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8 | Outlook and Future Perspectives

This last section summarises the major challenges and possible future directions for use of in-
tramolecular photostabilization.

Jasper H. M. van der Velde



Intramolecular photostabilization is still less efficient compared to the use of diffusion-based
photostabilization. Intramolecular photostabilization is, however, the only method to achieve
improved photophysical parameters of organic fluorophores where diffusion based methods are
not tolerated by the system of interest, e.g. live-cell imaging, or when photostabilization is less
efficient due to the lack of interactions between the photostabilizer and dye.

Combining proximal and covalent intramolecular photostabilization.
To further improve the photophysics of synthetic organic fluorophores it would be interesting to
study the influence of two or more photostabilizers and/or combinations of redox active and pure
triplet state quenchers on the photophysics of organic fluorophores.

A first attempt to observe the photostabilization effect of two photostabilizers would be to
combine covalent binding of photostabilizer (Chapter 4 and Chapter 6) and proximal positioning
(Chapter 2-6) of a photostabilizer to an organic fluorophore on dsDNA (Figure 8.1).

Preliminary results of two nitrophenyl moieties for photostabilization of Cy5 are shown in
Figure 8.1. Cy5 is characterized by a fast photobleaching time whereas the addition of a sin-
gle photostabilizer (NPA-Cy5 or Cy5-NPAA) significantly increases the photobleaching time.
As described in Chapter 6, proximal position (Cy5-NPAA) of the photostabilizer results in the
best photostabilization increase. Combining the two intramolecular photostabilization strate-
gies (Figure 8.1a), however, does not result in an additive photostabilization effect. Moreover,
the observed photobleaching time is equal to that of only covalently bound photostabilizer-dye
conjugates (Chapter 4).

Future experiments will show if other combinations of different photostabilizer, for example
a reducer/oxidizer1–5 with a combination of Dexter type triplet state quenchers6–8 can result in
additive photostabilization effects.

a b

NPA-Cy5-NPAA

Figure 8.1 | (a) Experimental strategy to immobilize dsDNA with photostabilizers (covalently and proximal
attached) and Cy5 on a microscope coverslip. Here the NPA-Cy5 derivative is attached to dsDNA with a second
photostabilizer positioned in close proximity to Cy5 via binding to the complementary ssDNA. (b) Photobleaching
lifetimes of Cy5, NPA-Cy5 (Chapter 4, Cy5-NPAA (Chapter 3 and Chapter 6) and NPA-Cy5-NPAA. Data was
recorded in aqueous PBS buffer at pH 7.4 in the absence of oxygen under continuous 640 nm excitation in TIRF
microscopy with ∼50 W·cm-2 (detection with ET700/75).
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Intra- and inter-molecular photostabilization.
The focus if this work was to develop a strategy to improve the photophysics of dyes via in-
tramolecular means. However, it remains uncertain how photostabilizer-dye conjugates are most
efficiently combined with diffusion-based photostabilization. Questions that arise are if either the
fluorophore itself should be protected by photostabilizers in the solution or if the photostabilizer
should be supported to achieve unprecedented brightness and photostability increases.

In Figure 8.2 we present results of intra- and inter-molecular photostabilization. It was
observed that the addition of either Trolox or COT to photostabilizer-dye conjugates of NPA
does not result in an additive effect of the two photostabilization strategies. The observed
photostability is as efficient or even worse than that of the photostabilizer-dye conjugates without
the solution additives.

It is peculiar to observe that adding Trolox or COT does not increase the photostability
of the photostabilizer-dye conjugates, not even to the photostability of the parent fluorophore
with diffusion-based photostabilizers. Note, that although Trolox and COT work according a
different quenching mechanism, that is, photoinduced electron transfer reactions versus Dexter
type energy transfer mechanism respectively, the same result is observed. A possible explanation
could be that the redox interactions between the linked photostabilizer and dye occur on a faster
time scale than the interactions between the dye and the solution photostabilizers due to a
higher effective concentration of the covalently linked photostabilizer. As a result the covalently
linked photostabilizer seem to dominate the photostabilization mechanism with the accompanied
photodegradation pathways. The most likely scenario is that the covalent linkage allows the
intramolecular photostabilizer to outcompete those in solution such that mostly intramolecular
stabilization occurs. This result also suggests the possibility that photostabilizer-dye conjugates
form a new ”super-molecule” with properties that do not allow external photostabilization.

We are currently in the process of analyzing other photophysical parameters, i.e., signal to
noise ratio, photon count rate and total number of collected photons, for a better understanding

a b c

Figure 8.2 | Photobleaching lifetimes of Photostabilizer-dye derivatives in the absence or presence of either 2
mM TX/TQ or 1 mM COT; (a) Cy5 and NPA-Cy5, (b) ATTO647N and NPA-ATTO647N and (c) Alexa555 and
NPA-Alexa555. Data was recorded in aqueous PBS buffer at pH 7.4 in the absence of oxygen under continuous
640 nm excitation in TIRF microscopy with ∼50 W·cm-2 (detection with ET700/75)
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of the involved photostabilization processes. Additionally, it would be interesting to observe
what the gain in photostabilization will be when a triplet-state quencher like COT is used in
photostabilizer-dye conjugates, and how this gain is affected when diffusion-based photostabiliz-
ers are added.

Aromatic amino acids and their influence on the efficiency of solution additives.
The latter observations have interesting implications for the properties of fluorophores on differ-
ent biomolecules (DNA and proteins). For the study of proteins, often Trolox is added to the
imaging buffer to improve the photostability of the organic fluorophores. The efficiency of Trolox
on the same dyes differs depending on the position on DNA and even on the labelling position
within a single protein. Amino acids can interact with organic fluorophores and influence the
photophysics9–12. These combined findings, that is, the addition of diffusion-based photosta-
bilizers to photostabilizer-dye conjugates resulting in a reduced photostability effect, led us to
believe that aromatic amino acids diminish the effect of diffusion-based photostabilizers.

To study the effect of amino acids systematically, aromatic amino acid-dye conjugates on
dsDNA were prepared via similar synthesis routes as described in Scheme 4.1, i.e. Cy5 and
ATTO647N were covalently linked to phenylalanine and tyrosine. The addition of Trolox to the
parent Cy5 or ATTO647N result in an increased photobleaching time. Adding Trolox to the
Tyrosine-dye and Phenylalanine-dye derivatives results in a similar increases in photostability.
From these findings it is suggested that the influence of the aromatic amino-acids, here Tyrosine
and Phenylalanine, is not significant to influence the effect of Trolox as a solution additive for
photostability. However, this does not explain why the efficiency of Trolox is varies depending
on the labelling position of the dye. It could be that the oxidation potential of Tyrosine and
Phenylalanine is not high enough. Consequently, the influence of Tryptophan should be studied.
Tryptophan has an increased oxidation potential compared to Tyrosine and Phenylalanine and is
know for its influence on the fluorescent properties of fluorophores9–12.

Intramolecular photostabilization of Fluorescent Proteins.
Fluorescence proteins (FPs) have revolutionized biological imaging and in particular under live-
cell conditions13. The most important and significant feature of FPs is that they can be ge-
netically encoded inside living organisms14. Since there are no other fluorescent labels with
such a functional property, the impact of FPs for biomedical research cannot be overempha-
sized13. Despite their importance in biomedical research, the photophysical properties (photo-
and signal-stability) are, as mentioned in Chapter 1, poor compared to those of synthetic organic
fluorophores or quantum dots. Though, extensive research efforts have resulted in numerous FP
variants optimized for fast folding, photoswitching or other functions13, there are up to date
no FPs with photophysical properties that could compete with synthetic organic fluorophores in
terms of brightness and photostability15.

Up to date, the strategy employed to increase the photophysical properties of FPs only
involves the exchange of the amino acids involved in the formation of the chromophore in the β-
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barrel13,14. Here a simple design concept is proposed to overcome the photophysical limitations
of FPs, by extending the concept of intramolecular photostabilization as described in Chapter
2-616,17. An experimental strategy is described that allows screening the effects of covalently
linked photostabilizers on fluorescent proteins. The obtained knowledge can eventually be used
to develop a second generation of fluorescent proteins that contain photostabilizers directly in
the β-barrel, using for example unnatural amino acid incorporation.

Synthesizing maleimide derivatives of the different photostabilizers and cysteine incorporation
in FPs allows for the study of the photophysical properties of intramolecular photostabilization
of FPs. Currently, we are in progress of studying the effects of linked photostabilizers (Trolox,
nitrophenylacetic acid, cyclooctatetraene and azobenzene) to GFP (Cycle3 C48S, L221C, A206C
mutations14,18), EGFP and mCherry.

Preliminary results show that the addition of a photostabilizer does not yield any significant
singlet quenching of the chromophore, that is, the absorption and emission spectra has not been
changed. Upon immobilization of the photostabilizer-GFP conjugate via an anti-His antibody to
a BSA-biotin-Streptavidin coated glass surface19, Total Internal Reflection Fluorescence (TIRF)
microscopy was used to study the photophysical parameters (Figure 8.3b-d). Direct linkage
of azobenzene to GFP significantly improves the photobleaching time as can directly concluded
from the single molecule fluorescent time traces (Figure 8.3c). Quantitative analysis of the count
rate on total number of photons (Figure 4d) also suggests that intramolecular photostabilization
of GFP and potentially other FPs is within reach, that is, up to ∼5 fold increase in total number

Figure 8.3 | (a) Experimental strategy for the development of GFP 2.0 via cysteine labeling using reactive
photostabilizer derivatives P. (b-d) Fluorescence characterization of individual GFPs: (b) image with 10 µm scale
bar and (c) single-molecule time traces of individual GFP. (d) Quantitative photophysical parameters of GFP in
the presence and absence of covalently linked azobenzene; further parameters investigated were laser intensity
(50-500 W·cm-2) and the presence and absence of molecular oxygen.
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of photons has been observed at moderate excitation intensities (Figure 8.3d and Master thesis
of S. Henrikus20).

A next step in improving the photophysical properties of FPs would be to find the optimal
position for binding of the photostabilizer, followed by incorporation of the photostabilizer as
amino acids in the FPs, for this unnatural amino acids could be used. Additionally, incorporation
of photostabilizers as amino acids allows for positioning the photostabilizer at positions in the
FP that are generally not accessible for chemical binding.

Future perspectives.
In this thesis only redox active compounds were tested for the development of a general synthetic
strategy of photostabilizer-dye conjugates. It would be interesting to explore how Dexter-type
triplet state quenchers, such as COT6,8,21, and Diphenylhexatrienes5 perform in photostabilizer-
dye conjugates. Also antioxidants might be interesting for usage in intramolecular photostabiliza-
tion, such as MEA, n-propyl gallate7 and ascorbic acid7. Studies on the mechanism from these
compounds in solution should be the starting point to explore new compounds for intramolecular
photostabilization. Our most recent results in GFP for example show that azobenzene can be
used in intramolecular photostabilization.

The UUA scaffolding as presented in Chapter 4 allows for a further study and improvement
of photostabilizer-dye conjugates by varying the photostabilizer. Additionally, this can lead to
a further understanding of the different fluorophore properties such as charge, redox potential
or absorption/emission wavelength, on intramolecular photostabilization. Even more, for certain
types of fluorophores (oxazines and perylenes) conjugation to nitrophenyl moiety is expected to
show a different photophysical behavior considering their interaction with antioxidants7,15,22–24,
DNA bases and amino acids9–12.

Despite al the efforts to improve the photophysics of synthetic organic fluorophores, reactive
oxygen species (ROS) remain a problem. Recent preliminary data show that in the presence
of oxygen, photostabilizer-dye conjugates do not show an increase in total number of detected
photons. Hence, further mechanistic understanding of the effect of reactive oxygen species on
the photostabilizer-dye conjugates is needed. Furthermore, based on Lüttke and co-workers25,26

a general scaffold could be designed that functions as a ROS-scavenger. For example, a scaf-
fold that contains tertiary amines27 to quench singlet oxygen which links a fluorophore to the
biomolecular target. It would be interesting to study how this has its effect on different classes
of fluorophores and how this is effectively combined with intramolecular triplet state quenching.

We finally suggest using UAA scaffolding beyond photostabilization. UUA scaffolding can
provide a general framework for the manipulation of the physical and chemical properties of
fluorophores, to for example induce blinking for localization-based super-resolution microscopy,
alter water solubility or the affinity to membranes and residues of natural amino acids such
as thiols. UAAs with orthogonal functionalities could be used to link the fluorophore to a
biomolecular target and an affinity tag (strep-/his-tag) to simplify purification of labeled proteins.

To conclude, in single molecule studies and synthesis of new fluorescent probes or photo-

176 |



stabilizer-dye conjugates, the influence of these stabilisers of the used organic solvents is ne-
glected. For future reference it is suggested to study the influence of these solvent-stabilisers on
the photophysical properties of single-fluorophores.
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