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ABSTRACT

Dye-macrocycle complexes have become invaluable tools for various applications. The mechanisms of complex formation and
photophysical changes can be complex and difficult to characterize. This is due to limited information available from bulk
experiments on heterogeneity, complex stoichiometry, kinetic rates, and a distinction of photophysical effects caused by complex
formation or collisional processes. Recent advances in the use of single-molecule spectroscopy have begun to bridge this gap.
Here, we investigate the interactions between the oxazine fluorophore ATTO655 and two macrocyclic hosts, cucurbit[8]uril
(CB8) and p-sulfonatocalix[4]arene (sCX4). Although ATTO655-CB8 shows the classical picture of an inclusion complex, the
interactions of ATTO655 with sCX4 are largely unprecedented. ATTO655 forms dim exclusion complexes via external binding
to the aromatic moeities of sCX4. Here, the upper portal and hydrophobic cavity of sCX4 remain accessible for known guests
such as the neurotransmitter choline. In this ternary complex, choline reduces the binding affinity and prevents the formation
of photoinduced dark states observed in single-molecule traces, which presents a form of allosteric regulation of binding and
photophysics. Our study is a showcase for the power of single-molecule spectroscopy to unravel fundamental mechanisms of
host-guest systems, which can facilitate their use in advanced bioimaging and sensing applications.

1 | Introduction at its portals or encapsulates it within an inner cavity. Since such

interactions often result in characteristic optical changes, includ-
Macrocycles are ring-shaped molecules that form supramolecular ing color-, lifetime-, or intensity changes, the formed complexes
complexes with various binding partners including (fluorescent) are powerful tools for applications in chemistry and biology [1,
dyes. The complexes are formed via specific noncovalent interac- 2] such as molecular sensing [3], kinetic assays [4-6], imaging
tions between the dye and the macrocycle, which hosts the dye [1, 7-9], phototheranostics [10-12], or photonic materials [13]. A
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FIGURE 1 | (a)Chemicalstructures and (b) schematics of the proposed interactions and photophysical properties of the oxazine dye ATTO655 and

the macrocycles used in this study.

selection of relevant macrocycles for this includes cyclodextrins
[2, 5, 14, 15], calixarenes [16-18], other cyclophanes [9, 11, 13],
and cucurbiturils [8, 19-21], which undergo binding with dyes
from various structural classes [22, 23], and numerous other guest
molecules [24, 25].

Despite this success in many different research fields, it is striking
and has been highlighted recently [26] that the characterization
of host-guest chemistry is so far done almost exclusively in
bulk experiments, e.g., via nuclear magnetic resonance (NMR),
isothermal titration calorimetry (ITC), transient absorption spec-
troscopy [13] and UV-vis and fluorescence spectroscopy [16, 19].
Consequently, there are many detailed studies on the spectro-
scopic properties of dye-macrocycle complexes [15, 19, 21, 27-29],
yet single-molecule fluorescence spectroscopy has only been used
in a handful of these [5, 20, 26]. This approach can, however,
reveal important features of static and dynamic heterogeneity in
host-guest systems, visualize complex stoichiometry, and provide
access to the kinetics of complex association and dissociation in a
straightforward manner. The most recent examples are the use
of single-molecule video imaging to determine the stoichiome-
try of supramolecular complexes [26], host-guest chemistry to
improve dye photostability and brightness [1, 30] and to generate
fluorogenic probes for single-molecule localization microscopy
[31].

We here present a single-molecule fluorescence spectroscopy
study of the oxazine fluorophore ATTO655 in complex with
two distinct macrocycles: cucurbit[8]Juril (CB8) and p-
sulfononatocalix[4]arene (sCX4); Figure la. Oxazines are a
popular choice for biological single-molecule spectroscopy
[32-36] and super-resolution microscopy [37-42] due to their
high photostability, particularly under oxygenated conditions in
aqueous buffer [42], which is otherwise challenging and requires
e.g., triple-state quenchers for optimal performance [43]. Both

selected macrocycles are considered classical cation receptors.
CB8 has glycoluril portals with partial negative charges, enabling
strong ion-dipole and hydrogen-bonding interactions with
cationic guests. Its interior is a nonpolar, methylene-bridged
and cylindrical cavity (~8.8 A diameter) that preferentially hosts
non-polar fragments [44]. sCX4 has a negatively charged upper
rim of sulfonate-groups enabling electrostatic interactions and
a lower rim of phenolic hydroxy groups that is stabilized by
hydrogen bonding. Its binding cavity (~3.8 A diameter [45])
is formed by the nonpolar, aromatic parts of the phenol units
and can bind aromatic or aliphatic fragments by hydrophobic
interactions and cations by cation- interactions.

Using a combination of bulk absorption and fluorescence
spectroscopy with fluorescence correlation spectroscopy (FCS),
time-correlated single-photon counting (TCSPC) and single-
molecule detection, we provide a detailed view on the molecular
interactions between the dye and both macrocycles and the
photophysical consequences. Although ATTO655-CB8 shows the
characteristics of a classical inclusion complex, the interactions
of ATTO655 with sCX4 are largely unprecedented (Figure 1b).
sCX4 is a classical cation-receptor, yet it binds the anionic
ATTO655 with moderate affinity (K, ~2 x 10> M™). Detailed
analysis of optical spectroscopic data, NMR experiments and
structural modelling suggests that ATTO655 is not internal-
ized into the hydrophobic cavity and does also not block the
upper negatively-charged portal, but instead forms an exclusion
complex binding the aromatic sCX4 moeities externally. This
allows for the formation of ternary complexes with known
sCX4 guests such as the neurotransmitter choline at the top
of the cavity (Figure 1b). Strikingly, the new binding mode
enables an allosteric regulation of the sCX4 binding affinity
to ATTO655 and of a photoinduced reaction between them,
which we were able to track at single-molecule resolution
(Figure 1b).
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TABLE 1 | Photophysical properties of ATTO655 in the absence and presence of macrocyclic hosts (25 uM CBS or 10 mM sCX4) in KP; buffer at
pH 7.4. The listed parameters include the absorbance (1,,5) and emission (45) maxima, the relative fluorescence intensity (F/F,), diffusion times (zy),

amplitude-weighted mean fluorescence lifetimes ((7) smp.), and association equilibrium constant (K, ) derived from fluorescence titrations.

Condition Ay (nm) Ag (nm) Rel. Fl. (F/F,) 7p (us) () Amp. (1S) K, (M)
Free ATTO655 662 677 1 55+1 1.88 + 0.04 N.A.

+ CB8 655 670 1.48 + 0.06 82+ 4 271+ 0.11 (0.36 + 0.03) x 10°
+sCX4 661 678 0.234 + 0.004 80+3 0.44 + 0.08 (2.11 + 0.14) x 10°

The present study is a showcase for the ability of single-molecule
spectroscopy to unravel fundamental new mechanisms in host-
guest systems. Our discovery provides a blueprint for the future
use of dye-macrocycle complexes in advanced bioimaging and
sensing applications by controlling the degree of fluorescence
quenching or enhancement, binding affinity and stoichiome-
try, and the kinetics of binding and host-induced (chemical)
reactions.

2 | Results and Discussion

2.1 | Optical Characterization of the CB8-ATT0655
Complex

We found that the addition of CB8 to ATTO655 in aqueous buffer
shows clear spectroscopic signatures of complex formation and
fluorophore inclusion (Figure 2). Absorption spectra (Figure 2a)
showed a hypsochromic shift of 7 nm and a decreased absorption
with excess CB8, and fluorescence spectra (Figures 2b, S1) showed
an increase in emission intensity by 39% and a hypsochromic
shift of 7 nm. The excitation in our fluorescence experiment was
performed at the isosbestic point at 619 nm, ensuring that changes
in the overall emission intensity were not caused by changes
of the extinction coefficient. Consequently, the fluorescence
quantum yield of ATTO655 increases in accordance with the
fluorescence intensity. The spectral signatures resemble those
known for Oxazine 1 in complex with cucurbit[7]uril (CB7) and
CBS8[19], but also those for ATTO655 [1], ATTO680, and ATTO700
[30] in complex with CB7.

The respective absorption titration (Figure 2c) indicated strong
1:1 binding and for a fluorescence titration gave access to the
association equilibrium constant (K,) of (0.36 + 0.03) x 10°
M and the dissociation equilibrium constant (K;) of 2.78 uM
(calculated as 1/K,) from nonlinear least-square fitting with a
simple and an accurate 1:1 binding model (Figure 2d, S2). These
results are in agreement with results from the ATTO655-CB7
complex, but also that of other dyes, such as Oxazine 1, in complex
with CB7 and CB8 [19], which are known to be primarily 1:1
complexes. Other key spectroscopic parameters are summarized
in Table 1.

To confirm complex formation via an orthogonal method, we
used fluorescence correlation spectroscopy (FCS) to obtain infor-
mation on the size, molecular brightness, and blinking kinetics
of ATTO655 both in its free and macrocycle-bound state. We
consider this an important addition, particularly in cases in
which the relation of spectral changes to complex formation

are less clear or need to be separated from possible collisional
processes, i.e., when the macrocycle has lower affinity. For free
ATTOG655, the molecular brightness was ~29 kHz at 25 uyW
excitation power (8.5 kW cm™ power density), while the diffusion
time (74) was 55 + 1 ps (Figures 2e, n = 4). As for other FCS
studies of ATTO655, the triplet-related bunching amplitude was
low and barely observable at low excitation powers (Figure S3).
In agreement with the spectral data in Figure 2, the brightness
and most importantly the diffusion time of ATTO655 increased
upon addition of CB8 in a concentration dependent manner from
55 to 82 us (Figure 2ef; Table 1, Figure S3). Considering the
published diffusion coefficient of ATTO655 of 4.26 X 10~ cm?
s7! [46], this corresponds to an increase of the hydrodynamic
radius R;, from about ~0.58 to ~0.86 nm. A fit to the plot of the
diffusion time of ATTO655 as a function of the concentration of
CBS gives a K, of (0.6 + 0.3) x 10° M~! (Figure 2f), which is
consistent with the fluorescence changes and directly links these
to complex formation on a molecular level via two orthogonal
methods.

Finally, we conducted time-resolved fluorescence measurements
via time-correlated single-photon counting (TCSPC). A single
exponential deconvolution fit revealed an increase of the fluo-
rescence lifetime of ATTO655 from 1.88 + 0.04 to 2.71 + 0.11 ns
upon complex formation (Figure 3g). A fit of the concentration
dependence using the mean fluorescence lifetime provides a K,
of (0.5 + 0.2) x 10° M~! (Figure 3h), which is again consistent
with the other experiments. Based on the combined data, complex
formation between ATTO655 and CB8 was conclusively validated
due to the observed increase in molecular size via FCS, which
is accompanied by spectral and lifetime changes, that are all
compatible with encapsulation of the dye.

2.2 | Optical Characterization of the
sCX4-ATTO655 Complex

Using the same experimental strategy, we studied the interac-
tion of ATTO655 with a distinct macrocycle (sCX4). Based on
literature data, we expected a static quenching mechanism for
sCX4-binding possibly involving photoinduced electron transfer
(PET) [47]. In line with this idea, the addition of 10 mM sCX4
to ATTO655 in aqueous buffer resulted in strong fluorescence
quenching by 77% with hardly any spectral shifts (Figure 3a,b).
Nonlinear fitting with a 1:1 binding model of the respective
titration plots (Figure 3c,d) gave K, of (2 + 1) x 10° M~ (K, =
0.5 mM) from the absorbance titration and a K, of (2.1 + 0.1) x 10*
M (K = 0.48 mM) from a fluorescence titration. Importantly,
isothermal titration calorimetry (ITC) verifies binding and shows
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FIGURE 2 | Spectroscopic analysis of the interaction between ATTO655 and CB8 (0-25 uM, color gradient from dark to light indicates increasing
concentration). (a) Absorbance and (b) fluorescence emission spectra (619 nm excitation) at varying CB8 concentrations. The specific concentrations are
provided in the titration panels (d, f, h), where the spectroscopic parameters are shown as a function of macrocycle concentration [M,]. (c) Absorbance
titration of ATTO655 (5 uM) with CB8, where the crossing point of two linear interpolations at 5.2 uM is the concentration of CB8 required for full
complexation of ATTO655. (d) Fluorescence titration with normalized fluorescence intensities and the results of a fit to obtain K,. (e) Fluorescence
correlation spectroscopy and (f) the corresponding diffusion times as a function of CB8 concentration. (g) Normalized TCSPC decays and (h) the
corresponding mean fluorescence lifetimes, where grey lines represent fit functions. Experimental conditions for (e-h): 640 nm excitation with 25 yW
(8.5 kW cm~2) using an oil objective (details in the methods); n = 3. All experiments were performed in 5 mM KP; at pH 7.4.
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FIGURE 3 | Spectroscopic and microscopic analysis of the interaction between ATTO655 and sCX4 (0-10 mM, color gradient from dark to light
indicates increasing concentration). (a) Absorbance and (b) fluorescence spectra (620 nm excitation) with different concentration of sCX4. (c) Absorbance
and (d) normalized fluorescence titration of ATTO655 with sCX4 and the results of fits (grey line). The grey line in (d) indicates the fit that with a fixed
endpoint at a normalized fluorescence of 0. (e) Normalized TCSPC curves and (f) corresponding fraction of short lifetime component, fluorescence
lifetime of short and long components at varying concentrations of sSCX4. (g) Results from FCS experiments of ATTO655 with sCX4 and (h) corresponding
fit. Experimental conditions for (e~h): 640 nm excitation, 25 uW (8.5 kW cm~2), oil objective. All experiments were performed in 100 mM KP;, pH 7.4.
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a K, value of (1.00 + 0.07) x 10°* M~ (K; = 1.00 mM) with a 1:1
stoichiometry (n = 3, Figure S4).

In contrast to our expectation, we noticed that the fluorescence
intensity does not reduce to baseline values even at high concen-
trations, and that the absence of spectral shifts particularly in the
absorbance spectrum is distinct compared to other dye molecules
such as lucigenin (LCG) [47]. Furthermore, classical Stern-
Volmer analysis of the fluorescence data revealed a nonlinear
behavior in the form of a downward curvature. Such behavior can
be explained by incomplete quenching in which the “quenched”
dim complex shows residual fluorescence [48, 49]. In line with
this, we found strong changes in the ATTO655 TCSPC histogram,
which changes from a mono-to a bi-exponential decay when sCX4
is present (Figure 3e). At concentrations >0.1 mM, we find a long
lifetime component, which is identical to the free unbound dye
(~1.90 ns) together with a short lifetime, which we attribute to
the bound complex (~0.45 ns; Figure 3f). This is compatible with
the proposed static quenching mechanism, in which the bound
complex is not fully quenched, since we observe two constant
lifetime values above the instrument response function (IRF) of
our system. Plotting the fraction of either short- or long-lifetime
component as a function of sCX4 concentration and fiting them
to a 1:1 binding model provides a K, value of (1.2 + 0.4) x 10°
M~ (n = 3; Figure 3f). Furthermore, the observed decrease in
mean fluorescence lifetime (Figure S5) as a function of sCX4
concentration is consistent with the intensity quenching seen in
the steady-state fluorescence spectra (Figure 3b). Collision-based
dynamic quenching between ATTO655 and sCX4 becomes rele-
vant to a small extent at [sCX4] > 1 mM, seen in a subtle reduction
in the lifetime value of the long fluorescent decay component
(Figure 3f).

The formation of an ATTO655-sCX4 complex was then further
validated by FCS experiments, which showed a consistent 4-fold
reduction of molecular brightness (Figure S6) and an increase of
diffusion times from 55 to 80 ps (Figure 3g,h). This corresponds
to an increase of R, from ~0.58 to ~0.84 nm [46]. Since these
findings of quenching and slower diffusion were consistent
with all other data (Figure 3), we were able to obtain an
internally consistent K, value for binding of (2.0 + 0.6) x 10°
M (n = 3; Figure 3h). Importantly, we observe an additional
bunching term on timescales < 10 ps, which is maximal for
concentrations around the Ky of ~0.5 mM (Figure S7). Based
on previous work on cyclodextrin-complexes [5], the relaxation
time we found (4.1 ps) can be attributed to sum of rates for
complex formation and dissociation in equilibrium. This inter-
pretation is also supported by additional experiments as discussed
below.

2.3 | Binding Modes of the Dye-Macrocycle
Complexes

Host-guest complexation of dyes (Figure 1) impacts their pho-
tophysical behavior due to an altered physico-chemical envi-
ronment, which is typically assigned to changes in the solvent
shell, i.e., the solvent polarity and polarizability. Furthermore,
complexation affects quenching by the solvent or introduces
new quenching pathways by the macrocycle [27]. In the follow-
ing, we demonstrate how a careful interpretation of all of the

above spectroscopic data can be used to elucidate the binding
modes of host-guest complexes between ATTO655 with CB8 and
sCX4.

With respect to cucurbiturils, the inner cavity is known as a low-
polarity region, while the portal regions are highly polar (Figure 1)
[25]. The Nau group further described the cavity of cucurbiturils
as a “gas-phase-like” environment with a polarizability of the
CB7 cavity that is even lower than that of perfluorohexane,
a solvent known for its low polarizability [27]. The fact that
both, absorbance and emission maxima, show hypsochromic
shifts (Figure 2a,b) upon complexation is well explained by dye-
relocation into an environment of low polarity, namely binding of
the dye into the host cavity. This interpretation is fully compatible
with ATTO655 encapsulation into CB8 based on FCS (Figure 2e,f).
We further found that both, fluorescence quantum yield ¢; and
lifetime 73, increase 1.48-fold and 1.44-fold, respectively, upon
binding to CB8. According to the Strickler-Berg equation, the
low polarizability would lead to a decreased radiative lifetime,
kg, such that a lifetime increase and concomitant quantum
yield decrease is expected [27]. Since both values show a similar
increase we can safely exclude changes of kp > 5% and attribute
changes of both parameters to the fact that encapsulation of the
dye reduces water-quenching [50]. Inclusion complex formation
would cause a partial replacement of the water shell by the
macrocycle cavity and we estimate that ~40% of the dye surface
remains water-accessible, while ~60% are in a water-occluded
environment of the cavity [15, 51].

Luckily, our data from ITC and FCS strongly support the forma-
tion of an ATTO655-sCX4 complex. This complex is, however,
of distinct nature compared to ATTO655-CB8 since no spectral
shifts are observed (Figure 3a,b). Instead ATTO655 experiences
strong fluorescence quenching caused by the formation of a
nearly dim ATTO655-sCX4 complex with a lifetime of ~0.5 ns.
Considering the fact that both cyclodextrins and calixarenes pro-
vide more polar cavities with polarizabilities that are higher than
for cucurbiturils [27], we would have expected (bathochromic)
spectral shifts for a true encapsulation of ATTO655 into
sCX4. Their absence renders even a partial encapsulation of
the central aromatic moieties of ATTO655 into the cavity
unlikely.

Conversely, our data is compatible with a loose association of
ATTOG655 in an exclusion complex. To narrow down the possible
interaction sites, i.e., the upper portal, the phenyl-rings or the
phenolic hydroxy groups at the lower portal, we used choline
as a competitive guest. Choline is known to bind sCX4 at the
upper portal and cavity stabilized by electrostatic interactions
with the sulfonate acid groups and cation-7 interactions with
the phenyl groups, respectively. The binding of choline was
verified by an absorbance titration (Figure S9) and by ITC show-
ing a characteristic salt dependence and high affinity (Figure
S10). Strikingly, binding of choline to sCX4 does not prohibit
simultaneous binding of ATTO655, but it alters the Stern—Volmer
plot of ATTO655 to become nearly linear with a slight upward
curvature (Figure 4). Under these conditions, ATTO655 remains
bound, albeit with slightly reduced affinity (Figure S1la,b). This
ternary complex shows the characteristic temperature (Figure 4)
and lifetime dependence (Figure Slic,d) of static quenching
and only minor contributions of dynamic quenching at higher
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FIGURE 4 | Stern-Volmer plots of ATTO655-COOH with sCX4 in
the absence (left) and presence of 12 mM choline (right). F,/F represents
the ratio of fluorescence intensity in the absence (Fy) to that in the
presence (F) of the macrocyclic host. It is important to note that addition
of 12 mM choline without sCX4 does not affect the fluorescence of
ATTO655 (Figure S8).

concentrations of sCX4 >1 mM (Figures 4, S13). Furthermore, the
interaction between ATTO655 and sCX4 has no dependence on
the ionic strength of the buffer solution (Figure S12) in contrast
to the interaction of sCX4 and choline (Figure S10). This finding
is also different for LCG-sCX4 [18, 47], in which increasing
potassium concentrations displace LCG from the upper part
of the cavity, leading to a 100-fold decrease of the apparent
binding affinity. The simultaneous binding of choline to the
sCX4 cavity of the ATTO655-sCX4 complex and the concomitant
~10-fold reduction of the ATTO655 binding affinity (Figure S11)
present a case of allosteric regulation of the ATTO655 binding
site reminiscent of allosteric regulation of conformational states
or functions in proteins. We note that this analogy may be seen
by some readers as site-coupled ternary binding rather than
allostery in a stricter biochemical sense. A possible interpretation
of this finding is that ATTO655 binding to free sCX4 can occur
to different conformations of the macrocycle [52], while choline
stabilizes a subset of them.

As a consequence, binding interactions between ATTO655 and
sCX4 have to occur in regions where ion—-ion interactions are
less relevant, e.g., at the lower phenolic portal or externally to
the phenyl-rings. To better understand the concrete geometry
of binding, we performed NMR measurements that allow for
deduction of spatial proximity (Figure 5). To extract information
from NMR spectra, the observed signals need to be assigned to
their corresponding 'H nucleus. This was achieved by combining
information from the NOAH-4 (BSCN) experiments [53] together
with integrals and coupling patterns observed in the 1D 'H
spectra. We analyzed ATTO655 (Figure 5a) and sCX4 in aqueous
media both alone and in combination at different mixing ratios
(Supporting Information). While ATTO655 yields detectable
peaks for all protons, sensible information for sCX4 came only
from the aromatic 'H nuclei. Signals from the methylene proteins
(CH, group) are strongly broadened, likely due to conformational
dynamics in the NMR-unfavorable ps-regime.

We used two complementary kinds of NMR observables to extract
information on proximity of ATTO655 moieties to the aromatic
protons of sCX4. On one hand, we interrogated changes in the
local magnetic field of each fluorophore proton (chemical-shift
perturbations, CSP, shown in Figure 5b) upon complex formation.
Such CSPs are often used to assess interaction surfaces, e.g., in
protein-ligand complexes [54]. The moiety-specific extent of the
CSPisrepresented in Figure 5d (top) on a space-filling structure of
ATTO655. We render it unlikely that the interaction of ATTO655
and sCX4 results in a complex with one unique binding geometry.
In addition, the extent of chemical shift changes is not directly
proportional to proximity in three-dimensional space, especially
when aromatic compounds with ring current effects are involved
[54]. Therefore, we treat the magnitude of CSPs as a simple
exclusion criterion: If the chemical shifts of 'H atoms of ATTO655
remain steady after addition of sCX4 (AS(*H) < 0.03 ppm), we
conclude that those atoms do not participate in the interaction.
Based on the comparison between two-dimensional 'H-*C HSQC
correlations of either ATTO655 alone or an ATT0655:sCX4 (2:1)
mixture (Figure 5b), it is evident that carbon atoms 3a-b, 4a-b, 18a-
b, 20a-c, and 21a-c of ATTO655 remain unperturbed (yellow labels
in Figure 5a). All remaining atoms show significant chemical-
shift perturbations, except for atom 6, which exhibits only subtle
changes. Based on this, we conclude that only one side of
ATTOG655, i.e., the one with the ethyl substituent interacts with
sCX4, while the side with carboxy- and sulfonic-acid substituents
does not.

To complement those findings, we used two-dimensional nuclear
Overhauser effect spectroscopy (NOESY, Figure 5c), assessing
through-space magnetization transfer between calixarene and
fluorophore. In this type of experiment, visible off-diagonal sig-
nals (cross-peaks) arise from nuclear spin cross-relaxation, which
occurs efficiently only up to a distance of ~5-6 A. The aromatic
'H signal of sCX4, located at 7.48 ppm, shows intermolecular
cross-peaks to the atoms 6, 9, 12, 23a-b, 25a-b, 26a-b, and 27a-
b of ATTO655', which is again depicted in the form of a color
gradient on the ATTOG655 structure in Figure 5d (bottom). Adding
these confirmed proximities into the consolidated representation
shown in Figure 5a (red labels) shows that both types of data, CSPs
and NOESY cross peak intensities, are in full agreement with each
other.

Based on the obtained experimental restrains from NMR, we
modelled a spatial ensemble of the ATTO655-sCX4 complex
(Figure 5e) consistent with the data using the integrative mod-
elling platform [55]. The NOESY-restraints were modeled as
asymmetric flat-bottom harmonic upper-bound potentials evalu-
ated against all four equivalent proton pairs with only the closest
pair contributing to the score. CSP restraints were modeled as
lower-bound potentials applied to all four equivalent pairs simul-
taneously (details in Supporting Information). The resulting
structural ensemble was analyzed by projecting atomic positions
onto a three-dimensional voxel grid to yield insertion depth
profiles, lateral radial distributions, and dye-plane orientation
histograms, highlighting configurations of the ATTO655-sCX4
complex that are compatible with the data (Figure 5e). The spatial
ensemble shows no inclusion of the dye into the interior of
the cavity or horizontal binding to its phenolic rim. Instead,
the integrative model suggests the formation of a complex in
which the guest binds to the outer surface of the host (exclusion
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FIGURE 5 | NMR measurements and structural modelling of ATTO655 and sCX4. (a) Consolidated information of spatial proximity (red) or

detachment (yellow) of ATTO655 atoms from sCX4, as extracted from NMR. (b) Two-dimensional 'H-13C HSQC spectra in the absence (dark purple) and
presence (green) of sCX4. Atoms where NMR signals remain at the same position after sCX4 addition are assumed to be remote from the interaction site.
(c) NOESY spectrum recorded on the ATO0655:sCX4 mixture. Off-diagonal peaks arise from cross-relaxation and indicate spatial proximity. 'H chemical
shifts of ATTO655 atoms that are spatially close to the aromatic 'H atom of sCX4 are highlighted with a gray stripe. Asterisks indicate artifact lines in
the NOESY spectrum (d) CSP magnitudes (top) and NOESY cross peak intensities (bottom) visualized on ATTO655 with atoms shown as spheres. (e)
Structural modelling of the ATTO655-sCX4 complex. The model describes only the possible and sterically allowed locations of the ATTO655 dye. Further
details on NMR data for structural assignment of ATTO655 and sCX4 and the derived model is provided in the Supporting Information.

complex). Preferred orientations of ATTO655 relative to sCX4 are
revealed by the marginal radial density distributions (Figure 5e).
Specifically, the magenta density indicates ATTO655 binding dis-
tal to the sulfonate groups. In contrast, the orange linker-region
density suggests that longer linkers of ATTO655 with matching
positive charges could enable additional, higher-affinity binding
through the classical sSCX4 interface, which is also used in the case
of choline binding.

2.4 | Single-molecule Spectroscopy of
Macrocycle-dye Complexes

To understand further details in the photophysical interplay of
ATTOG655 and the macrocycles, but also to pave the way for
applications of similar complexes in biophysical and biochem-
ical assays [56], single-molecule research and super-resolution
microscopy [31], we investigated their interaction on the single-
dye level. Our rationale was to assess static and dynamic hetero-
geneity in the complex properties [5, 20, 26] and to disentangle
association and dissociation from other photophysical effects.

Since relevant applications of dye molecules in biosensing or bio-
chemistry require their coupling to biomacromolecules, we used
a 20-mer oligonucleotide structure with terminal 5’-attachment
of ATTO655 [42], in which the dye is protected from inter-
actions with the glass surfaces. Surface-immobilization of the
ATTO655-dsDNA construct was achieved via biotin-streptavidin
interactions on PEGylated glass coverslips (Figure 6a; see also
Figure S16). The immobilization approach eliminated issues
related to aggregation of dye-labelled dsDNA in solution upon
addition of the macrocycles.?

By diluting the sample to picomolar concentrations, we achieved
a molecular density that allowed for the observation of individual
fluorescent spots via confocal scanning microscopy. Analysis of
FLIM images of isolated fluorescence spots in multiple regions
of interest (ROI) showed that immobilized ATTO655-dsDNA
exhibited a mean fluorescence lifetime of 2.77 ns (Figure 6a),
which is approximately 0.8 ns longer than that of free ATTO655
in solution (Figures 2, 3). This increase is attributed to a
shielding effect of the DNA molecule, which reduces the water
accessibility of the dye, mitigating water-induced quenching [1]
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FIGURE 6 | (a)Representative single-molecule FLIM images of immobilized ATTO655-dsDNA and in the absence (black) and presence of 25 uM
CB8 (blue) or 10 mM sCX4 (green). The red circle indicates the TCSPC histogram of a selected dye molecule. (b) 2D histogram plotting fluorescence

lifetime values of individual dyes versus photon counts per pixel, providing quantitative insights into photophysical changes. Representative fluorescence

intensity traces of immobilized ATTO655-dsDNA and (d) corresponding autocorrelation curves.

or allows interactions of ATTO655 with the DNA, e.g., (end-
)stacking or groove-binding. Upon addition of 25 uM CBS, the
fluorescence lifetime increased to 3.05 ns, accompanied by a
two-fold enhancement in brightness (Figure 6b). Meanwhile, the
addition of 10 mM sCX4 reduced the fluorescence intensity by
30% and the lifetime to an average value of 2.65 ns. It was clearly
visible that the spread of lifetime values for ATTO655-CB8 was
much larger than for ATTO655 on dsDNA alone, indicating that
the formed complexes introduce an additional layer of variations
in the microenvironment of the dye. Notably, the lifetime distri-
bution for ATTO655-sCX4 became quite narrow and well-defined
(Figure 6b).

The general trends in both lifetime and intensity were consistent
with the behavior of ATTO655 observed in solution (Figures 2,
3). The reduced magnitude of the effects in comparison to
the solution data, however, indicates a lower affinity of the
macrocycles for the dye on the dsDNA as also seen in the
Stern-Volmer plot (Figure S15). This could be rationalized by
the strong negative charge of the dsDNA backbone or a reduced
accessibility of the dye. Unfortunately, higher concentrations of
both macrocycles could not be applied in our experiments due
to the limited solubility of CB8 and acidification of the low-salt
buffer solution by sCX4 at concentrations >10 mM.

We next used the unique capability of confocal scanning
microscopy to monitor the fluorescence intensity and lifetime of
individual molecules over extended time periods with high tem-
poral resolution [57, 58]. Representative fluorescence trajectories

of ATTO655-dsDNA excited with 5 uW laser power (1.7 kW cm™2)
(Figure 6c) displayed continuous fluorescence emission with a
fluorescence lifetime of the on-state of 2.79 + 0.06 ns. We observed
no blinking on timescales from 10 ms to 100 ns seen by a missing
bunching amplitude in the autocorrelation analysis (Figure 6d).
Occasional slow off-blinks were visible in the traces together
with irreversible photobleaching on the timescale of tens of
seconds (Figure 6¢), which is consistent with previous work [42].
Overall, ATTO655 showed homogeneous photophysical behavior
on dsDNA, well represented by the traces in Figure 6¢ (see more
traces in Figure S17).

To better understand how macrocycle binding affects the flu-
orescence of individual ATTO655 molecules, we first approxi-
mated the dissociation rate constants (k) from stopped-flow
experiments with fluorescence detection (Supporting Informa-
tion) in combination with our FCS data (Figures 2, 3). We
found the dissociation rate constant k,; to be on the order
of ~50 s7! and ~10° s7! for ATTO655-CB8 and ATTO655-
sCX4, respectively. These values are in good agreement with
previous data on pyronine and cyclodextrins or complexes
of CB7 with similar guests [5, 59]. Importantly, these values
give an upper barrier for the residence time of the macro-
cycles on the dye, i.e., the timescale in the traces where we
expect altered photophysical properties compared to ATTO655
(see Figures 6, 7).

ATTO655-dsDNA exhibited a large variability in its brightness in
the presence of CB8 and showed frequent blinking on a range
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FIGURE 7 | Single-molecule FLIM and kinetic analysis of ATTO655-dsDNA interactions with macrocyclic hosts. (a, b) Representative fluorescence
traces of immobilized ATTO655-dsDNA in the presence of (a) 25 uM CB8 and (b) 10 mM sCX4. (c) Zoomed-in trace segment overlaid with a two-state
hidden Markov model fit (yellow line). (d) Dwell time histograms for the on- and off-states with mono-exponential fits (red lines). (¢) Plot of the inverse

on- and off-state dwell time (1/7) versus sCX4 concentration, demonstrating the concentration dependence of the blinking kinetics. (f) Fluorescence

lifetime of the on-state as a function of sSCX4 concentration.

of timescales (Figures 7a, S18). Such irregular intensity changes
reflect a combination of complex dissociation and association on
the millisecond timescale, multiple binding modalities of dye to
the macrocycle and photophysical blinking, e.g., when the dye
is transiently bound inside the nonpolar cavity and less exposed
to water and molecular oxygen. Although a relation between
the intensity of the fluorescence signal and the fluorescence
lifetime could be established (Figure S19), the nonuniform signals
offer limited information on the concrete mechanism of complex
formation and dissociation.

The obtained traces of ATTO655-dsDNA with sCX4 on the other
hand were quite homogeneous and showed blinking events with
millisecond durations with a frequency that correlated with the
sCX4 concentration (Figures 7b, S20). Through the analysis by
a two-state hidden Markov model (Figure 7c,d), the dwells of
the on/off states were quantified in a concentration-dependent
manner. Exponential fitting of the on- (z.,) and off-state (7,)
dwell-time histograms show that only 7., becomes shorter, while
T, remains constant for increasing concentrations of sCX4
(Figure 7e, 0-10 mM). The observed off-dwells with a duration of
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7,i(SCX4) ~50 ms showed only background signal, i.e., scattering
(Figure S21) and thus represent a true off-state. Furthermore,
excitation-intensity dependent experiments showed that this off-
state is caused by a photoinduced process, in which the frequency
of events increases with laser intensity (Figure S22). State-
dependent fluorescence lifetime analysis (Figure 7f) also showed
a concentration-dependent lifetime decay of the on-state with
shorter lifetimes at higher sCX4 concentrations.

Our interpretation of the above data is that the on-states in
Figure 7b represent the fast (time-averaged) ps-equilibrium
between free and sCX4-bound ATTO655 [59, 60]. The observed
reduction of fluorescence lifetime and intensity in the on-state
with higher sCX4 concentrations are consequently caused by
combined static and dynamic quenching by sCX4. The slow
blinking events in the single-molecule traces on the other hand
are caused by a photoinduced process due to its excitation
intensity dependence (Figure S22). One possible explanation is
that photoinduced electron transfer (PET) converts ATTO655 into
a nonfluorescent radical ion, which is reactivated by oxidation
via molecular oxygen (7,4(sCX4) ~50 ms). This photochemical
reaction pathway can be induced by collision or binding of
ATTOG655 either in its singlet- or triplet state to the sCX4 host.
To support this PET-hypothesis, we compared the behavior of
sCX4 with that of ascorbic acid (AA). This strong redox agent
(E,x = 0.06 V, SCE) is known to generate reduced ATTO655
species with very similar blinking signatures [42]. AA induced
dynamic quenching seen by a Stern-Volmer analysis (Figure
S24) with notable singlet quenching >1% at AA concentrations

> 1 mM. However, already 2-10 uM of AA were sufficient to
induce frequent blinking events with a dwell time of 7,4(AA)
~170 ms in single-molecule traces, i.e., are substantially longer
than for sCX4 (Figures 7, 8, S25/S26). The resulting off-states were
previously attributed to the formation of a radical anion for AA,
from which the singlet state can be recovered by oxygen [42]. The
Rehm-Weller equation® allows to calculate the thermodynamic
driving forces for PET [61]. ATTO655 can be reduced to a non-
fluorescent radical anion or its protonated leuco-form via one- or
two-electron reactions (E,,4 = —0.42 V vs. SCE (radical anion),
E,.q =—0.7V vs. SCE (leuco form)). As suggested previously [42],
reduction of ATTO655 mainly originates from the reaction of AA
with the ATTO655 triplet T, since it has a much longer lifetime
than the singlet state S,. PET would be generally exergonic for AA
according to the Rehm-Weller equation. For sCX4 (E,, ~ 0.82'V,
SCE), however, only the one-electron reduction of ATTO655 to the
radical anion has negative AG°-values. Thus, the off-state dwell-
time differences between 7,(sCX4) ~50 ms and 7,3(AA) ~170 ms
might be a result of the different oxidation states of ATTO655 or
caused by completely distinct photochemical reactions.

The off-blinking in the single-molecule traces is strongly
excitation-intensity dependent, yet the Stern-Volmer plots of free
ATTO655 in the fluorimeter do not change notably for different
excitation conditions (Figure S27). Although this might not be
surprising considering that the excitation densities are vastly
different between single-molecule and bulk experiments, it would
be interesting to understand whether off-blinking in ATTO655-
sCX4 is related to complex formation or mere collisions between
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the ATTOG655 triplet (as for AA; Figure 8) and sCX4. Also, the fact
that the interaction strength of ATTO655 with sCX4 is reduced
when bound to dsDNA suggests that additional factors such as the
dye microenvironment or distinct interactions of different sCX4
conformational states with the dye influence the photophysics.

Ultimately, we wondered whether the host-induced photochemi-
cal reaction pathway could be modulated by additional binding
of choline to the ATTO655-sCX4 complex. Our results showed
that the blinking frequency associated with the photochemical
conversion into a dark state is strongly reduced when choline
occupies the sCX4 cavity (Figure 8, Figure S23). Again, we observe
an allosteric modulation this time of a chemical reaction reminis-
cent of enzymatic reactions, where binding of a noncompetitive
inhibitor to a remote site decreases the reaction rate at the
catalytic reaction center.

In summary, our data shows that the upper portal of sCX4 with
its sulfonic acid moieties is responsible for photo-induced off-
switching in single-molecule trajectories of ATTO655. Currently,
PET remains a possible mechanistic explanation for this, yet we
are unable to take a firm decision on this since additional support
on the appearance of radicals, e.g., via EPR, would be necessary.

3 | Conclusion

Herein, we investigated host-guest complexation of the oxazine
dye ATTO655 with the supramolecular hosts CB8 and sCX4
(Figure 1). Although complexation with CB8 proceeds as expected
forming an inclusion complex with an enhanced brightness
(Figure 1b), an inclusion into the CX4 hydrophobic cavity and
concomitant fluorescence quenching is not observed. Instead,
our study revealed an unexpected external binding of ATTO655
around the aromatic moieties of sCX4 leading to the formation
of quenched dim complexes. Consequently, the sulfonate-groups
and hydrophobic cavity of CX4 remain accessible for known
guests of sCX4 such as the neurotransmitter choline leading to the
formation of a ternary complex. In this complex, choline binding
reduces the binding affinity of ATTO655 and prevents the forma-
tion of a photoinduced dark state observed in single-molecule
traces, which presents a form of allosteric regulation of binding
and the photoinduced processes. Although our work reveals
various unprecedented mechanistic features of macrocycle-dye
complexes, we believe that the technical advances introduced,
namely the use of single molecule microscopy as well as a quan-
titative integrative modelling approach with explicit treatment of
experimental uncertainty not used so far [62, 63], will be of use
for the supramolecular chemistry community.

Besides the detailed insight into photophysical mechanisms,
the present work is also fundamental for future applications
of similar complexes. Since ATTO655 and similar dyes [42, 64,
65] are excellent candidates for applications in supramolecular
assays, e.g., indicator displacement and tandem assays, an essen-
tial point would be to increase the affinity between dye and
host and to further optimize the quenching. This could be done
by synthetic modifications of dyes and hosts. The development
of such applications will also benefit from further structural
elucidation of the complexes and a better understanding of the
quenching mechanisms involved. For example, the nature of the

dark-state seen in the single-molecule traces remains at least to
some degree elusive and its relation to quenching of the free and
dsDNA-bound ATTO655 is currently unclear.

Overall, we believe that this study outlines the great poten-
tial of single-molecule spectroscopy for detailed photophysical
investigations of dye-macrocycle complexes, which will enable
serendipitous discoveries and provide new fundamental insights
for the rationale design of assays based on the interaction of dyes
and macrocycles required for advanced bioimaging and sensing
applications.
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ENDNOTES

I The cross-peak to atom 6 is fairly weak and likely more remote than the
others, in agreement with its small CSP described above. Although a
cross-peak to atoms 24a-b is expected from the structure of ATTO665,
this cannot be unambiguously determined from the shown data alone.
Its peak position at 1.3 ppm overlaps with 20a-c, and the artifact lines
caused by this methyl group in the NOESY spectrum mask any other
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signal (indicated by an asterisk). However, our full dataset indicates that
1H atoms 24a-b do indeed interact with sCX4 (Supporting Information).

2 Analysis of diffusing ATTO655-dsDNA showed aggregation, i.e., a
strongly diminished burst frequency and the appearance of large and
long-lasting signals, upon addition of both macrocycles. The latter were
way above the expected count rates and burst durations of individual
dye molecules, which typically do not exceed 0.1-1 MHz (see FCS data
in Figure 2/3 or single-molecule traces in Figure S14).

3AGY = €[Eqy - Ereq] — Eo + C with the oxidation (E) and reduction
potential (E.q) of donor (oxidant) and acceptor (reductant) and zero-
zero energy (Eg ). We used published values for ATTO655: Eg = 1.86
eV (8)), Eg = 1.56 eV (T}), E;eq = —0.42 V versus SCE (radical anion),
E\eq = -0.7 V versus SCE (leuco form) and assume the constant C to be
zero due to the polar solvent water [46].
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