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Abstract: Fluorescence spectroscopy and microscopy in biomolecular environments are usually performed in 
aqueous solution and preferably using red-emitting dyes. However, water quenches their fluorescence. We ex-
plore in this contribution how host-guest interactions between red-emitting fluorophores and macrocycles such 
as cyclodextrins and cucurbiturils can prevent quenching by shielding the dyes from water, thereby enhancing 
their brightness. We successfully apply this strategy in super-resolution imaging.
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1. Introduction

1.1 Fluorescence Imaging
Optical imaging beyond the diffraction limit, commonly 

termed super-resolution microscopy, has revolutionised light mi-
croscopy, enabling fine details within cells that were previously out 
of reach with visible wavelengths due to the diffraction limit to be 
resolved.[1–3] Among the super-resolution techniques, single-mol-
ecule localisation microscopy (SMLM) methods such as PALM 
(photoactivation localisation microscopy)[4,5] or (d)STORM ((di-
rect) stochastic optical reconstruction microscopy)[6,7] rely on the 
detection of individual photo-switchable fluorescent molecules 
whose emissions are separated in space and time. The coordinates 
of the localised emitters are then used to reconstruct an image in 
a pointillistic manner.[8]

These fluorescent probes need to be attached to the target of 
interest and should ideally be photostable and as bright as possi-
ble, i.e. possess a large molar absorption coefficient and a large 
fluorescence quantum yield, as the achievable resolution directly 
depends on the number of photons that can be detected from every 
emitter.[9] In addition, in cellular environments, water-soluble 
red-emitting fluorophores are often a preferred choice to limit un-
wanted fluorescence arising from the sample or from impurities. 

However, it is often overlooked that water is in fact a quencher 
of the fluorescence of red-emitting dyes, thereby reducing their 
quantum yield and their brightness and potentially impacting the 
resolution of SMLM experiments.[10,11]

1.2 Fluorescence Quenching by Water
Our group has recently shown that H

2
O can act as a fluores-

cence quencher due to the occurrence of efficient resonant energy 
transfer from electronically excited red-emitting dyes to harmon-
ics and combination bands of water O-H vibrational modes (Fig. 
1a).[12] Their fluorescence quantum yield is thereby divided by a 
factor of up to ∼3 (Fig. 1b). On the other hand, the fluorescence 
is restored in heavy water (D

2
O) or in solvents that do not pos-

sess any high-energy O-H vibrations and therefore do not dis-
play any measurable absorption below 900 nm[13] on a standard 
pathlength of 1 cm. This quenching mechanism is inefficient in 
dyes that emit at short visible wavelengths because their emission 
spectra do not strongly overlap with the absorption band of water 
(Fig. 1c). Furthermore, it was shown that the quenching efficien-
cy was directly dependent on the number of water molecules in 
the first solvent sphere of the dyes, making their fluorescence 
lifetime a good representation of their local hydration (Fig. 1d), 
and explaining fluorescence enhancements observed with some 
of these dyes on peptide or protein surfaces.[14] Especially the ox-
azine dyes ATTO655, ATTO680, and ATTO700 (Fig. 2a), which 
all emit beyond 670 nm, were identified as promising sensors of 
their local hydration, compatible with single-molecule techniques 
such as SMLM.[15]

Although host-guest interactions were already shown to im-
prove the photophysical properties of several dyes,[16,17] we ration-
alised that molecular encapsulation of red-emitting fluorophores 
could be a worthwhile general strategy to pursue in order to in-
crease their brightness in fluorescence spectroscopy and microsco-
py experiments by physically isolating them from water. 
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shield dyes from water more efficiently, other macrocyclic hosts 
with higher affinity for their guests were required, and cucurbi-
turils were identified as promising candidates.

2.2 Cucurbiturils
Cucurbit[n]urils (CB[n]) are macromolecules made of n gly-

coluril units (Fig. 2c). Their carbonyl portals can easily accommo-
date cations while their hydrophobic cavities tend to bind organic 
compounds with high affinities (K

a
 > 105). In particular CB[7] has 

been shown to favourably interact with several dye molecules, 
improving their solubility or photostability in water, preventing 
aggregation, or enhancing their brightness.[16,17]

After the successful synthesis of CB[7] following the proce-
dure of Nau et al.[20] its binding affinity to the three red-emitting 
dyes ATTO655, ATTO680 and ATTO700, was investigated.[21] 
Upon addition of CB[7], absorption and fluorescence spectra of 
the dyes displayed a hypsochromic shift of 4–8 nm (Fig. 4a and b), 
while their quantum yields relative to H

2
O increased by 40–50% 

at a cage concentration of 1 mM (Fig. 4c), leading to an enhance-
ment of their brightness in the complex. Also their fluorescence 
lifetime was enhanced by ~50% in the presence of CB[7] (2.68 ns 
for ATTO680, Fig. 4d).[21]

Binding of the dyes to CB[7] was supported by fluorescence 
polarisation anisotropy measurements, with the rotational corre-
lation time of the dyes increasing in the presence of CB[7] (Fig. 
4e). The association constants of the macrocyclic host for the dyes 
are equal to or larger than 2 x 105 and could be estimated by fit-
ting 1:1 binding isotherms to the fluorescence lifetime data as a 
function of CB[7] concentration (Fig. 4f). These values however 
represent a lower limit as the values for the dissociation constant 

Fig. 3. (a) Fluorescence decays of ATTO680 in H2O and in the presence 
of 15 mM β-CD. (b) Relative water accessibility of ATTO680 in H2O and 
in the presence of 15 mM β-CD, 150 mM γ-CD, or 1 mM CB[7]. Adapted 
from ref. [14].

2. Binding to Molecular Capsules

2.1 Cyclodextrins
Initial efforts by our group focused on interactions with  

cyclodextrins (CDs).[14] Cyclodextrins are cyclic macromolecules 
made of several glucopyranose units. They are commonly used 
in supramolecular chemistry for catetanes or rotaxanes, in drug 
delivery, as well as in pharmaceutical and food industries.[18,19]

The three natural α-, β- and γ-CDs are respectively made of 
6, 7 and 8 units of glucopyranose (Fig. 2b). Only β-CD and γ-CD 
turned out to be large enough to accommodate the dyes ATTO655, 
ATTO680, and ATTO700, for which the fluorescence quantum 
yield and the lifetime were enhanced in their presence in aqueous 
solution (Fig. 3a).[14] The binding of the three fluorophores to the 
macrocycles was further supported by fluorescence polarisation an-
isotropy measurements in which the rotational correlation time of 
the dye significantly increased in the presence of cyclodextrins.[14]

The fluorescence enhancement could be attributed to shield-
ing of the dyes from water and was more efficient with β-CD than 
with γ-CD (Fig. 3b). For the dye ATTO680, the fluorescence life-
time changed from 1.86 ns in H

2
O to 2.50 ns and 2.33 ns for the 

dye bound to β-CD and γ-CD respectively. However, the associa-
tion constant (K

a
) for the formation of the complex between the 

dyes and cyclodextrins is in the order of 40–200, which is typical 
for these macrocyclic hosts, and was too low to be of practical use 
as saturation binding was not reached even at the solubility limit 
of the cages (15 mM for β-CD and 150 mM for γ-CD). In order to 

Fig. 1. (a) Scheme of the resonance energy transfer mechanism from the excited S1 state of a fluorophore to vibrational overtones and combination 
bands of O-H vibrations explaining the quenching of red-emitting fluorophores by H2O. Adapted from ref. [12]. (b) Fluorescence spectrum 
of ATTO680 at constant dye absorbance in D2O and in H2O, illustrating the quenching by H2O. (c) Overlap between the intensity-normalized 
fluorescence spectra of the dyes tetramethylrhodamine (TMR, blue) and ATTO680 (red) in H2O (left axis) and the absorption band of H2O measured 
in a 1-cm cuvette (right axis, black). Adapted from ref. [12]. (d) Correspondence between the excited lifetime of a fluorophore, tS1, and the relative 
number of H2O molecules in direct contact with the dye. Adapted from ref. [14]. 

Fig. 2. Structures of the red-emitting dyes ATTO655, ATTO680, and 
ATTO700 (a) and of cyclodextrin (b) and cucurbituril (c) macrocycles.
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pared to pure H
2
O (2330 ± 1130 photons).[21] This enhancement 

in the brightness of ATTO655 when using CB[7] further led to an 
improvement of the localisation precision. Therefore, the use of 
the molecular cage did not affect the ability to perform imaging be-
yond the diffraction limit and, on the contrary, helped improve the 
localisation precision by inducing a fluorescence enhancement.

3. Conclusions
We conclude that macromolecular cages can be used to pre-

vent fluorescence quenching from water. Cyclodextrins usually 
have low affinity for guests and were shown to induce only limited 
protection with the three oxazine dyes ATTO655, ATTO680 and 
ATTO700. On the other hand, the strong binding of CB[7] to the 
same dyes allowed removal of 50–60% of the water molecules 

(K
d
 = 1/K

a
) are quite close to the dye concentration used in the 

binding experiments (1–2 μM). Overall, these results show that 
the binding affinity of CB[7] towards these dyes is several orders 
of magnitude larger than for cyclodextrins. It is important to note 
that all measurements were performed in milliQ water, as salts 
hinder the binding of guests to CB[7].

Although cucurbiturils were reported to modulate the photo-
physics of bound dyes by changing their radiative lifetime through 
changes in the local polarity or polarizability,[22] the radiative life-
time of the three oxazine dyes was not affected by the cage. The 
fluorescence enhancement could rather be interpreted as protec-
tion of the dyes from water. From the measured fluorescence life-
time, it was estimated that 50–60 % of the contacts of the dye with 
water in the first solvent sphere were removed, making CB[7] the 
most efficient additive to shield these dyes from water described 
so far (Fig. 3b). 

Motivated by these spectroscopic results, we aimed to assess 
whether CB[7] could enhance the number of photons emitted by 
ATTO655 in fluorescence microscopy experiments. To achieve 
this, we immobilised the dye on a glass surface and measured 
the number of photons emitted by each individual detected mol-
ecule, either in pure water or in a solution containing CB[7] at 
a concentration of 1 mM. The number of photons when CB[7] 
was added as an additive in solution (2200 ± 910 photons)  
turned out to be larger in comparison to pure water (1750 ± 
590 photons).[21] The slightly lower enhancement in emit-
ted photons at the immobilised glass surface (1.26) compared 
with the bulk could conceivably arise from the dye molecules  
at the surface having more limited accessibility for encapsulation.

Encouraged by this increase, CB[7] was next used in super- 
resolution microscopy experiments with the dSTORM technique. 
Microtubules of HeLa cells were stained with antibodies labelled 
with ATTO655 and photo-switching of the dye was induced using 
50 μM of ascorbic acid, either in pure water or in a solution con-
taining 1 mM of CB[7], but otherwise no salts. Super-resolved im-
ages could successfully be obtained (Fig. 5). The number of pho-
tons from every single-molecule in each frame was extracted, and 
also in this case, the distribution of photons displayed an increase 
of ~32% in the presence of CB[7] (3080 ± 1760 photons) com-

Fig. 4. (a) Intensity-normalized absorption spectra and (b) emission spectra of ATTO680 in pure H2O and in the presence of 1 mM CB[7]. (c) 
Fluorescence quantum yield (Ffl, blue) and excited-state lifetime (tS1, red) enhancements of ATTO655, ATTO680, and ATTO700 when bound to CB[7] 
compared to the free dyes in H2O. (d) Fluorescence intensity and (e) fluorescence polarization anisotropy decays of ATTO680 in pure H2O and when 
bound to CB[7]. (f) 1:1 binding isotherms of the three investigated fluorophores in the presence of CB[7]. Adapted from ref. [21].

Fig. 5. SMLM dSTORM (left) and diffraction-limited (right) image of 
tubulin stained with an ATTO655-labeled secondary antibody in fixed 
HeLa cells in the presence of 1 mM CB[7]. Adapted from ref. [21].
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from the contact sphere of the dye, improving the fluorescence 
properties accordingly. This cage could be used in super-resolu-
tion microscopy as an additive to increase the number of pho-
tons of red-emitting fluorophores and therefore the localisation 
precision. Although CB[7] has certain limitations, such as low 
solubility and the requirement to use pure water instead of buffers 
for imaging, it remains a valuable tool to fine-tune and improve 
the photophysics of red-emitting dyes used in fluorescence spec-
troscopy, standard fluorescence imaging, or super-resolution mi-
croscopy. 
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