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6 | Intramolecular photostabilization via triplet-
state quenching: design principles to make
organic fluorophores “self-healing”

Covalent linkage of fluorophores and photostabilizers was recently revived as a strategy to make
organic fluorophores “self-healing” via triplet-state quenching. Although Lüttke and co-workers
pioneered this strategy already in the 1980s, the general design principles still remain elusive.
In this contribution, we combine experiments and theory to understand what determines the
photostabilization efficiency in dye-photostabilizer conjugates. Our results from single-molecule
microscopy and molecular dynamics simulations of different Cy5-derivatives suggest that the dis-
tance and relative geometry between the fluorophore and photostabilizer are more important than
the chemical nature of the photostabilizer, e.g. its redox potential, which is known to influence
electron-transfer rates. We hypothesize that the efficiency of photostabilization scales directly
with the contact rate of the fluorophore and photostabilizer. This study represents an important
step in the understanding of the molecular mechanism of intramolecular photostabilization and
can pave the way for further development of stable emitters for various applications.

Jasper H. M. van der Velde, Jaakko J. Uusitalo, Lourens-Jan Ugen, Eliza M. Warszawik, Andreas
Herrmann, Siewert J. Marrink and Thorben Cordes
Published in: Faraday Discussions 184, 221-235 (2015)



Introduction

Fluorescence has become an essential tool for spectroscopic studies, biomedical sensing, and
for imaging of (dynamic) processes and structures across various scientific disciplines. The
photophysical performance of the employed fluorescent reporters - signal stability, intensity and
duration - is still one of the limiting factors for many applications1. Recently, intramolecular
photostabilization2–4 was revived5–9 as a tool to impart organic fluorophores with “self-healing”
properties7. The covalent linkage of photostabilizers, e.g. triplet-state quenchers or redox-active
molecules, to organic fluorophores allows suppression of irreversible destruction and transient
excursions to dark-states (triplet- or radical-states). While bleaching pathways are not always
triplet-based10,11, they in fact represent one of the most common reasons for photobleaching.

The underlying mechanism of intramolecular photostabilization via triplet-state quenching,
along with highly desirable design principles to make any organic fluorophore “self-healing”, are
still under active debate5,7–9,12. Furthermore, all self-healing fluorophores described so far show
less efficient photostabilization5,8,9 compared to the use of the same photostabilizers as a solution-
additive13–17 - an approach that is experimentally much simpler compared to the synthesis of
photostabilizer-dye conjugates needed for self-healing18,19. It should be emphasized, however,
that intramolecular photostabilization overcomes various limitations of solution-based healing
approaches since it uses only high local concentrations of the photostabilizer. This reduces the
general toxicity, reduces alterations of the biological structure, and makes photostabilization
even possible in vivo or in situations where diffusion-based collisions between photostabilizer and
fluorophore are prohibited. Considering these advantages, it can be suggested that intramolecular
photostabilization is a superior method - once as efficient as solution-based approaches. The
rational design of photostabilizer-dye conjugates, combinations with solution-based approaches,
and mechanistic understanding should hence be primary goals of research in this area.

Collisions between the fluorophore and photostabilizer are essential for triplet-state quench-
ing, independent of the mechanism (inter- or intramolecular). In dye-photostabilizer conjugates,
the actual distance dependence seems, however, ambiguous. The performance of triplet-state
quenchers, such as cyclooctatetraene (COT), scales directly with proximity5,6, however, redox-
active compounds, such as nitrophenyl-groups, show a more complicated behaviour9,19. Here,
cyanine-based photostabilizer-dye conjugates comprising nitrophenyl-groups via constrained link-
ers show a relatively moderate performance with a ∼10-fold increase in photostability when using
an unnatural amino acid with an aromatic nitro group19. A different conjugation between the
same photostabilizer and fluorophore, having a larger spacing and increased structural flexibility,
shows a significantly higher photostability with a ∼100-fold improvement compared to the non-
stabilized fluorophore9 - a value that is close to the results of pristine photostabilizers in solution
(∼200-fold improvement in the photostability)9.

To mechanistically understand the differences between triplet-state quenchers and oxidants
in intramolecular photostabilization and ultimately to establish design principles for making
organic fluorophores “self-healing”, a detailed photophysical characterization of cyanine-based
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photostabilizer-dye conjugates is presented in this paper. Single molecule fluorescence microscopy
in combination with molecular dynamics simulations allows us to identify critical parameters that
determine the efficiency of intramolecular photostabilization. Therefore, we explored the con-
sequences of structural modifications in oxidizing photostabilizers, i.e. different aromatic nitro
moieties used for intramolecular photostabilization of cyanine fluorophores, such as Cy5. We
further used molecular dynamics simulations to probe the distance and orientation dependence
between the fluorophore and photostabilizer. The obtained results suggest that the distance and
possible orientations between the fluorophore and photostabilizer are the crucial parameters for
efficient intramolecular healing via triplet-state quenching rather than the chemical structure of
the photostabilizer. We also show that the orientation of the dye and photostabilizer is largely
governed by their local chemical environment (in our case DNA), which allows for end-stacking
or binding to grooves. This study represents an important step in the understanding of the mech-
anism and working principles of intramolecular photostabilization and hence paves the way to
obtain improved fluorophores for spectroscopic studies and imaging when triplet-based damage
is the major route for photobleaching.

Results and Discussion

Proximal versus direct intramolecular photostabilization.
After the pioneering work of Lüttke and co-workers in the 1980s2–4, the Blanchard lab started
to use both triplet-state quenchers, e.g. COT, as well as (anti)oxidants, such as trolox (TX)
and nitrobenzoic alcohol (NBA), for intramolecular photostabilization via triplet-state quench-
ing5,6,12,18. In our studies, we focused on the mechanistic understanding of intramolecular pho-
tostabilization via (anti)oxidants7–9 and more recently on its practical implementation. For that
purpose, a simple and versatile scaffolding strategy for photostabilizer-dye conjugates based on
unnatural amino acids was developed19. The resulting conjugates can be readily attached to
various biomolecular targets (Figure 6.1a, left panel, amino acid scaffolding). More details on the
chemical synthesis and applicability of intramolecular photostabilization for various fluorophore
classes (rhodamines, carbopyronines and cyanines) via amino acid scaffolding are given in Chapter
419.

In demanding fluorescence applications, such as single-molecule microscopy, intramolecular
photostabilization via triplet-state quenching turned out to be less efficient than the use of
solution-based stabilizers, i.e. the addition of similar compounds to the imaging buffer at high
(∼mM) concentrations7–9. Furthermore, the effect of intramolecular photostabilization for both
triplet-state quenchers (COT) as well as (anti)oxidants (TX, NBA) seemed to correlate with
their spatial separation. This was shown by using target scaffolding (Figure 6.1a, right panel)
where the photostabilizer and fluorophore are bound to different complimentary DNA-strands
with varying attachment points for the emitter and stabilizer. After hybridization, it was found
that a decreasing distance resulted in an increased photostability6,12,18. This motivated us
to develop more efficient photostabilizers for intramolecular triplet-state quenching to better
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Figure 6.1 | (a) Chemical strategies to scaffold photostabilizer-dye conjugates using the different residues of
(unnatural) amino acids or strategic labelling of the biomolecular target to create permanent proximity. (b)
Experimental strategy to immobilize dsDNA on microscope coverslips to study the photophysics of different Cy5
derivatives: parent fluorophore Cy5, photostabilizer and fluorophore linked via amino acid scaffolding (NPA-Cy5),
and proximal attachment of the photostabilizer and fluorophore (Cy5-NPAA). The figure also-shows representative
fluorescence time traces of individual molecules from TIRF microscopy of the respective compounds. Additional
data for each compound in panel (b) are shown in Figure 6.A.1-6.A.3

compete with solution-based approaches9. Notably, these experiments showed that a molecule
containing an aromatic nitro group can show surprisingly different photostabilization efficiencies
for the same fluorophore depending on the attachment geometry: a proximal attachment of
the photostabilizer resulted in extremely stable fluorescence (Figure 6.1b, bottom, Cy5-NPAA)
while direct conjugation of the photostabilizer and fluorophore showed less photostabilization
(Figure 6.1b, middle, NPA-Cy5); the qualitative increases in the photostability can be seen by a
comparison of the trace length of individual fluorophores (Figure 6.1b).

To understand these effects, the photostability, fluorescence count rate, total number of
detected photons and the signal-to-noise ratio (SNR) were determined for different surface-
immobilized Cy5-derivatives that were linked to double-stranded DNA (dsDNA, Figure 6.1 and
Figure 6.2) using camera-based imaging. Surface-immobilization was done according to published
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Figure 6.2 | Quantitative photophysical characterization of photostabilizer-dye conjugates of Cy5 derived from
single-molecule TIRF microscopy. Data was recorded in aqueous PBS buffer at pH 7.4 in the absence of oxygen
under continuous 640 nm excitation with ∼50 W·cm-2. (a) Decay curve of the number of fluorophores as a
function of time. Fitting an exponential function (grey) to this decay resulted in the photobleaching lifetime. The
curves shown were obtained by averaging over >5 TIRF movies. (b) Background-corrected intensity traces were
used to derive the total number of photons (Ntotal), the average signal in kHz (brightness) and the signal-to-noise
ratio (SNR). For further details of the experimental techniques, data acquisition and analysis see the Materials
and Methods section.

procedures on a BSA-biotin-streptavidin-coated microscope coverslip binding to a 3‘-terminal bi-
otin unit of the same dsDNA (Figure 6.1b). Experiments were performed in the absence of
oxygen and without photostabilizers in solution to minimize the convolution of inter- and in-
tramolecular photostabilization. We performed single-molecule TIRF microscopy with excitation
at 640 nm (intensities of ∼50-100 W·cm-2) with a 100 ms integration time. Typical camera
frames of single Cy5 fluorophores are shown in the Appendix, e.g. Figure 6.A.1-6.A.3. To quan-
tify the photostability, the number of fluorescent molecules per video frame was determined and
the decay in absolute numbers over subsequent image frames was fitted with an exponential
decay to obtain the photobleaching lifetime,τbleach (Figure 6.2a). From the videos, we extracted
background-corrected single-molecule time traces to determine the fluorescence count rate in
kHz, the signal-to-noise ratio, and the total number of detected photons before photobleaching
(Figure 6.2b, Ntotal = brightness × τbleach). The mean and standard deviation of all values was
derived from multiple (n ≥ 3) independent experiments.

The analysis of Cy5 and two of its derivatives, comprising either a photostabilizer covalently
attached or in close proximity, is summarized in Figure 6.2. It is apparent that Cy5 shows a low
photostability (τbleach of 5.6 ± 1.9 s), count rate (2.3 ± 0.1 kHz), and SNR (2.3 ± 0.1), and
hence has little potential for applicability without a photostabilizer (see also traces in Figure 6.1b
and Figure 6.A.1).

Adding the nitrophenyl-moiety via amino acid or target scaffolding improves all values dras-
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tically up to a τbleach value of ∼550 s, count rates of ∼4 kHz and SNR of ∼10, allowing us
to collect more than 2 ± 106 photons from individual molecules (Figure 6.2) with little signal
fluctuations (see fluorescence time traces in Figure 6.A.2 and Figure 6.A.3). The experiments
revealed, however, a substantial difference in photostability, i.e. τbleach and Ntotal for NPA-Cy5
and Cy5-NPAA (Figure 6.1 and Figure 6.2).

This comparison alone does not, however, allow a satisfying conclusion about the (molec-
ular) reasons for the observed difference. Unfortunately, in NPA-Cy5 and Cy5-NPAA, multiple
aspects of the dye-photostabilizer conjugate are altered at the same time: (i) the chemical
structure of the aromatic nitro-group is different for both compounds, potentially changing its
redox-properties20 via the electron-withdrawing or -donating characteristic of the different sub-
stituents21 and hence altering the rates for photo-induced electron transfer;22 (ii) the fluorophore
and the photostabilizer are linked differently, which changes both their spatial separation and
biochemical environment. It is known from other studies of cyanine dyes on DNA23–25 that
the local environment has a drastic influence on the photophysical properties, such as the life-
time, spectrum, quantum yield and others, mainly via end-stacking or groove-binding with the
DNA26,27. Our approach in this paper was to de-convolute both effects via a combination of ex-
periments on different dye-photostabilizer conjugates and to use molecular dynamics simulations
to understand the possible modes of interactions in NPA-Cy5 and Cy5-NPAA.

Chemical structure variation of the photostabilizer in photostabilizer-dye conjugates.
First, we systematically varied the chemical structure of the aromatic nitro compound while
keeping it at a fixed distance to the Cy5-fluorophore. Figure 6.3a shows the chemical struc-
tures and photophysical properties of three different dye-photostabilizer conjugates that use
nitrophenyl-acetic acid (NPAA), nitrophenyl-propanoic acid (NPP) or nitrophenylalanine (NPA)
as the photostabilizer. As seen in Figure 6.3a, the chemical structure of the conjugates shows
variations in the linking element between the nitrophenyl and amide group. In NPAA and in
NPP, a methylene group and an ethyl spacer are present, respectively, whereas NPA exhibits an
additional amino-group that could have effects on the photophysical properties of fluorophores4.

The photophysical properties of all three compounds appeared to be strikingly similar (Fig-
ure 6.3). Besides variations in the fluorescence count rate from 3-5 kHz (Figure 6.3c), all other
parameters were found in a very similar range given the experimental errors: the photobleaching
lifetimes were in the range of ∼550 s, the total detected photon numbers were around ∼2 ±
106 and the SNR was ∼10. The difference in the count rates indicates that indeed the redox-
potential of the compounds might be different when comparing NPAA with NPP/NPA. The lower
count-rate of the latter might indicate different degrees of singlet-quenching and hence a reduced
quantum yield28. Interestingly, the photostabilizing effects are identical for all compounds. Since
the photostability is mainly improved via depletion of the reactive triplet-state, we propose that
the rate of triplet-quenching is governed by interactions of the photostabilizer and fluorophore
with the local chemical environment, which dictates the collision rate between the photostabilizer
and fluorophore. Our results indicate that the overall performance of intramolecular photosta-
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Figure 6.3 | (a) Scheme of the linking and immobilization strategy of different photostabilizer-dye conjugates
of Cy5 including the chemical structure of the aromatic nitro moieties. (b and c) Quantitative photophysical
characterization of the photostabilizer-dye conjugates. Data was recorded in aqueous PBS buffer at pH 7.4 in the
absence of oxygen under continuous 640 nm excitation with ∼50 W·cm-2. (b) Decay curve of the number of fluo-
rophores as a function of time. Fitting an exponential function (grey) to this decay resulted in the photobleaching
lifetime. The curves shown were obtained by averaging over >5 TIRF movies. (c) Background-corrected intensity
traces were used to derive the total number of photons (Ntotal), the average signal in kHz (brightness) and the
signal-to-noise ratio (SNR). For further details of the experimental techniques, data acquisition and analysis see
the Materials and Methods section.

bilization with aromatic nitro groups does not strongly depend on the actual chemical structure
but instead on the interactions between the photostabilizer and fluorophore.

Molecular dynamic simulations of photostabilizer-dye conjugates.
To understand the molecular details of these processes, we performed molecular dynamics sim-
ulations to (i) map the specific local environment of the fluorophore and photostabilizer, (ii)
determine the possible interactions/binding modes of both including (iii) their collision rate.
These three factors could account for the differences in the fluorophore brightness, lifetime (i/ii)
and photostability (iii).

In Figure 6.4, we show the simulation results for proximally attached NPAA (Cy5-NPAA,
Figure 6.4a), a directly conjugated fluorophore (NPA-Cy5, Figure 6.4b), and a derivative of
NPA-Cy5 that features a longer PEG-linker of the form (O-CH2-CH2)4 between the fluorophore
and photostabilizer (Figure 6.4c). The latter should mimic the superior interaction possibilities
of Cy5-NPAA but at the same time use the practically more relevant attachment geometry of
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Figure 6.4 | Relative orientation of Cy5, the photostabilizer and DNA during the simulations of the photostabilizer-
dye conjugates: (a) Cy5-NPAA, (b) NPA-Cy5 and (c) NPA-PEG4-Cy5. The first column on the left shows the
attachment of the molecules to DNA. The most common locations of Cy5 (shown in red) and the photostabilizer
(shown in blue) relative to DNA are shown in the second column. The distances between Cy5 and the photo-
stabilizer as well as Cy5 and the top and groove of DNA are presented in the third column. The fourth column
shows the most common location of the photostabilizer relative to the fluorophore Cy5.

NPA-Cy519. For each system, the panels from left to right show the type of attachment as
a cartoon (left), the most frequently occupied volumes of Cy5 and the photostabilizer around
dsDNA, the distances between the different moieties measured during the simulation, and the
volume-maps of the photostabilizer around Cy5 (right).

The second column shows the most frequently occupied volumes of both Cy5 (shown in red)
and the photostabilizer (shown in blue). In both cases, the volumes enclose all points relative to
the DNA that are occupied in at least 2% of the simulation frames. In the case of Cy5-NPAA,
the most likely location for both Cy5 and NPAA is on top of the DNA. The same is true for Cy5
in the absence of the photostabilizer, where pronounced end-stacking can be observed (Figure
6.5). For NPA-Cy5, both NPA and Cy5 are neither in a conformation that is directly on top of
the DNA nor in a DNA groove. The conformation shown in Figure 6.4b is, however, fairly stable.
When extending the linker between NPA and Cy5, both Cy5 and NPA are most likely located in a
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Figure 6.5 | Results from MD simulations showing the terminal attachment of Cy5 (left), its most probable
location on DNA (middle) and the distance of the fluorophore to the top and groove of the DNA (right).
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Figure 6.6 | Proposed model for the depletion of the triplet-state via intramolecular photostabilization with
aromatic nitro groups: (photo)oxidation of the fluorophore and subsequent recombination of two radicals forms
both the fluorophore and photostabilizer in their neutral chemical forms. The redox-cascade is referred to as
“self-healing”.

DNA groove. Similar conclusions can be drawn when looking at the distances between Cy5 and
the photostabilizer (P-Cy5), as well as the distance of Cy5 from the top of the DNA (stacked
DNA-Cy5) and the DNA groove (groove DNA-Cy5). A detailed description of how each distance
was measured from the simulations is given in the Materials and Methods section.

In the fourth column, the blue volume map encloses all the points relative to Cy5 that are
occupied by the photostabilizer in at least 0.6% of the simulation frames. It is evident from the
volume maps that in Cy5-NPAA and NPA-Cy5 the photostabilizer can interact with different parts
of Cy5. Whereas in Cy5-NPAA interactions with both the aromatic part and the polymethine
chain of Cy5 are observed, in NPA-Cy5 the interactions are limited to a small aromatic region
at the linker attachment point of Cy5. Increasing the linker length (NPA-PEG4-Cy5) allows the
NPA to interact with a larger surface region of Cy5.

While this data reveals clear differences for the interaction of the photostabilizer and fluo-
rophore as well as their location within the chemical environment, the meaning of these results
for photostabilization efficiency remains unclear. Our current model for intramolecular pho-
tostabilization via photo-induced electron transfer assumes a ping-pong mechanism7,8 with two
subsequent electron transfer steps (Figure 6.6). In the case of NPA-based conjugates, fluorophore
oxidation results in the formation of two radical species, i.e. a fluorophore radical cation and
a photostabilizer radical anion. Since both species cannot be separated by diffusive processes,
both ultimately recombine in a second redox-reaction. Such a double-electron transfer (“gemi-
nate recombination”) is also postulated as a mechanism for diffusion-based photostabilization of
organic fluorophores via thiol-compounds29.

Since it is not straightforward to predict whether the exact contact-mode of the fluorophore
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Figure 6.7 | Interactions of Cy5 and the photostabilizer during the simulations for Cy5-NPAA, NPA-Cy5 and NPA-
PEG4-Cy5: collision frequencies (left), the mean contact times for each system (middle) and the bound/unbound
ratio (right). All three metrics show that NPA-Cy5 interacts in a different manner compared to the other two
derivatives.

and photostabilizer (Figure 6.4) influences the rate for electron transfer, we determined the
“kinetics” of the collisions between Cy5 and the photostabilizer (Figure 6.7, collision frequency).
Cy5 and the photostabilizer were classified as having collided and being in contact when the
distance between their centres of mass was smaller than 0.5 nm. Besides the actual collision
frequency, and the mean and median times for the duration of being associated (Figure 6.7,
mean collision time), we also calculated the ratio of time they spent in contact (bound) versus
unbound during the simulations (Figure 6.7, bound/unbound ratio).

For Cy5-NPAA, our data shows a high contact frequency with short association times (Figure
6.7). Although Cy5 and NPAA were frequently in contact, NPAA also explored other regions
frequently while Cy5 was mostly located on top of the DNA and was in the groove only in 11%
of the simulation frames. The collision frequency is 0.09 ± 0.01 ns-1, the mean and median
contact times are 6 ± 1 ns and 2.3 ± 0.2 ns, respectively, and the bound/unbound ratio is 1.4
± 0.3.

Inverse behaviour was found for NPA-Cy5, which shows a significantly lower collision fre-
quency and a long association time (Figure 6.7). Both the photostabilizer and fluorophore remain
in contact in 87% of the simulation frames and the duration of the contacts is often long, while
the position of Cy5 is somewhere between being on top of the DNA and in the groove of the
DNA. In this case, the collision frequency is 0.02 ± 0.01 ns-1 and the bound/unbound ratio is
12 ± 11. The mean and median contact times are 40 ± 20 ns and 2 ± 1 ns, respectively. Due
to the long contact times, the simulation results shown here are not long enough to accurately
determine the exact bound/unbound ratio or the mean or median contact times, although these
values are clearly larger than in the case of proximally attached NPAA. This is also reflected in
the error estimates.

In the case of NPA-PEG4-Cy5, the increased mobility of NPA with respect to DNA is exhibited
in values similar to those for Cy5-NPAA (Figure 6.7). Furthermore, the longer linker increases the
range of movement of Cy5 and it is frequently located in the grooves of the DNA. The collision
frequency between NPA and Cy5 is 0.10 ± 0.04 ns-1 and the bound/unbound ratio is 5 ± 4.
The mean and median contact times are 11 ± 8 ns and 0.8 ± 0.1 ns, respectively. Again, the

152 | Results and Discussion



simulation time is not long enough to give accurate estimates of the mean and median contact
times.

These results indicate that a high collision frequency in combination with short association
times of the photostabilizer and fluorophore results in the highest efficiency for photostabilization.
This strongly suggests that the binding modes for the different compounds shown in Figure 6.4
are not necessarily relevant for triplet-state quenching via photo-induced electron transfer since
their duration does not scale with photostability. The contact rate, however, seems to follow
this trend and only future studies with compounds like NPA-PEG4-Cy5 can show whether our
hypothesis holds.

Conclusion

This article establishes a mechanistic basis for intramolecular triplet-state quenching and the
resulting photostabilization using an oxidizing aromatic nitro group. We investigated the rela-
tionship between the chemical structure of the photostabilizer as well as possible interactions with
its chemical surrounding and the fluorophore to be protected. Using single-molecule microscopy,
we found that the chemical structure and its associated changes in functional properties (redox-
potential) play only a minor role in the ability to stabilize organic fluorophores via intramolecu-
lar triplet-state quenching. Molecular dynamics simulations suggest, however, that interactions
of the fluorophore and the photostabilizer with each other and the chemical surroundings gov-
ern efficient photostabilization. We suggest that a high collision rate is needed in combination
with short interaction times of the photostabilizer and fluorophore. The data indicates that
a longer interaction period does not contribute towards an increased photostabilization. Our
study represents an important step in understanding the molecular mechanism of intramolecular
photostabilization, but also calls for further studies with e.g. systematic variation of the linker
length and the photostabilizer.

Finally, it has to be stressed that intramolecular photostabilization is less efficient compared
to the use of solution additives as photostabilizers. It remains, however, the only possible method
for photostabilization when photostabilizers cannot be added to the system (e.g. under live-cell
conditions), or when the addition of a diffusion-based photostabilizer is ineffective due to missing
collisions or not tolerated by the system of interest.

Materials and Methods

Sample preparation and surface immobilization. Immobilization and investigation of single
fluorophores was achieved using a dsDNA scaffold comprising two 40-mer oligonucleotides, i.e.
ssDNA-fluorophore and ssDNA-biotin. Sequences of both oligomers were adapted from litera-
ture.16,30,31 As a non-stabilized control fluorophore, we used ssDNA-fluorophore (Cy5-C6-5’-TAA
TAT TCG ATT CCT TAC ACT TAT ATT GCA TAG CTA TAC G-3’, used as received from Eu-
rofins and IBA, Germany). Single immobilized fluorophore molecules were studied in LabTek
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8-well chambered cover slides (Nunc/VWR, The Netherlands) with a volume of 750 mL, as
described in Vogelsang et al.22. After cleaning with 0.1% hydrofluoric acid (HF) and washing
with PBS buffer (one PBS tablet was dissolved in deionized water containing 10 mM phosphate
buffer, 2.7 mM potassium chloride and 137 mM sodium chloride at pH 7.4; Sigma-Aldrich, The
Netherlands), each chamber was incubated with a mixture of 5 mg/800 mL BSA and 1 mg/800
mL BSA/biotin (Sigma Aldrich, The Netherlands) at 4◦C in PBS buffer overnight. After rins-
ing with PBS buffer, a 0.2 mg·mL-1 solution of streptavidin was incubated for 10 minutes and
subsequently rinsed with PBS buffer.

The immobilization of dsDNA was achieved via a biotin-streptavidin interaction using pre-
annealed dsDNA with the aim of observing single emitters for prolonged periods of time and
allowing free rotation of the fluorophores. For this, 5-50 mL of a 1 mM solution of ssDNA-
fluorophore or ssDNA-NPA-fluorophore was mixed with the complementary ssDNA-biotin at the
same concentration (biotin-5’-CGT ATA GCT ATG CAA TAT AAG TGT AAG GAA TCG AAT
ATT A-3’, used as received from IBA, Germany). The respective mixtures of the two oligomers
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 cover slides were incubated with a 50-100 pM solution of pre-annealed dsDNA for 1-2
minutes, leading to a typical surface coverage of fluorophore-labelled dsDNA as shown in the
Appendix (Figure 6.A.1-6.A.5).

All single-molecule experiments were carried out at room temperature (22 ± 1◦C). 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 fluorophores31,32 and hence do not convolute with the effects from
intramolecular stabilization. Glucose-oxidase catalase (GOC)22,33 was used instead of a com-
bination of protocatechuic acid and protocatechuate-3,4-dioxygenase (PCA/PCD28) to avoid
convolution of inter- and intramolecular photostabilization with PCA34.

TIRF-microscopy including data analysis. Wide-field fluorescence microscopy imaging was
performed on an inverted microscope (Olympus IX-71 with UPlanSApo 100x, NA 1.49, Olym-
pus, Germany) with an objective type total-internal-reflection fluorescence (TIRF) configuration,
as described in Chapter 28. Images were collected with a back-illuminated emCCD camera
(512 × 512 pixel, C9100-13, Hamamatsu, Japan, filtered by ET700/75, AHF Analysentechnik,
Germany). Excitation from a diode laser (Cube, Coherent, Germany, filtered by ZET640/10,
Chroma, USA) was at 640 nm with ∼50 W·cm-2 at the focal plane. To quantitatively charac-
terize the photostability of the different photostabilized Cy5-derivatives, we imaged an area of
42 × 58 mm containing ≥100 molecules. Each area was illuminated for 600 s and recorded with
an integration time of 100 ms. Fluorescence time traces of individual molecules were obtained
by identifying those pixels that were at least 80-150 counts above the background noise in the
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standard deviation plot (standard deviation over all pixels over the complete movie) and averag-
ing the intensity within a 3 × 3 pixel area in each recorded frame. Neighbouring peaks within
a 5 pixels radius were excluded. The signal-to-noise ratio (SNR) was determined using the ob-
tained fluorescence time traces after background correction by dividing the average fluorescence
intensity of the signal before photobleaching by the standard deviation over the signal. The
fluorescence intensity of the signal of >900 single emitters per Cy5-derivative was used to obtain
quantitative information on the count rate. The number of fluorescent bursts in each frame
image was determined using an absolute threshold criterion, i.e. the signal had to be higher than
800 counts (arbitrary units in the raw movie). The number of fluorescent emitters per frame
was then plotted as a function of time and fitted to a mono-exponential decay (Equation 6.1):

y(t) = B +Ae−ct (6.1)

with c = 1/τbleach and τbleach being the characteristic photobleaching time constant. Photo-
bleaching times and the associated standard deviations were derived from multiple repeats of the
experiment on different days with each ≥5 movies. For each Cy5-derivative, the total number
of detected photons before photobleaching was calculated by a multiplication of the obtained
count rate and photobleaching lifetime.

Molecular dynamics simulations. The molecular dynamics simulations were performed using
the Gromacs 4.6 simulation package35. All simulations used the GROMOS 53A6 force field36.
The topologies for Cy5 and NPA were created using the Automated Topology Builder37 then
manually curated and attached to the DNA topologies created using the Gromacs tool pdb2gmx.
An 8 bp long DNA with a sequence TAATATTC was used. During the simulation, the DNA
structure was kept static using position restraints on all its atoms with a force constant of 1000
kJ (mol nm2)-1 in each direction. Each system was simulated in a dodecahedron box with around
5400 water molecules, 150 mM NaCl as well as counterions. The SPC water model was used
while the ions were from the GROMOS 53A6 force field36.

Simulations were run using a 2 fs time step. All bonds were constrained using the LINCS
algorithm38. A twin-range cut-off of 0.8 nm and 1.4 nm was used. For the electrostatics, a
reaction field was used with a 1.4 nm cut-off and an epsilon_rf of 62. Lennard-Jones interactions
used a simple cut-off of 1.4 nm with a dispersion correction. The temperature was kept at 298 K
using a Berendsen thermostat39 with τT = 0.1 ps. The pressure was kept at a reference pressure
of 1 bar with a Berendsen barostat39, τp = 0.5 ps and compressibility of 4.6 × 10-5 bar.

Each system was first energy minimized for 100 steps using the steepest descent algorithm.
They were further equilibrated for 500 ps. The system with Cy5 and NPA attached to opposing
sides was then simulated for 1 ms to obtain conformations with Cy5 both on top of DNA as well
as in the groove. Two production simulations of 5 ms each were then started, one from each
conformation. An identical procedure was followed for the NPA-Cy5 system. The system with
a 4 monomer long PEG oligomer added between NPA and Cy5 was simulated first for 100 ns
starting from an intermediate conformation and then a 5 µs production run was performed. The
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system with Cy5 only was simulated for 2 µs starting from each conformation obtained from a
1 µs equilibration simulation.

Before analysis, the simulation trajectories started from different conformations were con-
catenated and analysed together. The volume maps were produced using the program VMD40

by root mean square deviation (RMSD) fitting the trajectory on either DNA and Cy5 and then
calculating the distribution of Cy5 and NPA or only NPA. When calculating the volume maps
around DNA, the volume enclosed points where the molecule is in more than 2% of the simulation
frames. For the Cy5 case, this value was 0.6%.

The movements of Cy5 and NPA were studied by measuring the distances between them and
DNA. For Cy5 and NPA, the measurements were performed from the center of mass (COM) of
the molecule, while the top of the DNA was represented by the COM of the N1 and N3 atoms
of the top base pair of DNA. The groove of the DNA was defined by the COM of the N1 and
N3 atoms of the fifth base pair from the top.

Functionalization of oligonucleotides. The procedures for the functionalization of oligonu-
cleotides were established and described in detail in Chapter 3 and Chapter 49,19. NPA-Cy5 is
fully characterized in Chapter 419 and Cy5-NPAA in Chapter 39. The synthesis of new ssDNA-
photostabilizer conjugates was performed according to the following protocol: single-stranded
DNA (ssDNA) was used as received from IBA, Germany (NH2-C6-5’-TAA TAT TCG ATT CCT
CTG GAC GTAA TAT TCG ATT CCT TAC ACT TAT ATT GCA TAG CTA TAC G-3’). The
lyophilized ssDNA 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 solution of a reactive
NHS-ester (see below) dissolved in DMF was added and the mixture was vortexed thoroughly.
If necessary, additional DMF was added in 10 mL portions to obtain a clear solution. After
reaction at room temperature overnight, the functionalized oligonucleotides were purified on an
illustra NAP 5 column with Sephadex G-25 DNA Grade material obtained from GE Healthcare
(triethylammonium acetate buffer 50 mM, pH 7.0 was used as the eluent for purification on
the illustra NAP 5 columns. MilliQ water was used for ssDNA-NPA-Fmoc to prevent partial
deprotection of the Fmoc protecting group). Purification was performed by preparative reversed
phase HPLC (rp-HPLC) (vide supra) to yield ssDNA-(NPP/NPA-Fmoc). The HPLC time was
18.7 minutes for ssDNA-NPP and 39.8 minutes for NPA-Fmoc.

Fmoc deprotection of ssDNA-NPA-Fmoc was performed as follows. The HPLC-purified and
lyophilized oligonucleotide was resuspended in 50 µL of 50 mM triethylammonium acetate buffer
(pH 7.0). Deprotection was achieved by the addition of 40 µL of DMF and 10 µL of piperidine.
The mixture was vortexed and allowed to react for 2 hours at room temperature. The deprotected
oligonucleotide was purified on an illustra NAP 5 column (vide supra) and lyophilised to yield
ssDNA-NPA-NH2. The HPLC time was 34.5 minutes for this sample.

rp-HPLC analysis and the preparative purifications (isolations) were 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 Waters Xterra MS C18 prep column (7.8 × 150 mm, particle size 10 mm) using
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a gradient of acetonitrile/triethylammonium acetate buffer 50 mM, pH 7.0. Gradient: 5/95 for
0 to 10 min, 65/35 at 60 min, 75/25 at 65 min, and 5/95 at 75 min for 15 min.

Synthesis of the reactive photostabilizer-derivatives.

(S)- 2,5- Dioxopyrrolidin-1-yl-2-((((9H-fluoren-9-yl)methoxy)carbonyl)-amino)-3-(4-
nitrophenyl)propanoate (“NPA-NHS”). NPA-Fmoc (173 mg, 0.4 mmol) was added to N-
hydroxysuccinimide (NHS) (46.0 mg, 0.40 mmol) in 1.5 mL of anhydrous 1,4-dioxane and N,N’-
dicyclohexyl carbodiimide (DCC) (82.8 mg, 0.40 mmol) at 0◦C. After stirring at ambient tem-
perature overnight, the mixture was cooled to 10 ◦C and the precipitate was filtered off. The
filtrate was evaporated in vacuo. Residual 1,4-dioxane was removed by subsequent addition and
evaporation of anhydrous ethanol. NPA-NHS was used for coupling to ssDNA-NH2 without
further purification.

2,5-Dioxopyrrolidin-1-yl 2-(4-nitrophenyl)acetate (“NPP-NHS”). NPP (72.5 mg, 0.4
mmol) was added to N-hydroxysuccinimide (NHS) (48.6 mg, 0.42 mmol) in 1.5 mL of anhydrous
1,4-dioxane and N,N’-dicyclohexyl carbodiimide (DCC) (87.2 mg, 0.38 mmol) at 0◦C. After
stirring at ambient temperature overnight, the mixture was cooled to 10◦C and the precipitate
was filtered off. The filtrate was evaporated in vacuo. Residual 1,4-dioxane was removed by
subsequent addition and evaporation of anhydrous ethanol. NPP-NHS was used for coupling
without further purification.
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Appendix

a b

c

Figure 6.A.1 | Details of photophysical characterization of Cy5. (a) Schematic view of the photostabilizer-dye
conjugate on DNA and the experimental strategy for surface immobilization. (b) Representative TIRF images of
immobilized Cy5 molecules at two different time points (0 and 2 min, as given) after starting illumination and
recording (scale bar 2 µm). (c) Representative fluorescence time traces of single emitters from TIRF recordings,
Excitation intensities were 50 W·cm-2 (excitation at 640 nm, detection with ET700/75). Brightness and contrast
settings were 3800 (low) to 9800 (high).
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Figure 6.A.2 | Details of photophysical characterization of NPA-Cy5. (a) Schematic view of the photostabilizer-dye
conjugate on DNA and the experimental strategy for surface immobilization. (b) Representative TIRF images of
immobilized NPA-Cy5 molecules at two different time points (0 and 2 min, as given) after starting illumination and
recording (scale bar 2 µm). (c) Representative fluorescence time traces of single emitters from TIRF recordings,
Excitation intensities were 50 W·cm-2 (excitation at 640 nm, detection with ET700/75). Brightness and contrast
settings were 3800 (low) to 9800 (high).
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Figure 6.A.3 | Details of photophysical characterization of Cy5-NPAA. (a) Schematic view of the photostabilizer-
dye conjugate on DNA and the experimental strategy for surface immobilization. (b) Representative TIRF
images of immobilized Cy5-NPAA molecules at two different time points (0 and 2 min, as given) after starting
illumination and recording (scale bar 2 µm). (c) Representative fluorescence time traces of single emitters
from TIRF recordings, Excitation intensities were 50 W·cm-2 (excitation at 640 nm, detection with ET700/75).
Brightness and contrast settings were3800 (low) to 9800 (high).
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Figure 6.A.4 | Details of photophysical characterization of Cy5-NPP. (a) Schematic view of the photostabilizer-dye
conjugate on DNA and the experimental strategy for surface immobilization. (b) Representative TIRF images of
immobilized Cy5-NPP molecules at two different time points (0 and 2 min, as given) after starting illumination and
recording (scale bar 2 µm). (c) Representative fluorescence time traces of single emitters from TIRF recordings,
Excitation intensities were 50 W·cm-2 (excitation at 640 nm, detection with ET700/75). Brightness and contrast
settings were 3800 (low) to 9800 (high).
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Figure 6.A.5 | Details of photophysical characterization of Cy5-NPA. (a) Schematic view of the photostabilizer-dye
conjugate on DNA and the experimental strategy for surface immobilization. (b) Representative TIRF images of
immobilized Cy5-NPA molecules at two different time points (0 and 2 min, as given) after starting illumination and
recording (scale bar 2 µm). (c) Representative fluorescence time traces of single emitters from TIRF recordings,
Excitation intensities were 50 W·cm-2 (excitation at 640 nm, detection with ET700/75). Brightness and contrast
settings were 3800 (low) to 9800 (high).
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