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Abstract

The control of molecular motion to produce well-defined mechanical effects or tasks remains
inherently challenging due to random Brownian motion. Although directional motion at the
molecular scale has been widely demonstrated, its translation into controlled molecular
architectures remains limited. Here, we show that a rotary molecular motor can actively direct the
assembly of two polymer chains into a double-helical structure. Two poly(ethylene oxide) chains
were covalently anchored to an overcrowded alkene-based motor, whose unidirectional rotation
is driven by UV-light. The resulting motor-induced entanglement was probed by single-molecule
force spectroscopy, revealing distinct mechanical signatures, including force plateaus and twist—
stretch coupling behaviour, consistent with the formation of intertwined polymer chains in a double-
helical arrangement reminiscent of DNA. These findings demonstrate how molecular rotary motion
can be harnessed to induce controlled long-range mechanical organization, enabling the
propagation of nanoscale motion into well-defined supramolecular assemblies and establishing

design principles for motor-driven molecular architectures.
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Introduction

The remarkable functionality and controlled motion exhibited by biological molecular machines
have long inspired the development of artificial, stimuli-responsive molecular motors'. Motivated
by natural rotary systems such as adenosine triphosphate synthase??, chemists have sought to
design synthetic analogues capable of achieving controlled unidirectional rotation. This objective
was first realized by Feringa and co-workers in 1999 with the development of a light-driven motor
based on double-bond isomerization in an overcrowded alkene*. These motors convert ultraviolet
(UV)-light and thermal energy into controlled, unidirectional rotation.

More recently, such mechanically productive motion has been shown to drive the winding of
polymer chains in looped figure of eight conformations or in gel networks, leading to the formation
of thermodynamically disfavoured entanglements.>” In these systems, star-shaped polymer—
motor conjugates act as mechanically active reticulation nodes, enabling out-of-equilibrium
actuation. Upon continuous UV irradiation, the embedded motors undergo sustained unidirectional
rotation, progressively twisting the covalently attached polymer chains.® In gels, the resulting
accumulation of torsional strain across the network gives rise to a collective mechanical response,
ultimately leading to a macroscopic contraction of the material. Despite these advances, however,
experimental examples in which molecular motors drive well-defined mechanical processes with
clearly detectable effects remain scarce.

Here, we sought to determine whether the rotation of a single, isolated molecular motor could
induce the twisting of a pair of polymer chains directly attached to its rotor part. To directly probe
the mechanical consequences of this rotation at the molecular level, we turned to atomic force
microscopy (AFM)-based single-molecule force spectroscopy (SMFS), a powerful technique that
provides access to the force—extension response of individual polymer systems. SMFS has been
extensively used to investigate the mechanical properties of polymers,® supramolecular
assemblies,® and biomacromolecules,'® and has more recently emerged as a valuable tool to
study the operation and work generation of synthetic molecular machines and motors."™" In
particular, SMFS enables the identification of distinct molecular conformations through their
characteristic mechanical signatures, allowing one to distinguish between random coils, entangled
structures, and ordered assemblies. Previous studies have demonstrated its ability to capture

1618 and the unwinding of

mechanically induced transitions such as helix—coil transformations
DNA-like structures.'?° Within this framework, we hypothesized that motor-induced entanglement
or helical organization of polymer chains would generate specific and detectable features in the

force—distance profiles.
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Accordingly, we employed SMFS to probe the response of individual polymer—motor conjugates
under UV irradiation, with the aim of establishing a direct link between molecular rotary motion

and the emergence of controlled polymer architectures.

Results and discussion

Sample preparation prior to AFM experiments.

To enable single-molecule force spectroscopy measurements, we designed polymer—motor
systems that could be robustly anchored to a surface while maintaining sufficient spatial isolation
between individual conjugates. Bis-alkyne bis-PEGsgoo light-driven rotary motor 1 (Figure 1a) and
its non-rotary episulfide analog 2 (Figure 1b) were synthesized and fully characterized (see
detailed protocols in Supporting Information sections 1 and 2). To prepare for motor grafting,
plasma activated silicon wafers were first functionalized by silanization with aliphatic azides,
providing a reactive platform for subsequent coupling. The motor and a passivating alkyne (1-
decyne) were then co-grafted onto the surface via a copper-catalyzed Huisgen [3+2] cycloaddition
(“click” reaction). Importantly, the ratio between motor and passivator was carefully tuned to
achieve a low surface density of approximately 0.25 motor.nm™. This dilution strategy ensures
that individual polymer—motor conjugates can be selectively addressed during AFM-based force

spectroscopy measurements (see detailed protocols in Supporting Information, Section 3).

SMFS measurements on the polymer—-motor conjugates before irradiation

Following grafting, SMFS experiments were performed on the polymer—motor conjugates in the
dark to establish the characteristic force—distance profiles of the system prior to irradiation.
Approach-retraction cycles of the AFM tip were carried out in N,N-dimethylformamide (DMF) at a
velocity of 200 nm s™, enabling the capture and stretching of polyethylene oxide (PEO) chains
attached to the rotor (Figure 1c). As the tip—surface separation increases, the restoring force
exerted by the polymer rises, yielding characteristic and reproducible force—distance profiles
(Figure 2a). The rupture distances correspond to extension values that are in good agreement
with the contour length of the polymer—motor conjugate (Figure S1).

We used the worm-like-chain (WLC)?' model, a statistical mechanical framework describing the
entropic elasticity of a flexible polymer in a random coil conformation upon extension, to
quantitatively analyze the force profiles. From these fits (Figure 2a, dotted lines), we extracted two
key parameters: the contour length (Lc) and the persistence length (/). Lc corresponds to the
maximum extension of a polymer chain in an entropic regime (i.e. without deformation of bond

lengths and angles), and is normalized to unity in Figure 2a. I, represents the smallest segment
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pointing in a defined direction and reflets the flexibility of the chain. It governs the initial curvature
of the force—distance curves: the lower the I,, the more flexible the chain.

A gaussian deconvolution of the I, distribution reveals the presence of two distinct populations
centred at 0.18 £ 0.01 and 0.35 + 0.01 nm (Figure 2b). The second value is in good agreement
with reported persistence lengths for a single PEO chain (0.35-0.40 nm),?? indicating that these
events correspond to the stretching of individual polymer chains. By contrast, the most probable
value at 0.18 £ 0.01 nm, which is approximately half of the expected value, points to an apparent
increase in flexibility of the system. This observation can be rationalized by considering that the
persistence length has been shown to scale inversely with the number of polymer chains stretched
in parallel.?=?° In such a situation, the effective flexibility of the system increases due to the
additional degrees of freedom introduced by the presence of multiple chains, leading to a reduction
in the apparent /, value. Based on this relationship, we can therefore infer that, during the pulling
experiments, two PEO chains are frequently stretched simultaneously (as illustrated in Figure 1c),
effectively reducing the measured persistence length by a factor of two. It is thus possible to
distinguish when one or two chains have been grabbed by the tip. The relatively high probability
of capturing two chains at once can be attributed to the random-coil conformation of PEO in
solution. This conformation enhances the likelihood that both chains come into contact with and
physisorb onto the AFM tip during the approach—retraction cycle, rather than a single chain being

isolated.

SMFS measurements on polymer—motor conjugates after irradiation

Prior to the SMFS experiments, the surfaces were irradiated under UV-light for 1 minute (1.29 W,
0.43 mW cm™ at 366 nm) to trigger the rotation of the molecular motors.?® Standard SMFS
measurements were then performed under the same conditions as described above, ensuring
direct comparability with the non-irradiated system. In contrast to the force—distance profiles
obtained in the dark, two distinctive features emerged after irradiation: extended plateaus and
characteristic S-shaped curves. Importantly, these signatures were systematically observed only
after UV activation, indicating that they originate from specific polymer conformations generated
by the light-driven unidirectional rotation of the molecular motors. This clear difference highlights
the direct impact of motor actuation on the organization of the polymer chains at the single-
molecule level.

When sufficiently high forces are reached, a force plateau emerges in the force—distance curves
(Figure 3a). Initially, the force increases with extension following a WLC behaviour, characteristic

of the stretching of a flexible polymer in a random-coil conformation. The persistence length (/)
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extracted from this initial regime is approximately 0.37 nm (Figure S2), which is consistent with
the stretching of a single PEO chain. Beyond this regime, the force reaches a constant value over
a defined extension, forming a plateau. Such behaviour indicates the progressive release of
hidden length during elongation and is characteristic of a structural transition, which can be
associated with a helix—coil transformation. This interpretation is supported by previous force
spectroscopy studies reporting similar plateaus during the unwinding of supramolecular helices'®
18.27 or the melting of double-stranded DNA.?8 After this plateau, the force increases again following
a WLC behaviour, until the final rupture event corresponding to the detachment of the molecule
from the AFM tip. Notably, comparable plateaus are observed in DNA when only one strand is
captured by the AFM tip, leading to the mechanical unwinding of the double helix. In the present
case, the observation of a well-defined plateau, combined with the persistence length measured
prior to the plateau, strongly suggests that only one PEO chain is directly pulled, while the second
chain remains entangled and is progressively released during stretching. We therefore suggest
that the unidirectional rotation of the motor under UV irradiation induces the formation of an
ordered, double-helical arrangement of the two PEO chains. Under these conditions, the applied
force promotes the progressive disentanglement of the chains and induces characteristic
mechanical signatures, as described below.

During SMFS experiments, when the tension applied to the pulled PEO chain —entangled with
the second one— reaches a threshold of approximately 50 pN, the system begins to disentangle.
The plateau can thus be attributed to the progressive release of chain segments initially trapped
within the entanglement. At the molecular level, PEO chains arranged in a helical conformation
adopt a trans—trans—gauche (ttg) conformation.?® Upon stretching, a mechanically induced
transition toward a more extended frans—trans—trans (ttt) conformation occurs, resulting in an
increase in contour length that manifests as the observed plateau. The measured plateau force
threshold (49 pN, Figure 3b) is in excellent agreement with reported values for the ttg-to-ttt
transition in PEO (~50 pN).?® Based on an estimated extension of 0.8 A per monomer unit
(corresponding to segment lengths of 2.78 A and 3.58 A for ttg and tft conformations,
respectively), the average plateau length of approximately 2 nm (Figure 3c) corresponds to the
isomerization of about 21 monomer units. This represents roughly 20% of the polymer chain being
involved in the entangled region. Furthermore, as the torsional strain introduced by successive
motor rotations accumulates, the increasing mechanical tension is expected to reduce the
quantum yield of the motor, eventually leading to a complete arrest of rotation.” In this context, the
extent of entanglement observed here already represents a significant fraction of the chain.

Insights from crystallographic studies indicate that approximately seven monomer units are
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required to complete two helical turns.*® On this basis, we estimate that the entangled region
corresponds to an average of six helical turns, with up to 18 turns for the longest plateau events.
By correlating these structural parameters with the number of unidirectional rotations occurring
during one minute of UV irradiation, we estimate an average rotation frequency of ~0.1 Hz for this
motor, reaching up to ~0.3 Hz when considering the longest plateau events. These values should
be regarded as lower-bound estimates of the rotation frequency. Indeed, partial relaxation or
disentanglement of the polymer chains between the irradiation period and the force spectroscopy
measurement would lead to an underestimation of the actual number of turns generated during
motor operation. However, no decrease in plateau length is observed over time, suggesting that
the entangled structures remain largely stable once formed and that relaxation processes are
limited on the timescale of the experiments. In addition, the accumulation of mechanical strain
during the entanglement process may transiently oppose rotation, further increasing the number
of motor cycles required to generate a given helical structure. Notably, the estimated rotation
frequencies are consistent with previously reported values (~102 Hz), measured in more
constrained systems such as polymer gels, where the increased mechanical resistance is
expected to reduce the motor speed.® Overall, this agreement supports the consistency of our

mechanical analysis with established motor dynamics.

As a control experiment, similar pulling measurements were performed after UV irradiation on a
chemically locked motor, in which the central double bond was replaced by an episulfide moiety®
(Figure 1b). In this configuration, the cyclic structure —instead of a double bond between the stator
and the rotor— prevents access to the excited-state geometry required for isomerization, thereby
inhibiting the unidirectional rotation mechanism described above. In striking contrast to the active
system, no force plateaus were observed in the corresponding force—distance curves. This
absence of plateaus unambiguously demonstrates that the formation of the double-helical
arrangement of the PEO chains is a direct consequence of motor operation, rather than a

nonspecific effect of UV irradiation or polymer interactions alone.

A second distinctive force—distance profile was identified in the form of S-shaped curves,
characterized by an inverted curvature (Figure 4). These signatures are attributed to cases where
both polymer chains are simultaneously captured and stretched by the AFM tip. Initially, the
response follows a classical WLC behaviour corresponding to the stretching of the polymer—motor
conjugate. At higher extensions, however, a clear deviation from this model appears, marked by

a reversal in the curvature of the force—distance trace. Such S-shaped features have previously
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been reported during the stretching of DNA,*' where they are attributed to an overwinding of the
double helix that leads to an extension of the molecule.®? This behaviour arises when both strands
are engaged during pulling and results from a coupling between torsion and extension, known as
twist—stretch coupling.®® In this regime, the applied mechanical force induces additional twisting of
the helix, which in turn modifies its extension, giving rise to a characteristic deviation from the
WLC prediction.®? By analogy, the observation of similar S-shaped signatures in our system
strongly supports the formation of an intertwined structure involving two PEO chains. The
presence of such twist—stretch coupling behaviour therefore provides further evidence that the
motor-driven rotation under UV irradiation generates a double-helical organization of the two PEO

chains.

Finally, force—distance profiles consisting of a single rupture peak were also observed. These
events arise when the interaction between the PEO chain and the AFM tip is too weak to sustain
the forces required for unwinding the helical structure (Figure 3b). As a result, the polymer
detaches from the tip before the characteristic plateau or S-shaped signatures can develop.
Interestingly, a significant fraction of these single-peak profiles exhibits I, values exceeding the

theoretical value expected for individual PEO chains. To better understand this behaviour, Figure

5a presents the [, distribution as a function of the rupture distance. A clear correlation emerges,

with higher /, values associated with larger rupture extensions. Such elevated I, values are
indicative of a significantly more rigid system, which can be rationalized by a high degree of
entanglement between the PEO chains, leading to the formation of a compact helical structure
(Figure 5b).

Assuming that the ethylene oxide units predominantly adopt a trans—trans—gauche (ttg)
conformation within this helical arrangement, the average rupture length of 32 nm, obtained from
gaussian deconvolution (Figure 5a, top panel) corresponds to approximately 116 monomers units
within the high-/, structure. This estimate is based on a crystallographic fiber period of 1.925 nm
for seven monomer units, corresponding to two helical turns.*° This value closely matches the total
length of the polymer chain (113 monomers), with the slight difference likely reflecting the
formation of a double-helical structure rather than a single helix. On this basis, we estimate that
up to 32 unidirectional rotation cycles are required to fully braid the polymer chains into these
highly rigid configurations. This number suggests that higher effective rotation frequencies
(potentially up to ~0.6 Hz) may be reached for the most extended structures, compared to those
inferred from the plateau analysis. The relatively broad distribution of /, values further reflects the

presence of structural heterogeneity within the helix, likely arising from occasional frans—trans—
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trans (ttt) defects, which locally affect both the rigidity and the extension of the system. Overall,
the correlation between increased persistence lengths and larger rupture distances provides
additional evidence for the formation of highly ordered, entangled structures. Consistently, control
SMFS experiments performed on the episulfide-based, non-rotating motor, after UV irradiation do
not exhibit such elevated I, values (Figure S3), confirming that this behaviour originates from

motor-driven organization of the polymer chains.

Taken together, the emergence of force plateaus, S-shaped profiles, and enhanced persistence
lengths provides consistent and complementary evidence that light-driven motor rotation induces
the formation of double-helical structures, establishing a direct link between molecular motion and

controlled mechanical structuring at the single-molecule level.

Conclusion

In summary, we provide direct experimental evidence of molecular motor-driven braiding of two
polymer chains within polymer—motor conjugates, probed at the single-molecule level using AFM-
based SMFS. Prior to irradiation, the system exhibits a stochastic random-coil conformation,
characterized by classical WLC behaviour. The emergence of a persistence length population at
[, = 0.18 nm further reveals the ability to distinguish events in which two polymer chains are
stretched simultaneously.

Upon UV irradiation, the force—distance response of the polymer—motor conjugates is profoundly
altered, reflecting the propagation of the motor’s unidirectional rotation through the polymer
system. The appearance of force plateaus at 49 pN —consistent with the ttg-to-ttt isomerization
of PEO— and S-shaped signatures characteristic of twist—stretch coupling collectively
demonstrate a transition from disordered coils to ordered, double-helical structures arising from
motor-driven entanglement. Quantitative analysis of the plateau events indicates that, on average,
approximately 20% of the polymer chain becomes trapped within the entangled structure,
corresponding to about six unidirectional rotation cycles, before the resulting internal tension limits
further rotation. Extending this analysis to the most entangled configurations reveals that up to
several tens of rotation cycles can be accumulated, enabling the formation of highly extended
double-helical architectures and indicating effective rotation frequencies close to the Hz range. In
addition, the correlation between increased persistence lengths and larger rupture distances
provides further evidence for the formation of rigid, intertwined supramolecular architectures.
Crucially, the absence of such features in chemically locked episulfide controls confirms that the

observed organization arises directly from motor activity.
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Taken together, these findings establish a clear causal link between sub-nanometre rotary motion
and controlled mechanical organization at larger length scales. Importantly, these results show
that the motion of a single synthetic molecular motor can be harnessed to drive the formation of
double-helical architectures from flexible polymer chains. More broadly, they demonstrate how
directional molecular motion can be harnessed to impose order within otherwise disordered
polymer systems.®* This ability to translate nanoscale actuation into programmable mechanical
properties represents a key step towards the design of active, out-of-equilibrium materials with
tunable stiffness, controlled entanglement, and light-responsive behaviour. Ultimately, mastering
the coupling between molecular machines and polymer mechanics opens new avenues for the
development of synthetic systems with increasingly complex, functionally integrated dynamics,

approaching those of biological machinery.

Supplementary Information

See Supplementary Information for detailed methods and protocols: Details of the synthesis of all

molecules, NMR data, details of force spectroscopy experiments and supplementary figures.
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Methods

See Supplementary Information for detailed methods and protocols.

Synthesis of molecular motors.

See SI

Grafting onto silica surfaces.

See SI

SMFS experiments.

Single-molecule force spectroscopy experiments were performed using an MFP-3D Origin+
atomic force microscope (Asylum Research, Oxford Instruments) equipped with OBL-10 Biolever
cantilevers (Bruker) with a nominal spring constant of k = 0.03 N-m™. Prior to each experiment,
the cantilevers were calibrated in air using both the thermal noise method and the Sader method
to ensure accurate force measurements. Approach—retraction cycles were conducted in N,N-
dimethylformamide at a constant velocity of 200 nm-s™, with a sampling rate of 17 kHz. During
the approach phase, the AFM tip was brought into contact with the surface until a contact force of

500 pN was reached, ensuring the physisorption of polymer chains onto the cantilever tip.
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Figure 1. Design of the polymer-motor conjugates and experimental setup. a. Chemical

structure of the polymer—motor conjugate based on an overcrowded alkene rotary motor. b.
Chemical structure of the control conjugate incorporating an episulfide cycle, which chemically

320 locks the rotation. ¢. Schematic representation of the SMFS experiment used to probe the
mechanical response of individual conjugates.
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Figure 2. Force-distance analysis of polymer—-motor conjugates prior to irradiation. a.
Superposition of representative force—distance curves obtained in DMF on the polymer—-motor

conjugate before UV irradiation. Distances are normalized by their contour length obtained from
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WLC fitting. The blue curve corresponds to a I, value of 0.35 nm, characteristic of the stretching
of a single PEO chain, whereas the orange curve (I, = 0.18 nm) is assigned to the simultaneous
stretching of two PEO chains in parallel. b. Histogram of the extracted I, values (N = 638). The
black trace represents the probability density function, while the dashed orange and blue lines

correspond to gaussian fits associated with the two populations.
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Figure 3. Mechanical signature of motor-induced entanglement after UV irradiation. a.
Representative force—distance curve displaying a plateau, recorded on a polymer—motor
conjugate after UV irradiation. The raw signal is shown in light grey and the smoothed curve in
dark grey. WLC fits applied before and after the plateau are shown as blue and orange dashed
lines, respectively. b. Histogram and corresponding probability density function of the force at the
onset of the plateau (49 pN % 2 pN). The dashed black line indicates the average rupture force
associated with detachment of the polymer—motor conjugate from the AFM tip, showing that in
most cases the tip—PEO bond breaks before reaching the plateau force. c¢. Histogram of the
plateau lengths, together with the probability density function (solid line) and Gaussian fit (dashed

line), yielding an average value of 1.7 £ 0.1 nm).
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Figure 4. S-shaped force-distance profiles revealing twist—stretch coupling. Representative
force—distance curve of a polymer—motor conjugate recorded after UV irradiation. The raw signal
is shown in light grey and the smoothed curve in dark grey. At low extensions, the response follows
classical WLC behaviour (red fit), characteristic of the elastic stretching of the system. At higher
forces, a clear deviation from this model appears, manifested as an inverted curvature. This S-
shaped profile is consistent with twist—stretch coupling, in which torsional deformation is coupled
to extension, and is well described by a twistable WLC model (blue fit).>* A schematic
representation shows a helical spring wrapped around a cylinder (red), together with a thinner and
elongated cylinder (blue), illustrating the twist—stretch coupling mechanism: upon stretching, the

helical structure extends while simultaneously reducing its diameter.
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Figure 5. Increased rigidity and extension arising from motor-induced entanglement. a. /,
values extracted from force—distance curves recorded after UV irradiation of the polymer—motor

conjugate, plotted as a function of rupture distance (central scatter plot). The corresponding
histograms are shown above (rupture distance) and on the right (/,), revealing the distributions
along each axis. The blue population corresponds to conjugates displaying mechanical properties
similar to those observed prior to irradiation, and is therefore attributed to non-entangled
configurations. A clear correlation between higher /, values and larger rupture distances is

observed (in orange). The marginal histograms highlight the emergence of two distinct
populations, associated with flexible, weakly entangled chains and more rigid, highly entangled

structures. b. Schematic representation of the conformational transition of the PEO chains from a
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random-coil state to a double-helical structure upon UV-induced motor operation c.
Representative force—distance curves and corresponding WLC fits (dashed lines), illustrating
events with standard persistence length (blue) and enhanced persistence length (orange). The

raw and smoothed signals are shown in light and dark grey, respectively
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