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Photoresponsive Polymer-Based Biomimetic Contractile
Units as Building Block for Artificial Muscles

Giulia Vitale, Bruno Grandinetti, Silvia Querceto, Daniele Martella, Chiara Tesi,
Corrado Poggesi, Elisabetta Cerbai, Diederik S. Wiersma, Camilla Parmeggiani,*

Cecilia Ferrantini,* and Leonardo Sacconi

Loss of muscular mechanical function occurs in several diseases affecting
millions of people worldwide, including heart failure, stroke, and
neuromuscular disorders. To date, no medical or surgical treatments can
restore muscular contractility, and the development of artificial muscles is of
extreme interest. Mimicking biological muscles, which are optimized systems
displaying quick reaction times, is not trivial; only few examples are reported,
mainly focused on the use of biomimetic smart materials. Among them, liquid
crystalline elastomers (LCEs) can be biocompatible, show contraction
parameters comparable to those of native striated muscles, and are able to
effectively potentiate cardiac contraction in vitro. To go further and develop in
vivo implantable devices, the integration of the stimulation system with the
LCE material represents an essential step. Here, a light-stimulated biomimetic
contractile unit (BCU), combining ultra-thin photoresponsive LCE films and
mini-LED (mLED) matrixes is described. BCU performance (in terms of extent
and kinetics of contractile force and shortening) can be fine-tuned by
modulating both mLED light power and spatial stimulation patterns, allowing
to reproduce mechanical dynamics of native muscles. These results pave the
way for the development of novel LCE-based contraction assist devices for
cardiac, skeletal, or smooth muscle support by assembling multiple BCUs.

1. Introduction

Current medical or surgical treatments can-
not restore muscular contractility and, so
far, materials or devices have failed to re-
produce natural muscle function.['?] Bio-
logical muscles are optimized systems that
are relatively similar in all species and ex-
hibit quick reaction times in the order
of milliseconds. Natural muscles can pro-
vide billions of work cycles involving ten-
sion development or movement and can in-
crease/change their strength and stiffness
in response to several mechanical needs.
These features are difficult to be fully mim-
icked by artificial devices. However, the
function of native muscles can be repro-
duced, at least in part, by smart materi-
als, which are able to respond to exter-
nal stimuli.}* Among them, liquid crys-
talline elastomers (LCEs) can deform in a
reversible manner, generating movement
or tension during actuation.®! This unique

behavior is determined by the combination
of the features of liquid crystals (LCs) with
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the properties of elastomers. Indeed, LCEs possess the orienta-
tional order at molecular level and sensitivity to different external
stimuli (temperature, light and others) of LCs, combined with the
elasticity and endurance to mechanical stresses that are typical of
elastomers.[6-10]

Adjusting their composition, e.g., by modulating the crosslink-
ing degreel!!l or changing the mesogenic units,['>13] actuation ki-
netics and mechanical properties can be finely modulated.”] For
instance, previous findings on the possibility to exploit LCEs in
tissue engineering reported the use of these materials to mimic
intervertebral disks(!*! or muscles.!*”]

Regarding the latter, we have recently demonstrated how a se-
lected custom-made palette of LCEs can behave like artificial car-
diac muscles in terms of active and passive mechanical properties
generating, upon light stimulation, maximal tensions compara-
ble to those measured from maximally calcium-activated striated
muscles (in the order of 400 mN mm™2).[16:17]

Notably, we reported that LCE strips mounted onto a murine
left-ventricle trabecula could effectively enhance muscle contrac-
tion, thus providing new insights on the design of novel contrac-
tion assist devices. However, the development of an implantable
biomimetic contractile unit (BCU) requires a full integration of
the active LCE material with the light stimulus.

On this side, many studies related to light-driven LCEs focused
on a variety of light sources (i.e., lasers, lamps, optical fibers) that
allow a remote control over the actuators,['**] but still present-
ing many limitations for biomedical purposes.['®) Among them,
light penetration through turbid or opaque media (such as bio-
logical tissues) is very low, thus preventing the deformation of
photo-stimulated materials in such environments. Possible solu-
tions can be the integration of LCE structure on the top of an opti-
cal fiber!®! or using LCEs as optical fibers.[?] In both cases, only
tethered structures with limited size and shape can be obtained
and they do not represent a solution to develop BCUs on large
scales. For this reason, a different strategy for the integration of
the light source with the contractile materials results mandatory
toward the development of stimulable biomedical devices. In this
work, we present and characterize the first prototype of a BCU
made by interposing a thin LCE film between two matrixes of
mini-LEDs (mLEDs). This study not only describes the first mod-
ulable artificial muscle, but also provides new insights on an inte-
grated LCE-mLED system, for the development of more complex
contraction assist devices.

2. Results and Discussion

2.1. Active Material Optimization and BCU Design

The working principle of the BCU mimics human skeletal and
cardiac muscle, where sarcomeres are the smallest autonomous
contractile units in myocytes. Their reversible shortening is me-
diated by thin actin filaments sliding upon thick myosin fila-
ments, following an increase of intracellular calcium concentra-
tion (Figure 1a). Sarcomeres are assembled in series in subcellu-
lar structures named myofibrils. The contemporary shortening
of the rows of sarcomeres in the myofibrils leads to the macro-
scopic shortening of the striated muscle.

To mimic the working principle of natural contractile units,
the BCU was built using an LCE-based active material able to re-
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versibly contract, when stimulated by light, along a specific direc-
tion that corresponds to the LC alignment direction (Figure 1b,
Movie S1, Supporting Information). The photoresponsive mate-
rial undergoes a microscopic change in the network alignment
when azobenzene response is triggered upon illumination and
the addition of microscopic molecular motions in series is trans-
lated into a macroscopic shape change.

In particular, a polymeric film was prepared via photopolymer-
ization of an acrylate-based mixture of reactive LC compounds in
the nematic phase (Figure 1c).l'1% The mixture was composed
of a monoacrylate monomer (C6BP) and a diacrylate crosslinker
(RM257), both presenting a nematic mesophase, and was doped
with Disperse Red 1 Acrylate (DR1 Acrylate), to induce a photo
responsiveness. To trigger the radical polymerization reaction,
a UV-responsive photoinitiator (Irgacure 369) was used (Fig-
ure 1c). Due to the absorption properties of this dye, we selected
blue-mLEDs as light source for the activation of the contractile
units, since their emission spectrum fits the maximum of absorp-
tion of the material (Figure 1d). The LCE material displays ho-
mogeneous planar alignment, with molecules parallel to the film
surface and well-aligned along the nematic director. This align-
ment determines the contraction direction, along the molecular
director, during the activation of the material (Figure 1b).

The preparation of the LCE films followed the LC cell tech-
nique, commonly used to align low-molecular-weight LCs.[*11:27]
Glass slides composing the cell are coated with poly(vinyl alcohol)
(PVA) as a sacrificial layer, which is uniaxially rubbed. This way
LC molecules reoriented following the direction imposed by rub-
bing through weak interactions. The LC mixture is infiltrated in
its isotropic phase in the cell via capillary action. Then, the system
is cooled down to the nematic phase, obtaining a well aligned LC
sample, and polymerized and crosslinked by UV, freezing such
alignment in the network (Figure 2).

The prototype of the modulable BCU was made by interposing
an ultra-thin LCE strip between two matrixes of blue mLEDs, pre-
pared by assembling eight blue mLEDs on a printed circuit board
(PCB) with a pixel pitch of 0.75 mm (Figure 3a, b). The LCE films
were cut into strips, following LC alignment direction, whose di-
mensions, i.e., 8 mm length x 0.75 mm width, were selected ac-
cording to mLED matrix size and illumination pattern. The thick-
ness of the LCEs was chosen based on the absorption properties
of the material with respect to the blue light stimulus. Specif-
ically, by using a 10 pm thick LCE film illuminated from both
sides, we guarantee a uniform illumination through the whole
LCE depth with an estimated intensity gap between the surface
and the central portion in the order of 28% (Figure 3c). Finally,
the distance between the mLED matrix and the LCE (200 pm)
was chosen according to the mLED divergence cone to guarantee
a proper overlap between two adjacent illumination spots (Fig-
ure 3d).

2.2. BCU Mechanical Characterization

To characterize its photomechanical properties, the BCU was
vertically mounted, between a force transducer on top and a
hanging load below, as shown in Figure 4a. A first characteri-
zation was carried out under isometric condition, by hanging
loads that exceeded the expected maximum load that the BCU

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 1. Working mechanism of the biomimetic contractile unit. a) Scheme of contraction in human cardiac sarcomeres, the contractile units of all
striated muscles. b) Contraction of the LCE under illumination. Gray and blue arrows indicated the edge of the LCE strip before and after illumination
respectively. Conformations of LCE molecules with and without light are shown in the right inset. ¢) Composition of the monomer mixture used to
fabricate the BCU. d) Emission spectrum of the mLEDs (blue line) and the absorption spectrum of tested LCE (red line).

could lift. Monitoring the force generation obtained by the BCU,
following a cumulative activation of two independent mLEDs
facing each other, the force amplitude increased, as expected,
with the number of activated mLEDs (Figure 4b). Interestingly,
the cumulative effect shown during the activation of mLEDs
facing each other led to a force amplitude that was more than
twice that obtained with a single side illumination (2.3 = 0.3),
probably due to a non-linear relationship between the force
development and the light power applied to the material.

In this respect, the dependence of the force generation pro-
cess on light power was monitored by using a single illumination
unit (ILU; two mLEDs facing each other) and increasing the light
power from 0 to 22 mW (Figure 4c and Figure S1, Supporting In-
formation). As expected from our previous investigations, a non-
linear behavior between the developed force and light power was
observed within this range of irradiation intensity.['®) Moreover,
we found that BCU activation and relaxation kinetics were posi-
tively affected by the increase in light power (Figure 4d), showing
a half time in the range of few hundreds of milliseconds at the
maximum illumination power. Additionally, by switching ON an
increasingly number of ILUs, the force generated by the BCU was
increased and the contraction kinetics became faster (Figure 4e).
Interestingly, the improvement in the kinetics of activation and
relaxation did not follow the same trend in the two processes (Fig-
ure S2, Supporting Information), as expected, due to the asym-
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metric response of the material.[?®] A decrease in contraction time
as a function of an increased number of activated ILUs was ob-
served that could be attributed to a thermal effect of the light
source on the LCE strip. Conversely, the increase in temperature
resulted in a longer relaxation time of the system, due to the con-
comitant heat dissipation upon switching OFF the ILUs.

Finally, the illumination pattern could also modulate the
mechanical performance of the BCU. This was demonstrated by
letting each ILU operate at a constant light power of 17.8 mW
and setting as reference the force generated by the BCU when
a single ILU was activated. While keeping the reference ILU
switched ON, one additional ILU placed at different distance was
recruited demonstrating that the smaller the distance between
two ILUs, the higher the force amplitude generated (Figure 5a,b).
Importantly, the maximal force amplitude was achieved only
when the two active ILUs were adjacent. Another experiment on
the influence of the stimulation pattern on force amplitude was
performed by simultaneously activating four ILUs differently
distributed along the contractile unit (Figure 5c¢,d). The BCU
produced a slightly higher force amplitude when two active ILUs
were close to each other, while the generated tension decreased
when the active ILUs were separated by inactive segments.
This behavior could be explained by considering the non-linear
response of the material. In fact, adjacent ILUs irradiation cones
can overlap (see Figure 3d) producing higher force with respect

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Scheme of the preparation of LCE films via LC cell, followed by photopolymerization and crosslinking.
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Figure 3. Design of the biomimetic contractile unit. a) Frontal view of the BCU designed prototype, composed of an ultra-thin LCE strip interposed
between two arrays of eight blue mini-LEDs. b) Left: Photo of the printed circuit board (PCB) of the mini-LEDs array. Shown in scale with the scheme
described on panel (a). Right: Photo of an LCE film and strip. c) Right: sagittal view of a portion of the BCU, showing two independent mLEDs facing each
other with the LCE strip within. Left: estimation of light propagation inside a 10 pm thick LCE during one-side and dual-side illumination configurations.
d) Illumination profile on LCE surface produced by a single mLED and two adjacent mLEDs.
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Figure 4. Mechanical characterization of the BCU. a) Experimental setup. The BCU is vertically mounted in isometric conditions. b) Force development
and maximum force amplitude during the activation of one and two independent mLEDs facing each other. c) Dependence of force amplitude on single
ILU light power. The red line shows the deviation from a linear fit. d) Dependence of kinetics of activation and relaxation on increasing ILU light power.

e) Force generated by raising the number of activated ILUs.

to the same power distributed across the whole LCE strip. This
experiment supported the design of the BCU, guaranteeing
the most efficient and homogeneous illumination of the LCE
strip. Overall, considering the above-mentioned results, the im-
portance of a homogeneous illumination of the BCU to obtain
higher force levels and faster contraction kinetics is highlighted.

In the view of previous findings obtained from the mechani-
cal characterization of BCU under isometric conditions, the next
step was to assess the mechanical properties of the contractile
unit under isotonic conditions, thus allowing the material to
shorten while lifting a specific load. To perform these experi-
ments, two different loads were applied to the device with all ILUs
operating at maximum light power (17.8 mW). Then, the BCU

Macromol. Mater. Eng. 2022, 2200187 2200187 (5 of 10)

was characterized in terms of active force (F), displacement (AL),
and shortening velocity (v).

Monitoring LCE strip displacement with a CMOS camera, it
was shown that, like in natural muscles, the higher the load the
lower the extent of shortening and shortening velocity (Figure
6). The LCE strip shortening was monitored by video-edge detec-
tion at the strip end where the load was attached. The shorten-
ing velocity values of the LCE strip (v, and v in Figure 6b) were
estimated from the maximal slope of the shortening trace. The
contractile unit was activated with a tyy = 1 s by recruiting all
ILUs on both matrixes. In Figure 6a experiments performed un-
der isotonic conditions with two different loads (Load, = 5 mN
and Load; = 1 mN) are reported. Figure 6b shows the relation

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Effect of different illumination patterns on the force amplitude of the BCU. a) Force generated by the BCU when a single reference ILU was
activated and then a second ILU placed at progressively increasing distance was simultaneously switched ON. b) Relative force generated by the BCU
when the spacing between two active ILUs was varied. c) Force generated by the simultaneous activation of four ILUs differently distributed along the
BCU. d) Force amplitude obtained with the different illumination patterns shown in panel (c).

between the extent of shortening after 1 s of illumination and
the applied load. Specifically, it was observed that by imposing
a low load (e.g., Load; = 1 mN) to the BCU, the shortening ve-
locity of the artificial muscle approached values in the order of
0.20 muscle lengths/s, which are consistent with the shortening
velocity reported for human ventricular muscle working under a
low load.!*! These values are also consistent with the maximum
shortening velocity reported for the cardiac f-myosin expressed
in human slow skeletal fibers.[*]

Even though the displacement and generated force values
proved to be lower than in shape-changing systems, previously
described in the literature, the major advantage of the BCU pre-
sented in this work is the fast and miniaturized stimulation ap-
paratus that did not rely on convective heat fluxes, resistive Joule
heating and fluid-driven heating/cooling. Previously described
actuation stimuli shorten the bandwidth (i.e., the range of fre-
quencies the actuator can bear) of the devices and the kinetics of
actuation, limiting their motion to longer time scales (second-to-
minute intervals) compared to our device.[*31-33) In addition, our
BCU was prepared following a one-pot synthetic route based on
the photopolymerization of acrylate-ended mesogens, which is
versatile, rapid and easy to be performed. Other kinds of higher-
load-bearing LCE systems rely on different synthetic strategies
that involve, for instance, two-step crosslinking reactions with LC
alignment carried out via mechanical loading or stretching.[347]

Finally, with the perspective of developing BCU-based con-
traction assist devices, the longevity of the unit was tested dur-
ing continuous pulsed stimulation. Specifically, an isometrically
mounted BCU was activated at 0.5 Hz stimulation frequency (i.e.,
ton and tope of 500 and 1500 ms, respectively) to mimic cardiac
beats, by illuminating the whole surface of the BCU.

Twitch parameters were analyzed over a period of 5 days. At
day 0, the BCU produced a baseline active tension of #10 mN that
was kept constant for the whole 5-day experiment period (Figure
S3, Supporting Information), without showing any tension run-
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down due to dye photobleaching, as already observed in a previ-
ous work.[1%]

The slow activation kinetics, compared to native muscle, are
a limiting factor to obtain rapid and large force generation with
LCE-based materials. Figure 7a shows the BCU behavior in
response to progressively increased illumination times (i.e., toy
from 0.25 to 5 s) and demonstrates that the maximum force
value (216 mN) can be reached only with long illumination
periods (longer than 2 s), thus precluding high force gener-
ation at fast pacing rates. As expected, peak force decreased
when t,, was set to a value lower than 1 s, and the BCU could
generate a peak force of 4 mN using an illumination time in
the order of 250 ms, i.e., the contraction time found in human
ventricular myocardium.l*¥! On this respect, by increasing light
power (obtained by varying the number of active ILUs) and
reducing the tq, the BCU could replicate the rate-adaptation of
twitch amplitude and duration observed in human ventricular
myocardium (Figure 7b,c) mimicking the native cardiac muscle
function.[38l

Notably, the excitation frequency and force amplitude of the
BCU are tunable.['] This demonstrates the possibility to modu-
late BCU activation parameters, in the view of its use as a cardiac
contraction assist device toward a personalized medical therapy.

In terms of force production per cross-sectional area, the
present prototype has mainly a proof-of-concept value and many
aspects are yet to be improved to reach mechanical performance
comparable to that of native muscle. The myocardium, for in-
stance, works at sub-maximal activation, meaning that the chem-
ical stimulus that triggers contraction (i.e., the rise of intracellu-
lar calcium concentration) is not sufficient to exploit the maxi-
mum tension level that the contractile apparatus could produce
(=200 mN mm~2); the actual peak tension generated by ventric-
ular cardiomyocytes in vivo is estimated to be in the order of
40-60 mN mm~2.38] By analogy, the BCU has a large potential
mechanical output, and the trigger light stimulus can efficiently

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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to ~4 s). b) Twitch contractions of BCU obtained by changing the number of activated mLEDs. c) Dependence of force amplitude and d) contraction
kinetics on stimulation frequencies. In both panels data from BCU are compared to data from intact human left ventricular (LV) preparations.[38]

modulate the BCU contractile force. Specifically, we found (Fig-
ure 7a) that our BCU prototype can develop one quarter of max-
imal tension (x4 mN) with an illumination time comparable to
that of human ventricular contraction (200-250 ms).
Normalizing the maximal force that BCU can generate under
isometric condition for the BCU cross-sectional area (in the order
of 0.75 mm?, see Figure 1a), a tension level of about ~5 mN mm™2
can be found, which is one order of magnitude lower than that
of the native muscle. Considering that, with this material, the
thickness of the active layer cannot be increased due to the op-
tical properties of the materials, in which the presence of the dye
makes them opaque thus hindering light transmission through
the whole thickness of the sample, a downscale in the thickness
of the illumination layer is needed. As an example, by employing
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an illumination layer 40-50 um thick (achievable with a micro-
LED matrix) the BCU would be able to reach a tension level
of about 50 mN mm~2, like that developed by the working my-
ocardium.

3. Conclusions

Despite major advances in the field of striated muscle regen-
eration and assistance, new devices are still needed for effec-
tively providing rapid and long-lasting interventions.[! In previ-
ous studies, we have shown that light-stimulated LCEs can mimic
muscular function and potentiate cardiac contraction. However,
their integration with light sources has not been explored so
far.['] Here, a prototype of a BCU was designed and developed

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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thus allowing us to demonstrate that light power can be con-
verted into mechanical work in an integrated mLED-LCE sys-
tem. Thanks to the patterned illumination provided by the mLED
array, the BCU performance (in terms of both force amplitude
and kinetics) can be fine-tuned in the attempt of reproducing the
physiological behaviors of native muscle.

4. Experimental Section

Film Preparation: Material preparation followed a previously reported
methodology that is briefly described here (Figure 2).%11:271 The composi-
tion of the monomer mixture and the chemical structures of the reagents
are reported in Figure Tc. RM257 and C6BP are LC reactive mesogens;
the former is a diacrylate crosslinker, while the latter is a polymerizable
mesogen with one acrylate end. Disperse Red 1 Acrylate is a polymeriz-
able dye. Irgacure 369 is a UV-responsive photoinitiator to trigger rad-
ical polymerization. RM257 was purchased from Wilshire Technologies,
C6BP was purchased from Synthon Chemicals GmbH, Disperse Red 1
Acrylate was supplied by Specific Polymers, Irgacure 369 was purchased
from Sigma Aldrich. All reagents are solid and were used without any fur-
ther purification. The monomeric mixture contained 88% mol/mol C6BP,
10% mol/mol RM257, 1% mol/mol DR1 Acrylate and 1% mol/mol Ir-
gacure 369 photoinitiator. Figure S4 (Supporting Information) reports
characterization with the polarized optical microscopy of the monomer
mixture and the LC network in terms of mesophase behavior and align-
ment. LC cells were fabricated using two glass slides coated with PVA.
These substrates were rubbed uniaxially with a velvet cloth to force ho-
mogeneous planar alignment of LC monomers. After rubbing, slides were
glued together, using silica beads as spacer, to guarantee a thickness of
10 um. The mixture was infiltrated in the hollow space between the glass
slides by capillarity in its isotropic phase (at 75 °C). Temperature was then
decreased to 45 °C, and cells were irradiated with a UV lamp at 385 nm for
10 min (M385L2-C4, Thorlabs) to polymerize the mixture. A post-curing
step, by irradiating the samples with UV light for 10 min at 65 °C, was car-
ried out afterward. Cells were immersed in water and opened manually to
detach the LCE film.

Mini-LED ~ Array Assembly and Characterization: Blue mLEDs
(150040BS73220, Wiirth Elektronic, Germany) were mounted on a
custom-made printed circuit board following the geometry described
in Figure 3a. Each mLED was independently driven at constant current
(maximum driving current of 20 mA) by a custom-made 16-channel driver.
Light power provided by each mLED was measured by using a power
meter (PD300-3W, Ophir Photonics Group, Germany) located as close as
possible to mLED die. In accordance with the scheme of fabrication of
the biomimetic contractile unit (BCU), the light intensity profile of mLEDs
was monitored by using a CMOS camera (340M-GE, Thorlabs, Germany)
after placing a sensor at the distance of 0.2 mm from the mLEDs.

Mechanical Measurements: LCE films were cut into strips, following
rubbing direction, whose dimensions were 8 mm length x 0.75 mm
width. Samples were mounted between the platinum end of a force trans-
ducer (KG4A, Scientific Instruments Heidelberg, Germany) on top and an
afterload below. Measurements were performed in air at room tempera-
ture. A custom-made LabVIEW software was used for force signal record-
ing. Maximal active force was evaluated when the force reached a steady-
state plateau while the kinetics of force development were assessed by
measuring the half time of force rise and decay. Under isotonic contrac-
tions, the LCE strip displacement was monitored with a CMOS camera
(340M-GE, Thorlabs, Germany). The shortening velocity was evaluated by
measuring the relative displacement value of the LCE strip after applying
different afterloads.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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