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The contraction of nanomaterials triggered by stimuli can be harnessed for micro- and nanoscale energy
harvesting, sensing, and artificial muscles toward manipulation and directional motion. The search for
these materials is dictated by optimizing several factors, such as stimulus type, conversion efficiency, kine-
tics and dynamics, mechanical strength, compatibility with other materials, production cost and environ-
mental impact. Here, we report the results of studies on bio-inspired nanomembranes made of poly-cat-
echolamines such as polydopamine, polynorepinephrine, and polydextrodopa. Our findings reveal robust
mechanical features and remarkable multi-responsive properties of these materials. In particular, their
immediate contraction can be triggered globally by atmospheric moisture reduction and temperature rise
and locally by laser or white light irradiation. For each scenario, the process is fully reversible, i.e., mem-
branes spontaneously expand upon removing the stimulus. Our results unveil the universal multi-respon-
sive nature of the considered polycatecholamine membranes, albeit with distinct differences in their
mechanical features and response times to light stimulus. We attribute the light-triggered contraction to
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photothermal heating, leading to water desorption and subsequent contraction of the membranes. The
combination of multi-responsiveness, mechanical robustness, remote control via light, low-cost and

large-scale fabrication, biocompatibility, and low-environment impact makes polycatecholamine
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Introduction

Multi-responsive polymeric materials represent one of the
most exciting and vividly emerging research fields stimulating
technological advancement.’” Scientific efforts have focused
on materials exhibiting reversible changes in their properties
when exposed to various stimuli, including temperature, pH,
light, electric and magnetic fields, vapor, or moisture. Such
polymers offer many functionalities, opening new avenues for
high-end applications. Hitherto, the ongoing advances have
led to the development of self-cleaning surfaces, smart
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materials promising candidates for advancing technologies.

windows,” rewritable optical displays,® bioresponsive drug
nanocarriers in gene therapy,”® blood-contacting devices,’
MRI contrast agents,'® self-regulated insulin delivery and
glucose sensing systems,'' and thermally adjustable multico-
lor indicators."

Another important application of smart polymers concerns
their ability to transform the energy of external stimuli into
mechanical work to develop synthetic muscles and soft
robots.”*® Temperature changes primarily trigger their actua-
tion, leading to macroscopic deformations through thermally
induced cleavage of the additional cross-links.> However, heat-
based actuation lacks control and accuracy, and the response
time is high. This has led to the emergence of photo-active
actuators that respond to light, offering the benefits of remote
and precise control with spatiotemporal resolution.>* Light as
a stimulus allows for non-contact actuation, making these
materials suitable for soft robotics and sensing system appli-
cations, with the potential for miniaturization and auto-
mation. The actuators typically utilize light-activated molecular
transformations (crystalline-isotropic phase transition,'” cis—
trans isomerization,’® ring-opening,'”® bond exchange,*
cycloadditions,>" transesterification®?) to achieve various defor-
mations and motions. However, these mechanisms only
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provide relatively slow macroscopic actuation (1 s
timescales'”?*) and require an annealing step to ensure
reversibility.”>**  Thus, photo-chemical actuation often

requires the control of two separate triggers.

On the other hand, photothermally driven motion due to
thermal expansion, phase transition, or molecule sorption
benefits from manipulating deformation by a single stimulus.
In particular, a porous polymer serving as a guest medium for
absorbents can exhibit significant volume changes and
perform rapid and reversible movements by using light as a
heating factor that initiates the release of molecules. In
addition to the well-established water-adsorbing poly-N-iso-
propylacrylamide (PNIPAM),*®> polydopamine (PDA)**%?”
stimulus-responsiveness,”® remarkable adhesive
properties,>® 3%  catalytic  activity,>**?”  versatility ~ for
functionalization,®® and biocompatibility, which make it
attractive for biomedicine.**™** Moreover, PDA exhibits excep-
tional photothermal characteristics across the full range of the
visible spectrum,** akin to closely related analogs in the
melanin family,*>*® and maintains its structural integrity even
at temperatures of up to 130 °C.*” The potential practical appli-
cations include humidity sensors,*® small-scale robots,*® mole-
cular sieves,*® phototransistors,”® photonic crystals,>* selective
ion transport for electrochemical energy conversion and
storage,”> membrane separators in redox flow batteries,>
water desalination,> oil/water separation,®® photocatalytic
nanocomposites for energy production,® hydrogen pro-
duction,”” and separation layers in solar cells.>® Recently,
other related monomers such as tyrosine, phenylalanine, epi-
nephrine, or phenylethylamine have been polymerized by oxi-
dation reactions®® similar to PDA formation. These polymers
reveal distinct properties, indicating the great potential of cate-
chol-based polymers for various applications. However, their
responsiveness to stimuli leading to actuation has not yet been
reported.

In this work, we utilize time-dependent optical reflectance,
X-ray reflectometry (XRR), and micro-Brillouin light scattering
(u-BLS) to investigate the mechanical response and material
properties such as mass density and Young modulus of ultra-
thin (~20 nm thick) polycatecholamine (PCA) membranes
exposed to various external stimuli. In particular, we study two
PDA nanomembranes that differ in fabrication conditions and
two nanomembranes made of polynorepinephrine (PNE) and
polydextrodopa (PADOPA). We demonstrate that the contrac-
tion of these nanomembranes can be triggered by light (coher-
ent and white), temperature increase, and humidity reduction.
Their ability to perform mechanical motion appears to be a
universal feature. However, their contraction/relaxation times
and mechanical properties differ depending on the monomer
and the polymerization conditions.

reveals

Results and discussion

We fabricated PCA using the electrochemical deposition
method through cyclic voltammetry as reported previously by
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us.>#°%¢! The films were polymerized at room temperature
(RT) on gold-coated microscope slides from a solution of the
target monomer dissolved in phosphate buffer. Three different
monomers were used (Fig. 1a): dopamine, dextrodopa (3,4-
dihydroxyphenylalanine), and norepinephrine to deposit films
of polydopamine (PDA), polydextrodopa (PdDOPA), and poly-
norepinephrine (PNE), respectively. The fabrication procedure
is schematically illustrated in Fig. 1b, while further details can
be found in the Methods section. The potential varied linearly
at a scan rate of 10 mV s~ for 15 cycles for PDA 15¢, PADOPA,
and PNE. A higher scan rate of 200 mV s~ was used for 200
cycles for a polydopamine sample denoted herein as PDA 200c
for a comparison with PDA 15c. After the deposition, the films
were immersed in a carbonate buffer to increase the cross-
linking density. We performed an electrochemical removal pro-
cedure to detach the films from the gold surface. Then, the
films were mechanically stripped off using a sacrificial film of
polyvinyl alcohol (PVA) and transferred onto the water surface.
The floating nanomembranes were then scooped using a
1 pm-thick holey Si;N, support and, in this way, suspended
over a grid of circular holes with the diameter ranging from 20
to 100 pm. Additionally, the PCAs from the same fabrication
process were transferred onto Si wafer chips for XRR character-
ization. Finally, the transferred PCA membranes were further
immersed in water to dissolve any residual PVA and dried
under ambient room conditions. Fig. 1c and d show the
optical images of an exemplary PDA membrane and film de-
posited on a custom-made SizN, grid and Si wafer chip.

To evaluate mechanical features such as the Young
modulus (E), flexural rigidity (D), and residual stress (o,) of the
membranes, we applied p-BLS spectroscopy.®® Using this con-
tactless technique, we probed GHz thermally populated funda-
mental antisymmetric Lamb waves/phonons (flexural waves)
whose frequency (f) at long wavelengths (1) is governed by the
dispersion relationship:°%

_4q4 | _E 5, %
f_Zn: 12p1—l/2q+p (1)

where g = 2n/4 is the wavenumber and v = 0.3 is the Poisson
ratio.®® To determine thicknesses (d) and mass densities (p),
we utilized XRR and examined the reference films deposited
on Si-wafer chips. The values obtained at RT and relative
humidity RH = 30% are listed in Table S1 (ESI}). Overall, the
average thicknesses were in the range of 17-28 nm. The mass
densities of both PDA samples were very similar and generally
much higher than those of classical polymers such as poly-
styrene (PS), polypropylene, or polymethyl methacrylate
(PMMA), to name a few.®* Notably, PNE and PdDOPA were
lighter than PDA, with the latter having a much lower mass
density than water under the same ambient conditions.

The results of p-BLS experiments (Fig. S4, ESIf) are gath-
ered in Table S1 (ESIt) and Fig. le. For PDA 15c, PDA 200c,
and PNE membranes, we obtained E = 8.1 GPa, 11.0 GPa, and
16.3 GPa, respectively, which are in good agreement with the
data found in the literature (6-18 GPa).®>®* Overall, these

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

(@) Chemical structures of the monomers used to obtain membranes and films of PDA, PADOPA, and PNE. (b) Schematic procedure of

sample fabrication; the main steps are: (1) electropolymerization of the PCA film, (2) deposition of a sacrificial PVA layer, (3) mechanical stripping of
PVA together with the PCA film, (4) transfer of the bilayer onto a different substrate, (5) dissolving of the PVA layer in water to obtain PCA on the
chosen substrate. (c) Exemplary photo of the SizN,4 grid covered with PDA and optical image of a freestanding membrane. The scale bar is 20 pm. (d)
Exemplary photo of the PDA film (brighter, parallelogram-Llike region) transferred onto a silicon substrate. The scale bar is 5 mm. () Comparison of
the Young moduli determined for the PCA membranes under ambient room conditions. (f) Comparison of the flexular rigidity D determined for the

PCA membranes at 23 °C and RH = 30%.

values are much higher than those of standard polymers such
as PS or PMMA.®*"°® Furthermore, it corroborates the substan-
tial mechanical resilience of the membranes, which, despite a
diameter-to-thickness ratio of about 4000, can withstand free
suspension without breaking. On the other hand, the Young
modulus of the PADOPA membrane was approximately three
times smaller (E = 3.5 GPa) compared to those of PDA and
PNE membranes, which is consistent with its lower stability
and durability (Fig. 2-4). This finding corresponds with the
apparent tearing observed in optical images of PADOPA sus-

This journal is © The Royal Society of Chemistry 2024

pended over holes with a diameter of 80 ym (Fig. 2-4). For
PADOPA, we only observed membranes fully intact when sus-
pended over 20 pm holes. Following eqn (1), we determined a
non-zero residual tensile stress o, from the p-BLS data of all
the considered samples ranging from 0.5 to 19.5 MPa. These
values are relatively small when compared to the intrinsic elas-
ticity of the membranes, albeit they are sufficient to make the
as-fabricated membranes flat. Based on the determined
material properties, we evaluated the flexural rigidity (D) of the
membranes:*°

Nanoscale, 2024, 16, 16227-16237 | 16229
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Fig. 2 Response of the PCA membranes to moisture. (a) Optical images of the membranes taken at a relative humidity (RH) of 30% (upper panel)
and increased humidity (lower panel). The black scale bar is 20 pm. (b) One-dimensional swelling of the PDA 200c film transferred onto a silicon
substrate evidenced by thickness and density dependence on the relative humidity. (c and d) Cyclic testing of the freestanding PDA 200c membrane
response to moisture. In (c), relative humidity and wrinkling parameters as a function of time are shown, while panel (d) displays the dependency of

the wrinkling parameter R on the relative humidity.
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It is worth noting that the values of D, which reflect the
ability to resist bending deformation, are comparable among
the membranes. As we can conclude from Fig. 1f, the vari-
ations in the Young modulus between PDA, PNE, and PADOPA
are counterbalanced by differences in their thickness, result-
ing in similar values of D~ 7 x 107> N m.

Fig. 2a (top panel) shows optical images of four as-fabri-
cated membranes made of PDA (15c¢ and 200c), PADOPA, and
PNE at RT and a relative humidity (RH) of 30%. The pristine

16230 | Nanoscale, 2024, 16, 16227-16237

membranes are flat with a minor contribution of three-folded
parts visible as brighter flaws. The increase in RH of the atmo-
sphere at RT results in their wrinkling, as displayed in the
bottom panel of Fig. 2a. This phenomenon is observed in all
the studied samples and results from swelling and, thereby,
expansion of the membranes due to the water sorption from
the atmosphere. Generally, the extent of the observed wrink-
ling depends on the residual stress, ie., the visible defor-
mation starts at a different RH.

To provide a more quantitative picture of the humidity-
induced expansion of the membranes, we conducted XRR
measurements of the PDA film transferred onto a silicon sub-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Response of the PCA membranes to a uniform thermal stimulus. The left column schematically shows consecutive experiment steps
(denoted with black dashed arrows) and a response of the cross-sectioned membrane subjected to global heating. The optical images of the PDA
15¢, PDA 200c, PADOPA, and PNE membranes display their morphology under the selected environmental conditions. The black scale bar is 20 pm.

strate, examining changes in thickness and density as a func-
tion of RH at RT (Fig. S1, ESIf). As shown in Fig. 2b, with an
increase in RH from 10% to 90%, the film thickness linearly
increases by about 17% of the initial value, while the mass
density decreases by about 14%. These findings confirm that
the PDA swelling results from the adsorption of water mole-
cules. In the case of the freestanding membrane, water adsorp-
tion leads to expansion in three dimensions. Thus, in the first
step, it releases the residual stress and, finally, leads to buck-
ling and wrinkling of the membrane.

Wrinkling of the membranes due to increased RH is a
reversible process that can be concluded at first glance from
optical imaging. We performed an optical microscopy image

This journal is © The Royal Society of Chemistry 2024

analysis of the PDA 200c membrane to understand this behav-
ior better. Fig. 2c illustrates the cyclic changes in RH and the
corresponding membrane response over time described
herein, with a wrinkling factor R. The quantity R is defined as
the variance of contrast in a differential image taken with
respect to the one at RH 30% (ESI Videos 1 and 27). High
values of R indicate a wrinkled membrane, while low values
signify a flat membrane. Within one cycle, RH was increased
from 30% to 50% and then decreased to 30% with a rate of
about 8.3% min~", lasting for 8 cycles, which is denoted by the
solid line in Fig. 2c. Notably, the membrane response given by
R is delayed with respect to the stimulus for all the cycles as
the RH linearly starts rising from 30%. This behavior is even

Nanoscale, 2024, 16, 16227-16237 | 16231
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Fig. 4

(a) Optical images of the various PCA membranes subjected to the red laser light of 20 mW (ON) and the dark conditions (OFF). The black

scale bar is 20 pm. To record the photos, a set of polarizers and an optical filter were used to cut off red laser illumination.

more evident in Fig. 2d, depicting R vs. RH, and can be
explained by the expansion accommodated mainly by the
residual stress up to about RH = 34%. Subsequently, as the
membrane starts buckling and wrinkling, R linearly follows
the increase of RH. When RH starts decreasing, we observe a
sudden drop in R, followed by its almost negligible decrease
ranging from RH = 34% to 30%. The latter trend reflects a
gradual increase of the in-plane stress while the membrane
remains flat. As we can notice from Fig. 2d, the membrane
wrinkling takes two different paths under cyclic increase and
decrease of RH. Notably, in this quasi-static experiment, the
membrane contraction, triggered by the release of water mole-
cules, is more rapid than the expansion. Nevertheless, this hys-
teresis can be explained by the non-equilibrium nature of
buckling and local stress accommodation and release within
the wrinkled membrane rather than the non-reciprocal sorp-
tion of water. The analysis encompassing differential images
also allowed us to pinpoint membrane areas prone to wrink-
ling. Based on that, we have not identified any distinct pat-
terns or features common to the studied samples. Therefore,
we conclude that each membrane’s wrinkling motif is unique,
arising from residual stress, thickness variations, and imper-
fections (folds and cracks) induced during membrane depo-
sition onto the hole grid.

A global or local thermal stimulus at constant ambient RH
can alter the moisture level and, thereby, the membranes’
mechanical state. Notably, the initial state of all considered as-
fabricated membranes, which is flat under ambient room con-
ditions, can be permanently altered by global heating. This
effect is illustrated in Fig. 3. When uniformly heated to 90 °C,
residual water molecules in the membrane are released,
causing the polymer to contract. The resulting thermally
induced in-plane stress (in addition to the residual stress) can
be accommodated over time through lateral shrinkage of the
whole film that is not firmly attached to the supporting SizN,
substrate. As the temperature decreases to 30 °C, the mem-
branes absorb moisture from the surrounding atmosphere,

16232 | Nanoscale, 2024, 16, 16227-16237

expand, and become permanently wrinkled. Subsequent
heating and cooling cycles have the same effect on the
mechanical state of the membrane (flat vs. wrinkled). It is
worth noting that an increase in temperature by 20 °C (from
30 °C) is sufficient to flatten all the studied membranes from
their wrinkled state fully.

Control over the mechanical state of individual membranes
can also be achieved through local photoinduced (photother-
mal) heating (ESI Videos 3-61). The underlying physical
mechanism of membrane wrinkling remains consistent with
the uniform annealing method described above. However, in
this case, light irradiation is limited to the membrane area, as
the spot of the red laser (660 nm) approximately matches the
membrane diameter. The transition from a flat to a deformed
state is already observed at a laser power of 10 mW.
Subsequent power rise to 20 mW does not induce further
deformation, and the membrane reaches a stable operational
state. We estimate that applying 20 mW of the laser power
raises the membrane temperature from 24 °C to approximately
70 °C.*® Therefore, the applied laser power corresponds to
temperatures well below the point of polymer decomposition
(400 °C)*” and below 125 °C, at which membrane damage was
observed.

Optical images in Fig. 4 depict substantial morphological
changes in the membranes when exposed to red laser light
heating (660 nm) after the initial pre-treatment described
above. Under dark conditions, the membranes appear
wrinkled, but when illuminated, they flatten due to the heat-
induced water release and polymer contraction. Utilizing a
low-power probe green laser beam (<1 m W, 532 nm) to record
the reflectivity signal from the membrane surface offers
additional means for the real-time observation of membrane
morphology (Fig. 5a). The intensity of the signal varies signifi-
cantly depending on the state of the membrane. During the
laser illumination (ON state), the probe beam reflectivity is
high due to the specular reflection of the beam from the mem-
brane surface, whereas under dark conditions (OFF state), it is

This journal is © The Royal Society of Chemistry 2024
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of the contraction 7. and expansion 7, times for the membranes stimulated with the red laser at a repetition rate of 1, 10, and 100 Hz and P =
40 mW. (c) The reflectivity of the PDA 200c membrane stimulated with white light at a repetition rate of 1 Hz and different powers (P). (d)
Comparison of the contraction and expansion times for the PDA 200c membranes subjected to white light stimulus at different powers (P) and a
repetition rate of 1 Hz. Symbols #1-#3 denote different membranes of the same PDA 200c sample. The shaded area displays the low-power region.

Dashed lines serve as a guide to the eye.

low as the probe light is diffusively reflected. The heating laser
light intensity can be modulated over time, whereas the mem-
brane response can be quantified by the reflected light col-
lected by the photodiode detector. This time-dependent reflec-
tivity measurement also enables the investigation of mem-
brane motion with a high temporal resolution, enabling the
determination of the contraction time 7. (as the reflectivity
signal rises to 1 — 1/e of its amplitude) and the expansion time
7. (as the signal amplitude drops to 1/e).

The membranes respond to the heating laser stimulus
occurring on a subsecond timescale, enabling their photoac-
tuation within a frequency range of 1 to 100 Hz (Fig. 5a). For
all the studied membranes, 7. remains below 1 ms at a rep-
etition rate of 1 Hz. The rapid contraction of the membrane
can be attributed to the nearly instantaneous rise in tempera-

This journal is © The Royal Society of Chemistry 2024

ture and water desorption induced by laser heating. In con-
trast, the expansion times (z.) are noticeably longer, which can
be explained by the spontaneous nature of this process. Under
dark conditions, heat dissipation governs the water adsorption
rate via conduction and convection mechanisms that are sig-
nificantly slower than abrupt laser heating. Consequently, for
PDA and PNE membranes, 7. ranges from 9 to 19 ms at f= 1
Hz. However, for PADOPA, 7. is even further increased to
35 ms. This slower response can hardly be attributed to the
elastic features of the membrane. As mentioned, the flexural
rigidity is nearly the same for all studied PCA membranes,
although the Young modulus noticeably varies. The greater
thickness of the PADOPA membrane (28 nm) compared to
those of PDA and PNE (17-21 nm) may be one reason contri-
buting to its slower relaxation owing to reduced water
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diffusion. Another factor that we can tentatively point out is a
subtle interplay between porosity, degree of crosslinking, and
the molecular dynamics of hydroxyindole segments.>®
Nevertheless, these elevated 7. values do not hinder clear
photoactuation at frequencies of 10 and 100 Hz for all studied
samples (Fig. S2, ESIf). At higher frequencies, 7. remains
below 1 ms for PDA and PNE and 2 ms for PADOPA as shown
in Fig. 5b. Interestingly, z. gradually decreases with increasing
stimulant frequency, reaching 3 ms at f = 100 Hz for all PCA
membranes. This shows superior responsiveness of PCA mem-
branes to the coherent light stimulus compared to PDA-based
heterogeneous photoactuators operating at about 1 s
timescales."”*>7°

In addition to monochromatic light, the photoactuation of
the membranes can be driven by white light at power levels as
low as a few milliwatts (Fig. 5¢ and Fig. S3 in ESIf). Irradiation
with a broad-spectrum LED yields qualitatively similar
responses to those of red laser light, even within the range of P
=0.03-3.8 mW (Fig. 5c). At power levels below 3 mW, 7. and z.
vary between 10 and 90 ms, as marked with the shaded region
in Fig. 5d. This observation suggests that water contained
within the membranes is only partially released during light
irradiation. At light powers higher than 3 mW, the contraction
times remain relatively constant (approximately 5 ms), while
the expansion times moderately decrease from 80 to 20 ms as
the power increases from 3 to 10 mW. Therefore, water sorp-
tion efficiency is characterized by a threshold power of 3 mW,
above which photoactuation becomes increasingly effective.
We anticipate that within the following power increase above
10 mW, both 7. and 7. will closely match the values deter-
mined with red laser irradiation (estimated at P = 40 mW),
although it requires a further experimental study and the use
of a stronger white light source or multiple LEDs.

Conclusions

In summary, the fabricated PCA nanomembranes exhibit
remarkable mechanical flexibility, ease of integration with
diverse surfaces, and responsiveness to multiple stimuli,
including humidity, temperature, and light. The underlying
mechanism driving the motion of these membranes relies on
the reversible sorption of water. Specifically, our study reveals
that the silicon-integrated PDA film undergoes one-dimen-
sional swelling when the relative humidity increases from 10%
to 90%, resulting in a 17% increase in film thickness and a
14% decrease in density from the initial value. Consequently,
the muscle-like contractions observed in the freestanding
membranes are a universal characteristic shared among PDA,
PADOPA, and PNE. Notably, we have demonstrated remote,
sub-second photoactuation triggered by coherent irradiation
and broad-spectrum white light, inducing heating through the
photothermal effect. The observed photoactuation has been
registered across laser repetition frequencies ranging from 1
Hz to 100 Hz. The rapid response primarily stems from the
small thickness of the membranes, allowing for swift desorp-
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tion of water molecules under light exposure and efficient
water resorption under dark conditions. The determined con-
traction and expansion times are of the order of milliseconds
and tens of milliseconds, respectively, significantly shorter
than reported photoactuation times for materials such as
~1 mm-thick PDA-coated liquid crystal elastomers (100 ms),"”
~150 pm-thick liquid crystalline elastomers doped with PDA
nanoparticles (15 s),**> 0.6 mm-thick PNIPAM with a spiropyran
moiety (~15 min),”" and 12 pm-thick azobenzene-doped
nematic liquid-crystal polymers (~2-4 s).”> Moreover, we have
shown that the state of our as-fabricated (flat) membranes can
be permanently modified through global thermal heating as
well as local photoinduced heating, giving us complete control
over individual membrane morphology. Among the studied
catecholamines, PDA and PNE emerge as the most promising
materials for practical applications due to their high elasticity
and robust Young modulus values of ~8-16 GPa. While
PdDOPA membranes exhibit indistinguishable flexural rigidity
from PDA and PNE, the significantly smaller Young modulus
of 3.5 GPa and observed membrane tearing categorize PCA as
a more demanding material for future development.

The robust multi-sensitivity of PCA, together with its ease of
integration onto any surface, paves a unique path for future
applications. Electropolymerized membranes represent versa-
tile components for designing micro- and nanodevices. Their
excellent adhesion to diverse surfaces, relatively high elasticity,
and wide photothermal capacity make them valuable for wire-
less actuation with high spatiotemporal resolution tasks.
Furthermore, our study brings us closer to the low-cost devel-
opment of on-chip integrated moisture and light sensors and
photoresponsive actuators. Finally, we anticipate that our
research will inspire further exploration into PCA-based hybrid
heterostructures, the chiral properties of these membranes
investigated with circularly polarized light, a deeper under-
standing of the molecular behavior of water dynamics within
membranes, and an evaluation of their long-term aging.

Methods

Film preparation

Electropolymerization was done by cyclic voltammetry using a
Metrohm Autolab potentiostat (AUTOLAB PGSTAT 204) with a
standard three-electrode setup. A gold-covered glass slide was
used as a working electrode, a gold wire as a counter electrode,
and an Ag/AgCl (3 M KCl) as a reference electrode. All reac-
tions were performed in a 35 mL electrochemical cell
(Metrohm) at room temperature and in air.*’

After cleaning the gold slides in an argon plasma
(0.2 mbar) for 10 minutes, they were immersed in a 1 mg mL™*
solution of the respective monomer (dopamine hydrochloride,
p/t-norepinephrine hydrochloride or 3,4-dihydroxy-p-phenyl-
alanine) in a phosphate buffer. Phosphate buffer (pH 7,
100 mM) was prepared using sodium phosphate dibasic anhy-
drous (99%) and sodium phosphate monobasic (99%) (Sigma-
Aldrich) in MilliQ water.®" The potential was cycled from 0.5 V
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to —0.5 V with a scan rate of 10 mV s~ for 15 cycles for PDA
15¢, PNE, and PdDOPA or with a scan rate of 0.2 V s™* for 200
cycles for PDA 200c. The films were rinsed with MilliQ water
and dried under a nitrogen flow.

Film transfer onto holey Si;N, membranes and Si wafers

Carbonate buffer (pH 10, 100 mM) was prepared using sodium
bicarbonate (>99.7%) and sodium carbonate (>99.8%) from
Sigma-Aldrich, in MilliQ water.*®*' The films were immersed
in the carbonate buffer for 30 minutes. Afterward, they were
rinsed with MilliQ water and dried under a nitrogen flow. The
same three-electrode setup as for the film preparation was
used with the film on the gold slide as a working electrode to
perform an electrochemical removal cycle. Therefore, the
potential was swept between 1.2 V and —0.8 V for 3 cycles with
a scan rate of 20 mv s™'. The films were rinsed with MilliQ
water and dried under a nitrogen flow before distributing
200 pL of a PVA solution (10 wt%) onto the film and partially
on the gold slide. Polyvinyl alcohol (PVA) 80% hydrolyzed
9-10 kDa MW (Sigma-Aldrich) was used to prepare the 10 wt%
solutions in Milli-Q water.”® PVA was cured in an oven (40 °C)
for 30 minutes. The film and the sacrificial PVA layer were
mechanically removed from the gold slide and transferred.
One batch of films was transferred onto the water surface. The
floating films were scooped using 1 pm-thick holey Si;N, mem-
branes and, in this way, suspended over a grid of circular holes
with the diameter ranging from 20 to 100 pm. The other batch
of films was transferred onto Si wafers. All samples were dried
overnight at room temperature, and to remove the remaining
PVA, the samples were again immersed in MilliQ water for 3 h
and dried again for 3 h.

Optical microscopy

Optical imaging was performed on an Olympus
BX53 microscope, supplied with Linkam THMS600 tempera-
ture and RHGen humidity controllers, enabling observations
of the membranes at temperatures ranging from 30 to 90 °C
and relative humidities from 30% up to 70%.

Optodynamic measurements

The dynamical response of the membranes triggered by the
light stimulus was investigated with a home-built optical
setup.”® To induce the periodical photoactuation, a linearly
polarized red laser (660 nm) or a white LED (serving as a
broadband spectrum source) was used, with the spot size
approximately matching the membrane diameter. The light
power was modulated using a square wave signal with frequen-
cies of 1, 10, and 100 Hz. To probe the out-of-plane defor-
mation of the membrane, a low-power green laser was used
(<1 mW, 532 nm), and the amplitude of the membrane reflec-
tivity was detected using a photodiode. Additionally, the setup
was equipped with a CCD camera, selective light filters, and
low-intensity white light illumination to enable optical
imaging of the membrane morphology.
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X-ray reflectivity

XRR measurements (Fig. S1, ESIt) were performed on a Bruker
D8 Discover diffractometer. The moisture level was controlled
using the Linkam RHGen humidity controller, which intro-
duced air with RH between 10 and 90% into a home-built cell
where the sample was placed. The humidity cell was a sealed
box with 70 pm-thick Kapton tape windows, allowing for the
scattering of incident X-rays from the sample and detection.
The scan range of the diffraction angle 26 was between 0.1°
and 4°, and the step width was 0.025°. The knife edge was
placed ~100 pm above the sample surface. Rocking curves
were taken at 26 = 0.9° and allowed for determining the film
critical angle from the maxima of the Yoneda wings and, thus,
the film density.

Micro-Brillouin light scattering spectroscopy

The p-BLS experiments were carried out in the p—p backscatter-
ing geometry using a high-contrast tandem-type Fabry-Perot
interferometer and a solid-state laser (Excelsior, Spectra-
Physics, 532 nm). Using a microscope objective with a 10x
magnification and a numerical aperture of 0.25, the incident
and backscattered light were focused and collected, respect-
ively. The laser incidence power was 0.8 mW. For observations
in the +1.7 GHz frequency range, the spectrometer mirror
spacing was adjusted to 33 mm, and the scanning amplitude
was 200 nm. A decreased scanning amplitude of 70 nm was
applied for scattering angles lower than 32 degrees to increase
the spectral resolution. All p-BLS measurements were per-
formed under ambient room conditions (23 °C, RH = 30%).
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