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to favor the formation of less stable, high-
energy complexes composed of
cyclodextrin and azobenzene derivatives.
This represents a rare example of
controlled formation of desired structures
under non-equilibrium conditions. The
operation through visible-light irradiation
in water endows this system with
remarkable potential for applications in
biological environments.
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THE BIGGER PICTURE Nature performs endergonic reactions by coupling them with exergonic ones. This
mechanism underlies the uptake and flow of energy in biochemical networks, enabling its use to achieve spe-
cific structures and functions crucial for living systems. Herein, we show how light can drive the self-assem-
bly of artificial molecular components toward a high-energy host-guest complex not afforded under equilib-
rium. This work represents a rare example of the ratcheted self-assembly of complexes between cyclodextrin
and azobenzene guests, which were previously investigated only for their equilibrium behavior. This
advancement will expand studies on molecular architectures based on cyclodextrins, offering new perspec-
tives for the realization of active materials. Moreover, since the system operates in water and employs visible
light, it is relevant for building artificial molecular machines that operate under physiological conditions, thus
representing a significant step toward their practical application.

SUMMARY

The ability to exploit an energy source to drive chemical reactions away from thermodynamic equilibrium is
an essential feature of life and a grand challenge for the design of fuel-driven dynamic artificial nanosystems.
Here, we investigate the effect of light irradiation on the formation of supramolecular complexes composed of
azobenzene-type guests and a cyclodextrin (CD) host in water. Whereas previous studies on these com-
plexes have focused on equilibrium properties, our work explores far-from-equilibrium distributions obtained
by light-driven association. We demonstrate that the relative abundance of the two CD orientational diaste-
reomeric complexes can be inverted upon photoirradiation and showcase a ratcheted approach, employing
biocompatible macrocycles and harnessing visible light, to the spontaneous formation of high-energy CD
complexes with broad applicability in aqueous environments. We foresee opportunities for the development
of active materials, the design of artificial metabolic networks, and the engineering of molecular machines
operating under physiological conditions.

INTRODUCTION reomeric complexes depending on the relative orientation of

the molecular components, i.e., orientational isomers (Fig-

Cyclodextrins (CDs) are a class of water-soluble macrocycles
composed of n-glucose units (n = 6 in «-CD, n = 7 in B-CD,
and n = 8in y-CD)' and are capable of forming host-guest com-
plexes with aliphatic and aromatic guests in water.”® These
macrocycles lack any plane of symmetry and consist of a wide
and a narrow rim; therefore, their combination with non-symmet-
ric (oriented) linear guests leads to the formation of two diaste-

ure 1A).*® When the orientational isomers display both different
thermodynamic stability and rates of formation, a scenario
involving multiple assembling pathways arises.®® A case in point
is when the less stable product forms more rapidly, referred to as
the transient product (complex A, Figure 1). In line with the
Curtin-Hammett principle,®'* the energy difference between
the threading activation barriers (AAG?) is responsible for the
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Figure 1. Formation of supramolecular complexes between a cyclodextrin host and non-symmetric axle-type guest

(A) Competitive equilibria between a non-symmetric axle and CD.

(B) Schematic free-energy profiles for the spontaneous host-guest complex formation.
(C) Kinetic profiles showing the transient accumulation of the faster and less stable complex A (kinetic product, red trace) followed by its disassembly, which
occurs concomitantly with the formation of complex B (thermodynamic product, blue trace).

transitory accumulation of the kinetic metastable products
(Figures 1B and 1C). However, because the host-guest assem-
bly reactions are reversible, the network will evolve toward ther-
mal equilibrium, in which the thermodynamic product prevails
(complex B, Figure 1)."*

The diastereoselective formation of such assemblies can be
achieved through the kinetic trapping of the system in local
minima."®"'® However, the direct transformation of the stable iso-
mer (complex B, Figure 1) into the higher-energy one (complex A,
Figure 1) is an endergonic process (AG > 0),'® so the consumption
of an energy source is required for sustaining a stationary state in
which the kinetic product dominates.?° This approach, recently
termed “ratcheting synthesis,” involves the consumption of an en-
ergy input (fuel) through orthogonal reaction pathways, enabling
endergonic processes within a closed network of reactions.?’ In
artificial supramolecular systems, ratcheting-assisted assemblies
are referred to as “driven self-assemblies,” in which the transient
products accumulate as a fuel is transformed into a byproduct or
byproducts termed “waste.”?%**

From this perspective, the study of the well-known interaction
between CDs and azobenzene derivatives has acquired renewed
interest. These inclusion complexes have been thoroughly inves-
tigated for the efficient light-induced switching of their association
constants at thermodynamic equilibrium,?* giving rise to applica-
tions across diverse fields, e.g., polymeric-responsive materials,?®
phase-transfer systems,”® cargo-delivery materials,””*® supra-
molecular hydrogels,***° artificial nanochannels,®' functional sur-
faces,® and the development of artificial molecular machines
(AM MS)_24,33,34

However, the possibility of dynamically accessing non-equilib-
rium distributions by light irradiation®*° has been minimally
explored in CD chemistry. In fact, by taking advantage of aratch-
eting synthesis approach, it might be possible to operate kinetic
control of CD/azobenzene systems to result in a light-driven
spontaneous formation. Moreover, considering that diastereo-
meric orientational isomers can be obtained upon complexation
with CDs, such a strategy could be employed to sustain a non-
equilibrium diastereomeric excess (de).*"*°

2 Chem 11, 102375, May 8, 2025

In this study, we thoroughly investigate the thermodynamics
and kinetics of the diastereomeric complexes formed between
a-CD and a set of non-symmetric axles incorporating azoben-
zene units. Our goal is to understand design principles and iden-
tify the relevant parameters to shift the focus of these systems
from classical thermodynamic host-guest assembly to light-sus-
tained distributions away from thermal equilibrium.

RESULTS

Synthesis and characterization of axles 1-3
Non-symmetric cationic axles 1-3 consist of an azobenzene
scaffold endowed with a 3,5-dimethyl stopper unit®”“® and a
pyridinium moiety that provides water solubility (Figure 2A).
This design allows for the unidirectional complexation with
a-CD from the sole pyridinium gate. We chose the pyridinium
substituents to yield different threading kinetic parameters by
increasing steric hindrance (t-Bu >> Me > H). We synthesized
the axles according to a divergent synthetic approach: we em-
ployed the Mills coupling reaction®” to prepare the common azo-
benzene benzyl bromide, which we then functionalized with the
corresponding substituted pyridines to yield the target bromide
salts. Detailed methods can be found in the supplemental
information.

Axles E-1-E-3 show the typical spectral features of E-azo-
benzene. Upon irradiation at 365 nm, E— Z photoisomerization
takes place and leads to a photostationary state (PSS) rich in Z
isomer (>90%). Z— E isomerization can be induced both ther-
mally (ty,2 > 1 month at room temperature) and photochemi-
cally by irradiation with visible light (436 nm), resulting in a
PSS with about 70% of the E isomer (Figures S30-S38 and
Table S6).

When an excess of a-CD was mixed with axle E-1 in deuter-
ated water, the "H NMR spectrum showed two distinct sets of
signals with a negligible amount of free axle (Figure 2B). At chem-
ical equilibrium, one set dominated over the other in a 94:6 ratio,
indicating the coexistence of two host-guest orientational iso-
mers in slow exchange on the NMR timescale.
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Figure 2. Photoactive axles 1-3 and '"H NMR
spectrum of the complex

(A) Molecular structure of axles 1-3 and graphical
representation of a-CD and its glycosidic unit; the
hydrogen nuclei monitored in 'H NMR experiments
are labeled with numbers and letters for the host
and guests, respectively.

(B) Stacked partial "H NMR spectra (500 MHz, D,0,
298 K). Bottom: free axle E-1. Top: mixture of
complex B (blue peaks) and complex A (red peaks
highlighted by asterisks) recorded after equilibrium
was reached. Initial concentrations: [E-1] = 8.0 mM,
[«-CD] = 20.0 mM.

HE=
HE in mi
2 i H, occurred in minutes for axle E-1, whereas
n o4 5 it required several hours for axles E-2 and
wide rim 85 80 75 6.0 E-3. The faster-equilibrating axle E-1 was
a-cyclodextrin 5 (ppm) examined with equimolar solutions of

In the prevalent species (Figure 2B, blue peaks), the H, signal
underwent an upfield shift (A5 = —0.17 ppm; Figure S14 and
Table S1), attributed to the shielding effect provided by the CD
hydrophobic cavity. Conversely, the Hq resonance showed sig-
nificant deshielding (Ad = 0.56 ppm), indicating an interaction
with the electronegative primary hydroxyl groups on the a-CD
narrow rim.

To further investigate the stereochemical arrangement be-
tween the macrocycle and the axle, we performed 'H NMR
ROESY experiments.®"*>%8 The experiments revealed cross-
peaks between the signals of H. on the axle and Hj on the CD;
moreover, the resonances of He correlated with those of Hs (Fig-
ure S17). The combination of 1D and 2D NMR experiments
confirmed that in the most abundant product, the wide rim faces
the stopper unit, corresponding to complex B (Figure 2B).

In the minor product (Figure 2B, resonances marked by aster-
isks), the resonance of H; was deshielded (Ad = 0.44 ppm), sug-
gesting an interaction with the narrow rim. Additionally, a slight
shielding effect of the Hqy resonance (A3 = —0.14 ppm) points
to the inclusion of the photoactive segment into the cavity. These
findings indicate that in this complex, the narrow rim faces the
stopper unit (Figure 2B, complex A).

Similar results were observed in analogous experiments per-
formed with axles E-2 and E-3 (Figures S15, S16, and S18-
S20). Interestingly, the investigation of the self-assembling equil-
ibration through UV-visible (UV-vis) spectroscopy revealed
that the A and B isomers exhibited different UV-vis spectra: the
-1t band of both products showed hypochromic and batho-
chromic effects, which were more pronounced for the A-type
and B-type complexes, respectively (Figures S39, S40, and
S43). The complexes with axles E-2 and E-3 were also charac-
terized by means of high-resolution mass spectrometry electro-
spray ionization (HRMS-ESI) (Figures S28 and S29).

Kinetic and thermodynamic analysis

The nature of the substituent on the pyridinium gate directly influ-
ences the kinetics of the formation of isomers A and B. At milli-
molar concentrations and room temperature, the association

both the host and the guest. In contrast,

axles E-2 and E-3 required higher con-
centrations and excess of macrocycle because of their slower
threading-dethreading kinetics (Figures S21-523).

Figure 3A shows the complexation kinetics of axle E-2 and
a-CD recorded by means of time-resolved "H NMR spectros-
copy. The analysis of the time profile showed that the rapidly
forming complex A (red dots) coincides with a metastable kinetic
product. The latter is transiently accumulated in the first few mi-
nutes before eventually leading to the formation of complex B
(blue dots), i.e., the thermodynamic product.

The first instants of the process were monitored by a spectro-
photometric stopped-flow technique, which provided higher
temporal resolution (Figure 3B). Notably, the kinetic trace re-
corded for the formation of complex A did not show a marked
plateau. This was due to the simultaneous formation of complex
B, whose complete threading process was followed via longer
recording times by a UV-vis spectrophotometer (Figures 3B
[inset] and S47).

At the thermodynamic equilibrium, the distribution of the
orientational isomers is composed of 90% of thermodynamic
product B and less than 10% of kinetic product A. Similar dis-
tributions were observed for the analogous experiment con-
ducted with axle E-1 (Figures S21, S44, and S45), whereby
the process occurred in a shorter timescale because substitu-
ents were absent from the pyridinium gate. In contrast, axle E-3
exhibited an extremely slow threading profile, ascribed to the
presence of the bulky tert-butyl group in the para position of
the pyridinium (Figures S23 and S48). Moreover, the system fol-
lowed the opposite trend: complex B was formed faster, so the
most stable product also had the lower activation barrier. We
obtained the kinetic and thermodynamic parameters of axles
1-3 by fitting the experimental traces (Table 1; see additional
details in Tables S4, S5, and S7-S9).

The association constants of the B isomers (Kg) were in the or-
der of magnitude 10* M~", consistent with literature reports for
similar systems.?° Notably, the association constants of the
less stable orientational isomers (Ka) were at least one order of
magnitude smaller than those of the corresponding Kg. The
higher Kg value is most likely due to the co-conformational
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Figure 3. Thermal equilibration of the system composed of E-2 and
a-CD

(A) "H NMR concentration profiles (500 MHz, D,0, 298 K) of the equilibration
between axle E-2 (8.0 mM) and «-CD (20.0 mM). In the graph, the concen-
trations in time of complex A (red dots), complex B (blue dots), free -CD (gray
dots), and free E-2 (green dots) are reported together with the data fit (black
lines).

(B) Time-dependent absorption changes at 395 and 360 nm (purple dots)
together with the data fit (black line) upon rapid mixing of E-2 and «-CD in H20.
Final concentrations: [E-2] = 49.7 uM, [o-CD] = 11.7 mM.

geometry of the B isomers, which favor ion-dipole interactions
between the electronegative narrow rim of the CD and the
cationic pyridinium gate (Figure 2B).

As a general trend, for both A and B orientational isomers, the
kinetic constant values (k;, and ko1 decreased as the steric hin-
drance increased. Moreover, the electrostatic interaction between
the narrow rim of the host and the cationic gate could have assis-
ted the formation of the fast-forming complex A. This phenome-
non justifies the behavior observed in E-1 and E-2, where the ste-
ric hindrance of the gate is less important. In contrast, in E-3, the
bulky tert-butyl unit dramatically obstructed threading, and the ki-
netic rate constant for complex A formation (ka.in) was five orders
of magnitude lower than that determined for E-1.

4 Chem 11, 102375, May 8, 2025
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Table 1. Thermodynamic and kinetic constants for the
association process of axles E-1-E-3 and «-CD

AAG°® AAGH
Kg Kg-in Ka Kacin (kcal  (kcal
Axle (10*°M™)y M 's™)  (10*M ) M 'sT)  mol") mol)
E-1 220 22.0 0.13 51.5 170 0.50
E-2 1.07 9.30 x 1072 0.07 1.13 1.60 1.40
E-3 1.84 1.64 x 10°° 0.05 340 x107* 210 —1.00

K, association constants; ki,, kinetic constants of threading; kout, kinetic
constants relative to the dethreading of complexes A and B. The differ-
ence in free energy for the competitive association was calculated as
AAG® = AG°p — AG°g, Where AG°A = —RTIn(K4) and AG°g = —RTIN(Kpg).
The free energy of activation (AG;,?) was calculated with the Eyring equa-
tion AGint = —RTIn(kiwh/kgT), where R, h, and kg correspond to the gas,
Planck, and Boltzmann constants, respectively. The difference in free en-
ergy of activation for the competitive association was calculated as
AAG* = AGg.int — AGain'.

The qualitative free-energy profiles for the competitive forma-
tion of complexes A and B are reported in Figure 4.

As we compare the values of AAG* and the relative energies of
the complexes (Figure 4 and Table 1), it becomes evident that the
relative stabilities (AAG®) of the two orientational isomers are
similar for E-1, E-2, and E-3. In contrast, the difference in their
activation barriers is more significant. Specifically, both E-1
and E-2 exhibited AAG* > 0, which means that the insertion of
the positively charged pyridinium extremity is kinetically favored
through the CD narrow rim with respect to the wider rim. When
E-1 was replaced with E-2, ki, decreased by about 50 times,
whereas kg., dropped by a factor of 240. The effect was
reversed for E-3, whose complex B formed faster than the corre-
sponding A isomer (negative AAG?).

All together, these observations suggest that the threading ki-
netics are affected by the interplay of electrostatic and steric ef-
fects. For both E-1 and E-2, the partial negative charge present
on the narrow rim might assist the threading of the positively
charged end that leads to complex A. The much larger AAG?
of E-2than of E-1 (Table 1) indicates that, despite the steric effect
added by the methyl group that increases all activation barriers
(Table S5), electrostatic interactions still play a predominant
role in guiding the association process. On the other hand, if
the pyridinium extremity is very bulky, as for E-3, the steric hin-
drance dominates, and the insertion through the wider rim be-
comes the faster route, leading to complex B.

Among the investigated axles, E-2 exhibited the highest AAG*
value, suggesting that it might provide greater selectivity for the
kinetic trapping of the A-type orientational isomer. For this
reason, we carried out the following irradiation experiments by
exclusively using this axle.

Light-effected kinetic control of host-guest system
formation

Having understood the kinetic and thermodynamic behavior of
E-2 and a-CD in the absence of light, we studied the interaction
between the long-living axle Z-2, obtained by irradiation at
365 nm (Table S6), and the CD host. First, we performed a 'H
NMR titration experiment. The resonance frequency of the axle
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Figure 4. Competitive association of the azobenzene axles with «-CD

Schematic free-energy profiles for the competitive formation of complexes A and B between «-CD and E-1 (A), E-2 (B), and E-3 (C). The distribution of the species
is represented by gray, red, and blue spheres corresponding to free axle, complex A, and complex B, respectively.

nuclei underwent minor shifts during the titration, denoting
poor interactions between the components (K> ~70 M~"; Fig-
ure S24).?° The peaks that were most affected belonged to the
aromatic nuclei H, and H,, as well as to the methyl protons Hy,
all associated with the stopper unit. These observations suggest
the minor formation of an exo-complex, in which the hydropho-
bic dimethyl phenyl stopper comes close to the CD cavity. This
experiment, in line with literature results,>>~>**° confirms that
the bulky Z-azobenzene axle cannot be encapsulated within
the o-CD cavity.

The lack of association between Z-2 and «-CD implies that,
starting from the E-2 complex, the irradiation with an appropriate
wavelength would induce dethreading as a consequence of E—
Z photoisomerization of the complexed E axle inside the host
cavity. To confirm this, we successfully monitored the photoiso-
merization of the two types of complexes with a UV-vis spectro-
scopic technique (Figures S41 and S42; supplemental informa-
tion section “photokinetic modeling”).

To investigate the behavior of the system under illumination,
we performed 'H NMR kinetic experiments on a dark-equili-
brated solution of axle E-2 and «-CD upon in situ irradiation
with a UV light-emitting diode (LED) source (369 + 15 nm) directly
connected to a quartz optical fiber (Figure 5A).°°7%2

The dissociation process of the Z complex triggered by photo-
isomerization is too fast to be observed with our techniques. At
the PSS obtained upon UV irradiation (369 nm), the solution con-
tained 36% of the E complex (18% complex A and 8% complex
B) and 74% of the free axle (9% E-2 and 65% Z-2) (Figure 5B).
Remarkably, continuous irradiation favored the formation of
the unstable but faster-forming kinetic complex A.

In an analogous experiment, a solution equilibrated in the
dark was irradiated with a blue LED source (453 nm) (Figure 5C).
Under these conditions, the system reached a PSS in which the
kinetic complex A accounted for 45% of the species and was
the most abundant moiety. The fraction of free axle was only
37% (17% E-2 and 20% Z-2) (Figure 5D). These experiments
indicate that at 453 nm, the incoming light energy is utilized
more efficiently than UV irradiation to accumulate the kinetic
product.

DISCUSSION

Operation of the light-driven association

We can interpret the experimental results by analyzing the inter-
play of the self-assembly and photoisomerization reactions in
a network consisting of two interconnected square schemes
(Figure 6A). Therefore, the following paragraph will provide a
description of the phenomena governing the system, and the
comprehensive kinetic modeling is reported in supplemental in-
formation section “photokinetic modeling.”

From a kinetic perspective, the dethreading of the Z com-
plexes can be considered irreversible given that the association
between the Z-2 guest and «-CD is negligible, and the dissocia-
tion of the photogenerated complex is instantaneous on the
experimental timescale. Therefore, the sole photoreaction that
can occur for the encapsulated axle is the E— Z photoisomeriza-
tion of the E complexes. These two consecutive and practically
unidirectional reactions impart a net directionality in both square
schemes, represented by the circular arrows of Figure 6A.

However, this condition is not sufficient to explain the accumu-
lation of complex A under irradiation. Indeed, the kinetic asym-
metry'®°% in the rates of assembly is key to the selective accu-
mulation of complex A. This asymmetry is responsible for the
emergence of two competing specular ratcheting mechanisms
(red and blue circular arrows in Figure 6A), one of which is
more efficient, ultimately resulting in the driven formation of com-
plex A.

The mechanism can be further explained by the reaction pro-
files depicted in Figure 6B. In the dark, the system is composed
of the free E-2 axle together with complexes A and B, the latter of
which is the predominant species at equilibrium (Figure 6B,
stage |). Irradiation of the system induces E— Z photoisomeriza-
tion, leading to the formation of unstable Z complexes that
rapidly disassemble into free Z-2 (Figure 6B, stage Il). Subse-
quently, the absorption of further photons triggers the reverse
photoisomerization of free Z-2 into E-2. The photogenerated E
axle is now more rapidly complexed to yield complex A (Fig-
ure 6B, stage Ill). Under continuous irradiation, the progressive
repetition of these steps allows the autonomous light-driven

Chem 11, 102375, May 8, 2025 5
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Figure 5. Irradiation experiments of the complexes

(A) "H NMR concentration profiles (500 MHz, D0, 298 K) observed upon irradiation with UV light (369 + 15 nm) and starting from an equilibrated solution of £-2

(2.0 mM) and &-CD (5.0 mM).

(B) Partial "H NMR spectrum showing the resonance of H; in E-2 after exhaustive UV light irradiation.
(C) "H NMR concentration profiles (500 MHz, D,0, 298 K) observed upon irradiation with blue light (453 + 15 nm) and starting from an equilibrated solution of axle

E-2 (2.0 mM) and «-CD (5.0 mM).

(D) Partial "H NMR spectrum showing the resonance of H¢ in E-2 after exhaustive blue light irradiation. For both graphs, traces are shown as follows: red, complex

A; blue, complex B; green, free axle E-2; orange, free axle Z-2.

preferential formation of complex A (Figure 6B, stage IV). In this
context, the dependance of the accumulation of complex A on
the irradiation wavelength is due to the ratio of E and Z isomers
at the PSSs: UV light produces a higher amount of Z isomers, un-
able to form complexes, whereas visible light leads to a greater
proportion of E isomers, readily available for complexation.
Consequently, visible light proves more effective for accumu-
lating complex A, enhancing the efficiency of the light-driven
non-equilibrium distribution.

Considering this ratchet mechanism, the light-driven preferen-
tial formation of complex A can be obtained in a shorter time-
scale than achieved by previous experiments (Figure 5) by oper-
ating under different experimental conditions: (1) starting the
irradiation immediately after mixing both components when
complex A is the predominant species in solution before the ther-

6 Chem 11, 102375, May 8, 2025

modynamic equilibration (Figure S53) and (2) in a sequential
experiment, inducing the dissociation of the complexes by UV
irradiation and subsequently promoting Z—E isomerization
with visible light to prompt the ratcheted-driven formation of
complex A (Figure S54).

Conclusions

We investigated a family of oriented azobenzene-based photo-
switchable axles that exhibit high association constants with
a-CD in water. Because of the non-symmetric nature of the CD
host, two distinct orientational diastereomers are formed upon
complexation. By strategically modifying the substituents on the
pyridinium terminus of the axles, we were able to fine-tune the ki-
netic constants associated with the threading and dethreading
processes. After a detailed investigation of the complexation
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Figure 6. Light-driven formation of complex A

(A) Network of interconnected complexation and E 2 Z photoisomerization reactions occurring in a system composed of axles 2 and «-CD.

(B) Schematic free-energy profiles for two competitive equilibria in the dark (l) and under continuous light irradiation (Il to IV). The repeated phototriggered
switching between profiles Il and Il leads to non-equilibrium distributions of the products under continuous light irradiation (IV).

reaction of the three axles with «-CD, we focused on guest E-2,  distribution in the dark to a non-equilibrium one under light irra-

which showed the highest kinetic selectivity for the accumulation  diation, resulting in the population of complex A.

of the metastable complex A. Notably, kinetic control with visible light proved more advanta-
Our study demonstrates that the relative abundance of thetwo  geous than that with UV light given that visible photoirradiation

orientational isomers can be shifted from a thermally equilibrated  affords a PSS richer in the E isomer. This aspect is of great

Chem 11, 102375, May 8, 2025 7
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significance because it allows one to control the diastereoselec-
tivity of the host-guest complex formation by tuning the irradia-
tion wavelength.

The present results extend the vast knowledge on CD host-
guest complexes, typically investigated at chemical equilibrium,
toward dissipative non-equilibrium regimes sustained by light
irradiation. The system represents the first demonstration of a
ratcheting synthesis of CD supramolecular complexes in an
aqueous environment. Moreover, it contributes to a deeper un-
derstanding of the energy uptake and transformation within a
system of multiple reactions.

The general validity of the mechanism described and the
ample choice of guests for CDs render our findings amenable
to development in various contexts. Additionally, the possibility
of operating the network in water and using visible light en-
hances the potential for future applications in diverse fields,**
including the assembly of life-like systems operating in physio-
logical conditions, the engineering of supramolecular active ma-
terials, and the realization of artificial molecular motors that op-
erate in an aqueous environment.

METHODS

Detailed methods can be found in the supplemental information.
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