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The tailored design of a light-triggered supramolecular cascade
results in an artifical machinery that assimilates the transduction of
photons into chemical communication and the final release of a
neurotransmitter. This is reminiscent of key steps in the natural
vision process.

The vision process is an intricate and complex example of chemical
signal cascading, triggered by light as external stimulus. In a nutshell,
photons are used by 11-cis-retinal, resulting into the conversion into
all-trans-retinal.' This transformation is accompanied by structural
changes of rhodopsin, which subsequently triggers a series of
concatenated chemical signaling events. Ultimately this leads to a
depletion of cGMP and the closing down of Na* ion channels, which
expresses in an attenuation of the dark current and the
hyperpolarization of the photoreceptor cells.? The retina is further
composed of other cells that are intercommunicated in a circuit,
thereby enabling the gift of vision in all its facets: three-dimensional
vision, color perception, adaption to light intensity conditions, etc.
Among these cellular components are amacrine cells,” a diverse group
of interneurons in the retina, which are responsible for the modulation
between bipolar and ganglion cells.

Dopamine is essential for the regulation of light-adapted vision
and photoreceptor coupling in the retina. This neurotransmitter is
released by dopaminergic amacrine cells, following a light-intensity-
modulated circadian rhythm (see Figure 1).> Within this context we
sought to realize an artificial light-driven host-guest system,* * which
would mimic the following features: light-induced structural changes
that lead to a cascade of supramolecular events®!* culminating in the
final release of dopamine.
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We decided to design our system based on the host-guest
chemistry of cucurbit[x]urils (CBn).!®'® These water-soluble
macrocycles feature a hydrophobic and highly polarizable inner cavity
and carbonyl-rimed portals. Hence, guests that can exert hydrophobic
effects and ion-dipole interactions lead to the formation of highly
stable complexes, which often reach affinities in the sub-nanomolar
range.'® 1% 1° Depending on the size and shape of the guest and the
resulting packing in the complex, a highly selective binding to
different CBn homologues (» = 7 and 8 in our case) can be observed.
This may lead to affinity differentiations of up to 5-7 orders of
magnitude. Taking advantage of the high-affinity binding, CBn have
been implied in bio-relevant applications,?” 2! drug delivery,?
functional materials,?* and sensing,>* among others.

Light as external stimulus of supramolecular assemblies is very
attractive due to the possibility of spatiotemporal control.?*-3* This has
been explored as well in the context of CBn chemistry.>>3¥ Among
other photoswitches dithienylethenes (DTEs)*> #° have been proven
very useful*'** and will also play a crucial role in the present work.
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Figure 1. Representation of the photoisomerization of 11-cis-retinal and signal
transduction, triggering dopamine release from amacrine cells.

The design approach towards the envisioned light-controlled
supramolecular cascade is outlined in Figure 2. The initial state of the
five-component mixture is expected to obey the rules of
thermodynamically-controlled self-sorting. The DTE photoswitch in
its non-activated form (1o) should not occupy any of the host
macrocycles, while the mediator guest is bound by CBS, and
dopamine is allocated inside the CB7 cavity. On photoactivation of
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the switch a competitor is formed (1c¢) that displaces the mediator
from CBS8, which then competes with dopamine (DA) for the CB7
macrocycle. This would result in the effective release of the
neurotransmitter. Importantly, the activated photoswitch should not
bypass the mediator function and displace dopamine directly from
CB7.
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Figure 2. Design of the light-controlled supramolecular cascade in a self-sorted five-
component mixture.
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As can be expected for such an intricate situation, a judicious
choice of the guests is indispensable. The mediator should bind much
stronger to CB8 than to CB7, but still have a CB7-affinity that at least
equals that of DA (Kpa.cs7 = 1.1 x 105 M™). We identified
geranylamine (GA) to fit this bill conveniently, being a
subnanomolar-affinity binder for CB8 and a micromolar-affinity
binder for CB7 (Kga-cps/Kga-cp7 ca. 5000);4>4¢ see Table 1. The DTE
photoswitch should show a large CB8-affinity differentiation for its
activated and non-activated forms,* while being a poor binder for
CB?7 in any of its both forms. To our satisfaction switch 1 in both
forms (10 and 1¢) shows very low binding (ca. 10> M!) with CB7;
see Table 1. However, for CB8 high-affinity binding at the
subnanomolar level is observed for the 1¢, while 1o binds ca. 4000
times less strong.*> The absolute CB8-binding affinity of 1c is even
somewhat larger than that of GA. Based on these data a light-induced
cascade should be feasible.
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In the following step we sought to obtain experimental
confirmation for this premise. 'H NMR spectroscopy is the method of
choice to follow the distinct situations of the guests being unbound or
complexed by one of the two CB homologues. When mixing
equimolar amounts (200 uM each in DO at pD 5.4) of the guests GA
and DA and the hosts CB7 and CB8 a clear-cut self-sorting situation
is encountered (see ESI). As predicted from the guest affinities for
each host (see Table 1), GA is complexed exclusively by CB8, while
DA is bound by CB7. This is for example indicated by typical upfield
shifts of the methyl protons of GA.#* Noteworthy, the 'H NMR
signature of GA when complexed by CB7 or CB8 is well
differentiated and can be unambiguously assigned to the latter
situation (see spectra in ESI). The proton signals of DA broaden to
such extent that they are not visible in the CB7 complex.!* The next
question that arises is whether GA can displace DA from its CB7
complex. When adding 200 uM GA to the DA+*CB7 complex (also at
200 pM) the appearance of free DA, signalled by the appearance of
the typical aromatic protons signals at 6.8-6.9 ppm, is detected (see
ESI). Also the characteristic signature of the GA+*CB7 complex
appears. However, some GA (about 50%) remains non-complexed. In
the following we evaluated whether the DTE in either form (1o or 1¢)
would displace GA from its CB8 complex. For this a solution (D,O,
pD 5.4) with 300 pM 1o and 200 uM GA<CB8 was prepared.
Gratifyingly 1o does not displace GA. This is expected, due to the
four orders of magnitude smaller binding constant of 1o with the
macrocycle (see Table 1). However, when isomerising 1o into 1c by
irradiation with 365-nm light (@ie»1c = 0.04; quantitative
conversion)* competition is observed, which results in an efficient
release of GA from the CB8 macrocycle (ca. 90%); see ESI.

Table 1. Binding constants of DTE 1, geranylamine (GA), and dopamine (DA) with CB7
and CB8.

Complex K/ M1

DAeCB72 1.1x10°
DAeCB8? 4.2 x 104
GAeCB7° 3.2 x10°
GAeCB8° 1.4 x 10%©
1oeCB7¢ 1.0x 103
1o°CB8® 6.5 x 10°
1ceCB7¢ 1.0x 103
1ceCB8° 2.2 x 10%0

2Taken from ref. 15. b Taken from ref. 46. < Taken from ref. 43. ¢ Measured in this work
by 'H NMR titration (see ESI). ¢ Taken from ref. 45.
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Figure 3. 'H NMR spectra (500 MHz, in D,0 at pD 5.4) of (a) the initial five-component
mixture, (b) after irradiation (15 min) with 365-nm light (1o—1c), and (c) after back-
isomerization (20 min) with light >550 nm (1c—10). [1] = 300 uM; [GA] = [DA] = [CB7] =
[CB8] = 200 uM. Colour codes: m : 10, = : 1c, m : GA®CBS, = : 1c*CB8, :GA°*CB7,m:DA,
u : GA. x denotes solvent impurities (traces of diethylether, acetone).
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Having gathered compelling experimental proof for the stepwise
competitive displacement of GA from CB8 (by means of the action of
photogenerated 1¢) and DA from CB7 (by means of the action of GA),
we proceeded to the complete cascade experiment in the five-
component mixture ([10] = 300 uM, [DA] = [GA] = [CB7] = [CBS§]
= 200 uM). As anticipated, in this system a very clear self-sorting
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applies: GA is encountered in CB8, DA in CB7, and 1o is not
complexed by any of the macrocycles (see Figure 3a). In agreement
only the proton signals of GA in CB8 are observed. The aromatic
signals of DA are not visible at all, as expected for its complexation
by CB7. The DTE signals correspond to the non-complexed open
form 1o, indicating that this form of the switch does not occupy the
CBS cavity. On photoisomerization (365-nm light), forming 1¢, GA
is found in CB7 (about 90% of the GA is competitively displaced from
CBS by 1¢), 1¢ in CB8 (beside some amount of free 1¢, due to the
excess concentration of the photoswitch), and the aromatic 'H NMR
signals of released DA are clearly appreciated (see Figure 3b). By
comparison of the integrated 'H NMR signals of released DA and the
total amount of DA (released by adding 500 pM
3-aminoadamant-1-ol)'® it can be estimated that ca. 50% of DA is
released in the light-induced cascade.*” On shining visible light (>550
nm) on the 1c¢ form, 1o is formed back quantitatively (@ic—10 =
0.001)* and consequently the initial situation is restored (see Figure
3c). The 'H NMR spectra before 365-nm irradiation and after
irradiation with visible light are practically indistinguishable (Figure
3a and 3c¢).

The simulation of the distribution of the constituents of the
cascade before and after irradiation with UV light provides further
insights into the correct function of the cascade; see Figure 4. This
prediction is based on the coupled thermodynamic equilibria of the
involved host-guest complexes (see ESI). Before irradiation about
82% of all CBS is occupied by GA and 69% of all CB7 capsules have
DA as guest. On 365-nm light irradiation the ring-closed DTE 1e¢ is
formed and now about 90% of all CB8 have this one as guest.
Consequently, the released GA competes with DA for the CB7 cavity
and 79% of all CB7 have the former as guest, while only 20% retain
DA. This means that about 80% of all DA is non-bound after
irradiation, compared to 31% before irradiation. This corresponds to
about 50% light-induced release of DA, being in excellent agreement
with the experiment (see above).
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Figure 4. Predicted distribution of the different host-guest complexes and the free DA in
the five-component mixture, containing either 1o (left) or 1c (right). The percentage
values of the complexes refer to percentage of the corresponding host concentration
(CB7 or CB8), while the percentage value of free DA refers to the fraction of the total DA.
All values are comparable among each other due to the fact the equimolar
concentrations were used for GA, DA, CB7, and CB8 (200 uM). If low percentage values
are assigned a binary 0 and high values a binary 1, then the initial situation (left)
corresponds to the pattern 01010. However, the light-induced changes (right) lead to the
inverted binary pattern (10101), which is in agreement with the intended cascade.
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It should be stressed that the mediator function of GA is strictly
necessary to release DA from CB7, because neither form of 1, open
or closed, could displace DA directly from CB7. This is because both
1o and 1c have binding constants with CB7 that are two orders of
magnitude lower than that of DA. The impossibility to release DA by
means of competitive displacement with 1¢ was demonstrated in a
corresponding 'H NMR experiment (see ESI). All observed signals in
the three-component mixture ([1] = 300 uM; [DA] = [CB7] = 200
uM) correspond perfectly to those of non-bonded DTE (either 1o or
1c¢). In addition, no NMR signals of free DA were observed after the
light-induced conversion of 1o into 1c.

In summary, we report a light-triggered supramolecular cascade
that transduces a photonic signal into the release of dopamine. The
cascade builds on the principles of thermodynamic self-sorting. On
conversion of a DTE phototrigger a different equilibrium situation is
created, which translates into downstream cascading and the final
release of the neurotransmitter. These characteristics, phototriggering,
chemical cascading and release of a neurotransmitter are found in the
vision process, mimicked by the herein described system. This may
be of interest for information processing,*->* where stimuli-dependent
concentration patterns may be of importance,* ' or as light-
dependent actuator.
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