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Abstract

The actuation of micro and nanostructures controlled by external stimuli remains
one of the exciting challenges in nanotechnology due to the wealth of fundamental ques-
tions and potential applications in energy harvesting, robotics, sensing, biomedicine,
and tunable metamaterials. Photoactuation utilizes the conversion of light into motion
through reversible chemical and physical processes and enables remote and spatiotem-
poral control of the actuation. Here, we report a fast light-to-motion conversion in
few-nanometer thick bare polydopamine (PDA) membranes stimulated by visible light.

Light-induced heating of PDA leads to desorption of water molecules and contraction



of membranes in less than 140 us. Switching off light leads to a spontaneous expan-
sion in less than 20 ms due to heat dissipation and water adsorption. Our findings
demonstrate that pristine PDA membranes are multi-responsive materials that can be
harnessed as robust building blocks for soft, micro, and nanoscale actuators stimulated

by light, temperature, and moisture level.

Introduction

A skeletal muscle tissue, which has been optimized over hundreds of millions of years of
evolution, represents the role model for the design and synthesis of soft materials serving as
artificial muscles and actuators. Notably, even the most complex motion results from simple
contractions of antagonistic muscle pairs transferred to the skeleton via tendons.! From a
mechanical point of view, muscle fiber contraction is more favorable as the expansion can
lead to instability and fiber buckling.? The actuators’ efficiency and versatility require dis-

4 respectively.

cernible displacement at low energy input® and multi responsive behavior,
Other crucial factors include their operational temperature that needs to be minimized to
avoid degradation, as well as their response time and weight-lifting ability.® The external
stimuli for actuation include heat, light, electric fields and currents, changes in humidity, and
exposure to vapors. Light is advantageous over other stimuli for remote and spatiotemporal
control of the actuation.

The search for photoresponsive materials for artificial muscles mimicking their natural coun-
terparts faces several trade-offs between light-to-motion conversion efficiency, light wave-
length, dynamics, biocompatibility, operational temperature and environment, flexibility,
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multifunctionality, simplicity, and cost, to name a few.
photoactuators employed photochemical and photothermal effects.'® In photochemical ma-
terials, light-activated molecular level transformations (e.g., cis-trans isomerization, ring-

opening and ring-closing, bond exchange, cycloadditions) can lead to macroscopic changes

of dimensions or shape. Light-induced heating in photothermal materials can result in posi-



tive or negative thermal expansion, phase transitions, or adsorption/desorption of molecules,
which are converted into mechanical motion. Typically, photothermal actuators merge light-
absorbing heaters (e.g., dyes and semiconducting or plasmonic nanostructures) with thermo-
responsive materials such as liquid crystal elastomers, hydrogels, shape memory polymers,
and inorganic compounds with volume-changing structural phase transitions. ®*{4

In this work, we explore potential photochemical and photothermal effects in polydopamine

(PDA). PDA is a multifunctional, bioinspired polymer with diverse applications for biomed-
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ica and environmental -’ purposes, catalysis and photocatalysis, sensing,?2 pho-

tonics?® and optoelectronics.?* Notably, PDA has excellent photothermal properties over the
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entire visible spectrum,* similar as the closely related analogues of the melanine family,
and remains structurally stable up to 400 K.?® These features were utilized in composite
photoactuators combining PDA heaters (nanoparticles, thin films) with thermo-responsive
polymers. 2! Furthermore, the hydrophilic?® and water-swelling properties of PDA-reduced
graphene oxide (PDA-RGO) composites were harnessed in bi-layers or thin films convert-
ing moisture gradients or near-IR irradiation into motion.3?3 Nevertheless, these composite
structures operate due to multi-step processes or involve additional materials serving only
as a mechanical scaffold. Accordingly, they are relatively slow, with response times in the
range of seconds to minutes. 29:30:32.33

Here, we demonstrate for the first time fast light-to-motion conversion in ultrathin, pristine
PDA membranes fabricaded by electropolymerization. We show that bare PDA membranes
exhibit sub-millisecond contraction triggered by light and spontaneous expansion in dark
conditions within milliseconds. These features are essential for building bottom-up, soft
matter, ultrafast, nano-, and micro- photoactuators. We have studied this phenomenon by
investigating the effect of light, temperature and moisture level with optical microscopy,
reflectivity, Brillouin light scattering, and sum-frequency-generation spectroscopy. Our find-

ings reveal that the contraction/expansion results from the desorption/adsorption of water

molecules from/to the membranes.



Results and discussion

Polydopamine membranes

PDA films with homogeneous surface roughness (ca. 2.8 nm), thickness of about t = 15
nm and Young modulus of about E = 12 GPa were prepared by electropolymerization. 3*
The PDA films were polymerized on a gold electrode surface using cyclic voltammetry, and
the potential ranged between #£0.5 V at a scan rate of 2 mV/s. This relatively slow po-
tential sweep has been set to promote the formation of the hydroxyl indole-like lammelar
structure.® The chemical reactions leading to PDA formation are shown in Figure la. After
incubation in carbonate buffer to increase the cross-linking density, the film was desorbed
from the gold surface through an electrochemical removal cycle®* and mechanically stripped
from the surface using a sacrificial layer of polyvinyl alcohol (PVA). The film was transferred
and suspended over circular holes of 60 m diameter in a 1 m thick SizN4 membrane. After
the film transfer, the PVA layer was removed by dissolution in water. Such a method al-
lows the fabrication of ultrahin films in a homogeneous and reproducible fashion. Although
ultrathin PDA films have been already prepared by different approaches,3¢3” the advantage
of our method is the preparation of large area membranes (possible up to mm scale) with
outstanding mechanical properties and the tunability of the film properties by the synthe-
sis parameters, such as scan rate (V/s) and ending potential. More details about sample
preparation and characterization can be found in the Supporting Information 1 (SI 1) and
elsewhere.® Figure 1b shows optical images of the SizN4 membrane grid covered with PDA

film and the morphology of the PDA membranes.

Photoactuation

The photoactuation of the PDA membranes has been triggered and observed with the ex-
perimental apparatus shown in Figure 2a, which is based on two continuous-wave (CW)

lasers and a white light source. The deformation of the membrane was periodically stimu-






