type energy transfer mechanism16,17,21, fully reduces the long-lived component previ-
ously found in the autocorrelation function and greatly increases the photostability of Cy5 when
present at a concentration of 1 mM. The remaining short component (cis/trans-isomerization)
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Figure 2.3 | Representative time traces (obtained by confocal scanning microscopy) of Cy5 (a), Cy5 in the
presence of triplet-state quenchers (molecular oxygen (b) and 1 mM COT (c)), and Cy5 with added redox-active
compounds (1 mM TX/TQ (d)) and 1 mM AA/MV (e). Autocorrelation of the fluorescent time traces are shown
in black and the fit-function is indicated in red.

was found to be τ c/t = 40 ± 15 µs (Figure 2.3c).
Similar effects were observed after the addition of redox-active compounds such as TX, AA,

and MV. Simultaneous addition of both an oxidizing and reducing compound (ROXS6 is shown
in Figure 2.3d and e. The combination of AA and MV fully removes all triplet-based dark-states
and shows excellent photostability with a short-lived component at τc/t = 80 ± 35 µs. Despite
an improved photostabilization, a mixture of TX and the oxidizing quinine (tocopheryl quinone
(TQ)7, generated after 10 min UV exposure of a 2 mM TX solution in water, and subsequently
mixed with PBS) shows slight residues of a longer component in the autocorrelation function.
Values for a mono-exponential decay were found to be τc/t = 100 ± 50 µs. Slight variations
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in the absolute values of the cis/trans component can be attributed to mixing with residues
containing radical states (ROXS, Figure 2.3d and e).

Upon the addition of the different chemical compounds, only small changes in the fluorescence
lifetime were found: COT = 1.6 ± 0.1 ns, TX + TQ = 1.65 ± 0.10 ns, and AA + MV = 1.6 ±
0.2 ns. These results show that no significant quenching of the singlet-state occurs within the
studied concentration regime.

It can be concluded that Cy5 photophysics are dominated by triplet- and redox-blinking as
well as cis/trans isomerization in the absence of oxygen. The fast timescales of the cis/trans iso-
merization34 render this process less disturbing for microscopy and single-molecule spectroscopy.
However, the lifetime of the triplet state in combination with its frequent population greatly
obstructs the applicability of Cy5. Yet, this problem can be solved with solution-based healing
via COT or ROXS mixtures, thereby fully removing transient blinking and increasing the photo-
stability of Cy54,6,7. The combined data show that triplet-state quenching is a key process for
photostabilization of Cy5 and represents a common mechanism for all investigated compounds
(Figure 2.3).

Self-Healing in Cy5-Based Fluorophores.
After the initial characterization of Cy5 photophysics in the presence of different solution addi-
tives, a single TX molecule was covalently attached via a a six-carbon linker to dsDNA in close
proximity to the Cy5 fluorophore (Figure 2.4). This Cy5 derivative (Cy5-pTX) was investigated
via similar means as the parent Cy5 fluorophore (Figure 2.2) and Cy5 with solution photosta-
bilizers (Figure 2.3), but in the absence of oxygen and other solution additives. Under such
conditions, single emitters appear in the confocal image as bright spots (Figure 2.4b) and the
fluorescence time traces (Figure 2.4c and d) show photon count rates of 40-60 kHz. In contrast
to the data in Figure 2.2 and Figure 2.3, heterogeneity between single emitters was observed. A
set of representative traces is shown in Figure 2.4d.

The majority of fluorophores (ca. 60-70%) show a photobleaching lifetime on the second-
timescale, with only rare occurrences of dark and dim states in the fluorescent time trace. Note,
that dim states are not caused by excitation of two nearby molecules, as evidenced by the low
surface-density (Figure 2.4). It was observed that bleaching occurs frequently from a dim state.
Autocorrelation analysis reveals full removal of triplet-induced dark-states for these molecules
(Figure 2.4c). The remaining off-state lifetime is caused by cis/trans isomerization with τc/t =
50 ± 10 µs. Cy5-pTX shows a fluorescence lifetime of 1.4 ± 0.1 ns, indicating singlet quenching
by TX, as is also described in literature16.

These results provide strong evidence that the majority of Cy5-pTX molecules are self-
healing14,15 fluorophore systems, capable of repairing triplet-based damage without further need
of solution additives. An explanation for the presence of dark/dim states could be the caused by
the way of linking TX to dsDNA, facilitating end-stacking to dsDNA. However, the attachment
of TX two base-pairs away from the end only decreases the photobleaching lifetime, not affecting
the occurrences of the dim or dark states (data not shown).
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Figure 2.4 | (a) The experimental strategy used to study the photophysics of Cy5-pTX with single-molecule
microscopy. (b) Confocal scanning image of Cy5-pTX in the absence of oxygen (2 ms per pixel, 4 kW·cm-2,
thresholds: low = 10 and high = 300 photon counts) Scale bar = 1 µm. (c) Fluorescent time trace of a
fluorescent emitter with corresponding autocorrelation function. (d) Representative fluorescent time traces under
similar excitation conditions, showing variation between emitters.

It was also found that a minor fraction of Cy5-pTX molecules (<30%) show additional
intensity fluctuations, being visible in the autocorrelation function (see lower-right panel of Figure
2.4d). The generally increased heterogeneity of the sample with intramolecular healing could be
attributed to different populations of the photostabilizer TX, that is, fully active photostabilizers
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and a non-functional or chemically altered (oxidized) form of TX, such as a quinone7.
Total-internal-reflection fluorescence (TIRF) microscopy was used for a quantitative com-

parison of the achievable photostability, that is, comparison of the increase in observation time
with solution-based healing (ROXS with AA/MV, up to date the best method for an increased
photostability) and self-healing with TX. The number of fluorescent molecules per frame was
recorded over time and fitted to an exponential decay. Here 500 s movies with a 100 ms inte-
gration time at laser excitation intensities of approximately 50 W·cm-2 were recorded; averages
of more than five movies are shown in Figure 2.5. The derived exponential bleaching constants
(τbleach ; for details see the Materials and Methods section) allowed us to calculate a relative
increase of photostability with respect to the reference fluorophore Cy5. These gain values al-
low for a direct comparison of photostabilization, independent of the setup parameters (filters,
excitation power, objective etc.), which is not straightforward to conclude from absolute photon
numbers6,16. The standard deviation of the reported bleaching time constants was derived from
multiple experimental decay curves, as shown in Figure 2.5. Note that the excitation intensity
was different by two orders of magnitude between Figure 2.2-2.4 and Figure 2.5, causing relative
differences in photobleaching times.

Non-stabilized Cy5 shows a mono-exponential decay with the characteristic time constant
τbleach = 8.8 ± 1.7 s (Figure 2.5). Cy5-pTX shows a significant increase in photostability,
here a bi-exponential decay was used to account for the observed heterogeneity in the confocal
experiments. The fit reveals A1 = 0.63, τ1 = 40 s, A2 =0.37, and τ2 = 370 s. Multiple repeats
show an average τbleach of 147 ± 15 s (τbleach = A1τ1 +A2τ2), corresponding to a 16-fold gain
in the photobleaching time, similar to values described in literature16,17. The 16-fold gain for
Cy5-pTX is, however, an order of magnitude lower than the photobleaching time obtained for
ROXS6, which has a bleaching constant of τbleach = 2600 ± 800 s (mono-exponential decay),
corresponding to a 290-fold enhancement.

Solution-Based Healing versus Self-Healing.
The results suggest that a single photostabilizer (the vitamin E derivative TX) is sufficient
to create self-healing cyanine dyes, with no additional need for solution-based healing, single-
molecule applications. The removal of triplet-induced dark-states with solution-based healing of
COT and ROXS, and self-healing with TX (Figure 2.3 versus Figure 2.4), strongly suggests that

Figure 2.5 | Quantitative characterisation of the photobleaching performance of solution-based (green) and self-
healing (blue) approaches.
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Figure 2.6 | Model for intramolecular photostabilization using redox-active compounds such as TX. For oxidants
such as NBA, the oxidation and reduction cycles are reversed in order

both strategies, that is, solution-based healing and self-healing, use triplet-state quenching as
the common healing mechanism14.

This finding of intramolecular triplet-state quenching of Cy5 by TX is, however, contrary to
a recent study of Blanchard and co-workers18. Here, no reduction of the triplet-state lifetime
was found for covalently linked nitrobenzylalcohol (NBA) and TX to Cy5. However, a significant
quenching of the triplet state was observed for covalently linked COT to Cy5. We believe that
this can be explained by the fact that the experiments performed by Zheng et al.18 were in bulk
and with a triplet-sensitization. The high concentrations of the fluorophores, photostabilizers,
and the triplet-sensitizer benzophenone (BP) may convolute intra- and intermolecular processes.
Additionally, the sensitized population of the Cy5 triplet state with BP may fully suppress the
effect of TX and NBA (linked to Cy5-fluorophores) by generating radical ions36, thereby di-
minishing their intramolecular quenching effects. Without re-oxidation or -reduction reactions,
these processes are likely to be irreversible, which may explain why no apparent reduction of the
Cy5 triplet-state lifetime could be observed18. Although COT can also interact with BP, the
differing type of interaction, that is, Dexter-type quenching which produces only a short-lived
triplet intermediate of COT, makes it available for further (inter- and intramolecular) quenching
processes shortly after sensitization

We conclude that the mechanism shown in Figure 2.6 represents a plausible scenario for the
working action of TX and other redox-active compounds in self-healing cyanine dyes14. The
fluorophore triplet state reacts with the attached reductant TX, forming a radical anion of the
fluorophore and a TX radical cation. This TX radical cation in his turn acts as an oxidant. As
both radical species are not separated by diffusion, they can react again. This photocatalytic
ping-pong mechanism restores the dye (acting as a catalyst) and TX in its ground state14.

Similar scenarios are possible for NBA-dye conjugates. Note that the reduction and oxidation
steps are interchanged. The mechanism of intramolecular healing of redox-active compounds is
directly related to the reducing and oxidizing system (ROXS)6,7. COT is unlikely to undergo
a photo-induced electron-transfer reaction considering its redox-potentials37 and the energy of
the Cy5-triplet state6. COT can, however, directly quench the Cy5-triplet state by means of
triplet-triplet energy transfer. The resulting COT-triplet state is expected to decay on a relatively
short time scale, making it quickly available for further healing cycles.

The mechanism also suggests an alternative explanation for the occurrence of dim/dark
states in the fluorescent time trace (Figure 2.3 and Figure 2.4). These could be associated with
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temporary deactivation of TX, which might be trapped in either one of the radical states or
through a reaction of the TX radical with other buffer ingredients, thereby stopping the self-
healing cycle. In rare cases TX bleaches beforehand (Figure 2.7b, ca. 4.3 s) upon which the
blinking emission of Cy5 is restored, including its triplet component. Here the off-state lifetime in
the time period from 4.3-6.8 s (and other similar traces) closely resembles that of the the triplet
lifetime of Cy5 (Figure 2.7b). Interestingly, photostabilizer bleaching is almost always preceded
by the occurrence of a dim state, suggesting that the dim state could represent a chemically
altered form of TX that quenches Cy5 and shows a higher likelihood for irreversible destruction
of TX. In most cases, however, the fluorophore bleaches before the photostabilizer (Figure 2.7a),
which allows for the speculation that the stability of the self-healing fluorophore system Cy5-pTX
is mostly limited by the stability of the fluorophore, rather than the chemical stability of TX.

Lastly, the solution-based additives MEA and PCA were investigated to understand their
influence on self-healing16,17. For this, we studied Cy5-pTX in the absence (Figure 2.7a) and
presence of 5 mM MEA and 1 mM PCA (Figure 2.7c). Both scenarios show similar results,
that is, a strong increase in the mean observation times and bright photostable fluorophores with
respect to non-stabilized Cy5 in the absence of oxygen. However, transient dark states are visited
with a much higher frequency when adding both MEA and PCA (Figure 2.7c Figure 7C). Here, an
additional off-state lifetime of 33 ± 18 ms and an on-state lifetime of 165 ± 115 ms are observed.
The short component shows a lifetime of τc/t =50 ± 15 µs and corresponds to the cis/trans
isomerization. Adding only PCA had no observable effect on the observed photophysics (data
not shown), attributing the observed blinking to thiol-induced photophysics28–30. Note that the
addition of MEA/PCA also reduces the heterogeneity of the sample.

The addition of both MEA and PCA shows that self-healing can be combined with the
thiol-induced photoswitching38,39 of Cy5, which is used in STORM-type super-resolution mi-
croscopy28–30. Although the off/on ratio40,41 shown in Figure 2.7b is not suitable for super-
resolution imaging, it could potentially be adjusted through the thiol-concentration and exci-
tation intensity. Solution additives also appear to increase the homogeneity of the observed
photophysics, suggesting that a combination of solution-based healing and self-healing is possi-
ble.

Conclusions and Outlook

A single photostabilizer, that is, the vitamin E derivative TX, is sufficient for self-healing of Cy5
and requires no additional solution-based healing for an increased photostability in single-molecule
applications. Self-healing with TX, however, does increase the heterogeneity of the sample. The
obtained results suggest that self-healing of cyanine fluorophores involves a mechanism of triplet-
state quenching. We have also shown that self-healing can be combined with single-molecule
photoswitching, suggesting potential applications in STORM-type super-resolution microscopy.
Though, the concept of self-healing fluorophores is still at a budding stage, whereby multiple
aspects of the strategy need improvements to advance the concept to a commonly used research
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Figure 2.7 | Cy5-pTX data obtained from confocal microscopy. (a) Representative trace of Cy5-pTX with rare
occurrence of dim and dark states. (b) Trace showing Cy5-pTX with photostabilizer bleaching after ca. 4.3 s;
autocorrelation from 4.3-6.8 s shows the re-appearance of the triplet component. (c) Representative time traces
of Cy5-pTX with additional 1 mM PCA and 5 mM MEA in solution

tool.
A major problem is to be fully competitive with solution-based healing, for example with the

ROXS-imaging buffer, which provides an order of magnitude higher photostability and is exper-
imentally less challenging. Additionally, it seems necessary to obtain self-healing fluorophores
with a higher homogeneity of the photophysics between the single fluorophores. These aspects
are crucial to advance self-healing from a niche application to the mainstream in single-molecule
studies. To this end, (empirical) testing of known photostabilizers for self-healing, for example
n-propylgallate, p-phenylenediamine, 1,4-diazobicyclo[2.2.2]octane10, thiol-compounds, and so
forth4–10, will help to advance self-healing. Combinations of multiple photostabilizers might also
be an efficient way to increase the photostability. Evenmore, customized internal photoprotec-
tion would be benefical to account for varying needs of different fluorophore classes, or the same
fluorophore in different environments (e.g. for in vitro studies of DNA, RNA, and proteins4, or
for experiments under in vivo conditions)16.

Other fundamental limitations are the existing possibilities to bind self-healing fluorophores
on biomolecular targets. Currently, only two possibilities exist14. Firstly, the use of bis-reactive
cyanines, for example NHS-Cy5-NHS (NHS = N-hydroxysuccinimide)16,17, is possible, but re-
stricted to a handful of cyanine derivatives (Figure 2.8a)17. The second possibility, used in this
manuscript, is to create the required proximity between the fluorophore and the photostabilizer
via the target structure (Figure 2.8b).
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Figure 2.8 | Existing strategies to scaffold self-healing systems by creating permanent proximity between the photo-
stabilizer and the fluorophore: (a) Scaffolding realized by combining the fluorophore with bis-reactive fluorophore-
derivatives. (b) Scaffolding achieved using the biomolecular target by binding both the photostabilizer and the
fluorophore to strategic positions, for example, on one end of the dsDNA.

Although there is no direct (covalent) binding between the Cy5 fluorophore and the TX
photostabilizer in latter arrangement (see Figure 2.8b) we classify such compounds as self-
healing fluorophores because here the biomolecular target is used to scaffold both compounds.
Additionally, this pragmatic possibility might be relevant for single-molecule Förster resonance
energy-transfer studies, in which direct labeling of DNA or RNA with a photostabilizer and the
fluorophore(s) is feasible. Scaffolding on the biomolecular target will also allow us to study
self-healing for various fluorophore classes (rhodamines, oxazines, rylenes, bodipy, etc.), and to
identify suitable fluorophores with little synthetic effort, that is, only exchanging the labeled
ssDNA with fluorophore or photostabilizer. Ultimately, novel strategies are required that allow
the use of commercially available fluorophores in combination with any photostabilizer and target
to explore the full possibilities of self-healing fluorophores (Chapter 4)42.

A better understanding of the mechanism of intramolecular healing is needed to advance the
self-healing concept. although, it became clear from this study that stabilization of Cy5 and
related fluorophores occurs mainly via triplet-state quenching, it is questionable if this is the
case for all fluorophores, especially those in which photodamage is believed to occur via photo-
oxidation or multiphoton processes8. As a next step, different photostabilizers should be tested
with respect to fluorophore properties such as redox-potential, excitation wavelength, chemical
stability, and oxygen sensitivity. It is also unclear why some fluorophores are best stabilized
by intramolecular triplet-quenching (e.g. Cy2), whereas others prefer redox-stabilization by TX
(e.g. Cy5) or NBA (e.g. Cy7)17. Finally, it is uncertain how internal stabilization is most
efficiently combined with solution-based healing, and whether solution-based additives should
directly interact with the fluorophore or rather focus on support of the stabilizing compounds14.

Materials and Methods

All chemicals were obtained from Chem-Impex International or Sigma Aldrich and were used
without further purification.
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Production of DNA Oligonucleotides. Immobilization and investigation of single fluorophores
was achieved by using a dsDNA scaffold comprising two 40-mer oligonucleotides. Sequences of
both oligomers, DNA1 and DNA2, were adapted from Cordes et al.7. We used DNA2-Cy5 for all
studies (Cy5-C6-5’-TAA TAT TCG ATT CCT TAC ACT TAT ATT GCA TAG CTA TAC G-3’;
as received from Eurofins, Germany). Unlabeled DNA1 was used for control experiments (non-
stabilized Cy5) and solution-based studies (DNA1: biotin-5’-CGT ATA GCT ATG CAA TAT
AAG TGT AAG GAA TCG AAT ATT A-3’-C6-NH2, as received from IBA, Germany). The pho-
tostabilizer TX was attached to amino-labeled oligonucleotide DNA1 through an amide bond by
using an NHS-activated ester of TX. This was synthesized by following a published procedure43.
The 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 TX-NHS solution in dimethylformamide (DMF) was added and
mixed thoroughly by using a vortex. Additional DMF was added in 10 ml portions, as necessary,
to obtain a clear solution. After the reaction had proceeded overnight at room temperature, the
functionalized oligonucleotide was purified on an Illustra NAP 5 column loaded with Sephadex
G-25 DNA-grade material, which was obtained from GE Healthcare. The Illustra NAP 5 col-
umn was equilibrated with 3 × 5 ml of eluent (triethylammonium acetate buffer, 50 mM, pH
7.0). The oligonucleotide sample was diluted after the reaction with eluent to a final volume
of 0.5 ml and added to the column. After the sample was loaded, 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
high-performance liquid chromatography (HPLC) analysis and isolation of DNA was performed
on a Shimadzu LC-10AD VP machine equipped with a Waters Xterra MS C18 column (3.0 ×
150 mm, particle size = 3.5 mm) and a Waters Xterra MS C18 prep column (7.8 × 150 mm,
particle size = 10 mm) by using a gradient of acetonitrile/triethylammonium acetate buffer 50
mM pH 7.0. The gradient sequence of acetonitrile/triethylammonium acetate buffer was 5:95
from 0 to 10 min, 35:65 at 60 min, 65:35 at 65 min, and finally from 70 to 90 min 5:95. The
flow rate was 0.5 ml·min-1 for the analytical run and 1.0 ml·min-1 for the preparative run. The

a

b

Figure 2.9 | (a) HPLC traces of unlabeled and TX-labeled DNA1. (b) MALDI-TOF mass spectrum of biotin-
DNA1-TX (found: 13191 g·mol-1, calculated: 13204 g·mol-1).
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DNA was isolated by collecting the major peak of interest (Figure 2.9a) and characterized by
using Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrome-
try (Figure 2.9b). Spectra were recorded on an ABI Voyager DE-PRO MALDI TOF (delayed
extraction reflector) Biospectrometry Workstation mass spectrometer.

Sample Preparation for Single-Molecule Microscopy. Single dye molecules immobilized on
dsDNA were studied in LabTek eight-well chambered cover slides (Nunc/VWR, The Netherlands)
with a volume of 750 ml. Each of the chambers were treated with 0.1% hydrofluoric acid (HF)
for 2 min and subsequently washed three times with PBS (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). Next, each of the chambers
was incubated overnight at 48◦C with a mixture of 5 mg per 800 mL Bovine Serum Albumins
(BSA) and 1 mg per 800 ml BSA/biotin (Sigma Aldrich, The Netherlands) in PBS; this was
subsequently washed three times with PBS buffer. A 0.2 mg·ml-1 solution of streptavidin was
incubated for 10 min and washed three times with PBS buffer. After this procedure, the surface
was ready for single-molecule experiments, showing a low number of background spots after
excitation at 640 nm.

The immobilization of dsDNA was achieved by using a biotin-streptavidin interaction with
pre-annealed DNA (Figure 2.2a). For this, 5-50 µl of a 1 µM solution of DNA1 and DNA2 were
heated to 98◦C for 4 min and cooled to 48◦C at a rate of 18◦C·min-1 in annealing buffer (500
mM sodium chloride, 20 mM tris(hydroxymethyl) aminomethane hydrogen chloride, and 1 mM
ethylenediaminetetraacetic acid at pH 8). The treated LabTek cover slides were incubated with
a 50-100 pm solution of pre-annealed dsDNA for a few minutes, leading to a typical surface
coverage of fluorophore-labeled dsDNA, as shown in Figure 2.2 and Figure 2.4.

All subsequent single-molecule experiments were carried out at room temperature (22 ±
1◦C). Oxygen was removed from the imaging buffer system by utilizing an oxygen-scavenging
system (PBS, pH 7.4, containing 1% (w·v-1) glucose and 10% (v·v-1) glycerine, 100 mg·ml-1 glu-
cose oxidase, 40-60 mg·ml-1 catalase, and 0.2 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 fluorophores21,44 and do, therefore, not interefere with
effects from intramolecular stabilization.

Confocal Scanning Microscopy and Data Analysis. A custom-built confocal microscope
was used to study the fluorescence properties of Cy5 and its derivatives on the level of single
molecules (Figure 2.10). Excitation was achieved 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), which led to broad excitation pulses (ca.
2 nm) centered at 640 nm. The beam was subsequently coupled into a single-mode fiber (PM-
S405-XP, Thorlabs, UK) and the collimated beam (Focussing collimator MB06, Q-Optics/Linos,
Germany) was coupled into an oil-immersion objective (60×, NA 1.35, UPLSAPO 60XO, Olym-
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pus, Germany) by using a dichroic beam splitter (zt532/642rpc, AHF Analysentechnik, Germany)
mounted on an inverse microscope body (IX71, Olympus, Germany). The average light intensity
for confocal measurements was 4 kW·cm-2 at 640 nm. Surface scanning was performed by using
a XYZ-piezo stage with a 100 × 100 × 20 mm range (P-517-3CD with E-725.3CDA, Physik
Instrumente, Germany). Fluorescence was collected by the same objective, focused onto a 50
µm pinhole and spectrally separated (640DCXR, AHF Analysentechnik, Germany). The fluores-
cence signals were additionally filtered (first channel: HC582/75; second channel: ET700/75,
both AHF Analysentechnik, Germany) and detected by avalanche photodiodes (τ -spad, <50
dark-counts/s, Picoquant, Germany). The detector signal was registered by using a Hydra Harp
400 multichannel picosecond event timer and a module for time-correlated single photon count-
ing (both Picoquant, Germany). The data was evaluated by using custom made LabVIEW
software19,21. The typical instrumental response time was 400-500 ps. Typical parameters for
confocal scanning were 50 nm pixel-size with a scanning speed of 2 ms per pixel over a 10 ×
10 µm area. Confocal images are displayed with false color coding as well as a lower and higher
intensity threshold of 10 and 300 counts, unless stated otherwise.

To characterize the fluorescent properties of the investigated fluorophores, fluorescent time
traces were generated by using the described instrument with typical time-binning of 1 or 5 ms.
Faster blinking kinetics were characterized by off- and on-times that were determined according
to established procedures19,45. Briefly, an autocorrelation curve of the fluorescence time traces
was generated and fitted to a mono-exponential function or two multiplied exponential decays,
depending on the decay profile. From this one or two amplitudes, A1 and A2, and characteristic
time constants, τac,1 and τac,2, were extracted. By using the characteristic times τac and the
background-corrected amplitudes A (Akbcorr) the on- and off-times were derived. The time
constants from autocorrelation analysis were averaged over more than 50 individual molecules.
The indicated errors are the standard deviations.

Fluorescence lifetimes were determined by using time-correlated single-photon counting and

Figure 2.10 | Experimental setup of the confocal scanning microscope that was used in this investigation.
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Figure 2.11 | Analysis of fluorescence lifetime by using Cy5 in 1 mM AA and MV as an example. On a confocal
scanning image spots were detected with a threshold algorithm. The integrated data of a 11 × 11 pixel box
was evaluated by using a mono-exponential fit of the resulting histogram. Characteristic times from a mono-
exponential fit of each spot fit were summed and plotted in a histogram. The histogram was fit with a Gaussian
function, resulting in a mean value for the fluorescence lifetime.

fitting of the decay function with a mono-exponential function. Fluorescence lifetime histograms
were derived from multiple confocal scanning images (10 × 10 µm, 2 ms per pixel, 50 nm per
pixel) providing point-spread function-averaged lifetime values (11 × 11 pixels around the fluo-
rophore) that were fitted with a mono-exponential decay. The values from multiple experiments
(i.e. more than three) of 30-100 molecules per 10 ×10 µm area were accumulated and fitted to
a Gaussian function. A typical example is shown in Figure 2.11.

TIRF-Microscopy and Data Analysis. Wide-field fluorescence imaging was conducted on an
inverted microscope (Olympus IX-71) in an objective-type TIRF configuration. Images were
collected with a back-illuminated electron-multiplying charge-coupled device (emCCD) camera
(512 × 512 pixel, C9100-13, Hammamatsu, Japan) by using a typical integration time of 100
ms and the maximum emGain (255). Excitation from a diode laser (Cube, Coherent, Germany)
was at 640 nm. The laser intensity of approximately 10 mW was determined directly before the
objective. This value corresponds to approximately 50 W·cm-2 at the sample. The excitation
light was filtered by using a clean-up filter (ZET640/10, Chroma, USA) and coupled into an
oil-immersion objective (UPlanSApo 100×, NA 1.49, Olympus). An image magnification of
approximately 100 fold was achieved, corresponding to a pixel size of 100 nm. The fluorescent
sample light was spectrally filtered by using an emission filter (ET700/75, AHF Analysentechnik,
Germany).

To quantitatively characterize the photostability of Cy5 derivatives, areas with the size of
approximately 25 × 35 µm, containing ≥100 molecules, were imaged. A movie was recorded for
500 s with an integration time of 100 ms. Fluorescent time traces were extracted by identifying
pixels that were at least six standard deviations above the background noise (average intensity of
all pixels over the entire movie) and by summing the intensity in a 3 × 3 pixel area. Neighboring
peaks that were closer than five pixels were not taken into account. The number of fluorescent
spots in each frame image was determined by using a discoidal filter and subsequent threshold
criterion. The average pixel intensity, Iinner ,of a one-pixel radius was calculated in each frame.
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# of fluorophores at frame 1       ... # at frame x

...

Figure 2.12 | Determination of the photobleaching lifetime by counting the number (#) of fluorophores in each
frame. The resulting decay was fitted with an exponential decay.

Subsequently, the same was done for the average pixel intensity, Iouter, of pixels that lie on a
specified radius (three pixels). The original pixels were then replaced by the difference between
both values (Iinner−Iouter. The resulting pixel-matrix was analyzed for values above an absolute
threshold in order to detect peaks. The number of fluorescent emitters per image was than
plotted over time and fitted with a mono-exponential decay for Cy5 (Equation 2.1):

y(t) = B +Ae−ct (2.1)

in which c = 1/τbleach and τbleach is the characteristic bleaching time constant, see Figure 2.12.
If the data set strongly deviated from a mono-exponential fit function (as for Cy5-pTX), a double
exponential decay of similar form was used and τbleach was calculated according to Equation 2.2
with normalized amplitudes.

τbleach = A1 · τ1 +A2 · τ1 (2.2)

Gain factors were calculated by taking the respective control experiments (Cy5 only) as normal-
ization. Bleaching times and associated standard deviations were derived from multiple repeats
of the same bleaching experiment on different days, in which each compound was tested in over
more than five movies.
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