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muscle tissue is considered as potential method to drive the BHM motion. Task 2.2.
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trusion-based bioprinting and light-based bioprinting, on the characteristics of the
matured muscular tissue and their capacity to contract under electrical stimulations.
The effect of additional biofabrication parameters, such as tissue shape and dimen-
sions, cell densities and biomaterials on the characteristics of the final bioactuator
have also been explored. Mold casting demonstrated to produce reproducible tissue
models with force contraction values 10 times higher than those bioprinted models
with the same size and cell densities. However, these results relied on the use of 3D
printed circular molds with 9mm distance between pillars, which enables the optimal
maturation of the muscle fibers.
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BiOMeld

The manufacturing of a biohybrid machine (BHM) requires the incorporation of a biological component capable of
controlling the catheter. In this project, the integration of muscle tissue is considered as potential method to drive the
BHM motion. Task 2.2. explores the impact of different biofabrication processes, including mold casting, extrusion-
based bioprinting and light-based bioprinting, on the characteristics of the matured muscular tissue and their capacity
to contract under electrical stimulations. In Section 1 we discuss different biofabrication techniques we tested during
the project (mold casting, extrusion-based 3D bioprinting, and light-based bioprinting) and give a brief methodological
overview. In Section 2, for the first two biofabrication approaches we tested how various factors influence muscle
force outputs. For the mold casting approach (Section 2.1) the focus is on the effect of tissue shape and tissue size.
Since in previous experiments we showed that, for extrusion-based 3D bioprinting, infinity-shaped tissue has a higher
force output compared to circular shape, in section 2.2 we use only infinity shape and focus on the effect of cell seed-
ing concentration on muscle force output. The light-based 3D bioprinting approach has barely been explored so far, so
in Section 2.3 we focus only on preliminary cell viability results with the use of GelMA and PEGDA. Overall, mold cast-
ing demonstrated to produce reproducible tissue models with force contraction values 10 times higher than those
bioprinted models with the same size and cell densities. These results relied on the use of 3D printed circular molds
with 9mm distance between pillars, which enables the optimal maturation of the muscle fibers. The importance of the
obtained results concerning the next planned steps and the update of the original plan is discussed in Section 3. Per-
formance of partners is briefly outlined in Section 4, while the concluding remarks are given in Section 5. We estab-
lished that circular-shaped designs with a diameter of 9 mm were the optimal configurations. Therefore, in the next
step of the project, we will work with mold-casted tissues.
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1. DESCRIPTION OF TASK 2.2: MUSCLE INTEGRATION

The main objective of this task is to develop a muscle actuator which will be implemented as the active com-
ponent of the biohybrid machine (BHM). Different biofabrication techniques have been explored aiming to
bioengineer the muscle actuator with the highest contraction force.

1.1 MOLD CASTING

Mold casting is an extended method for the large-scale production of muscle tissue (Figure 1). In this process,
PDMS-based molds with the desired shape and size are 3D printed and cured at 652 C overnight. These molds
are then used to cast the bioink, containing C2C12 myoblasts encapsulated in Matrigel and fibrin.

The biofabricated tissue is cultured at 37°C and 5% CO: for 2 days in growth medium. Then, the cell-laden
circular rings are transferred to a 3D printed two-post system and maintained in differentiation medium until
the complete myotube formation, which requires at least 7 days. The PDMS-based post system is essential for
the proper maturation of the muscle tissue, as it provides tension during the myoblast differentiation process.
Therefore, the 3D printed structure of PDMS-based posts and their curing process at 372C for 7 days are essen-
tial to obtain the desired mechanical properties in the posts and ensure the best muscle tissue performance
for this project.

After the tissue maturation, the biofabricated tissue rings can be transferred to the catheter, which will also
contain posts or notches for the assembly of the muscle tissue.

Cell mixing with the hydrogel Casting in the mold —

Matrigel®

C2C12 mouse
myoblasts %‘ &
10 MILLION/mL e PDMS-based posts

Fibri

Igﬁlen mCell-}aden PR m \!\\ .
= 7 ~v"

I!HMEM’ . ’/) Muscle tiss{

Biomaterial

Cell pellet

Figure 1. Schematic of the fabrication of muscle bioactuators by mold casting. Figure modified from Mestre et al. 2021.



1.2 EXTRUSION-BASED 3D BIOPRINTING:

In contrast to mold casting, 3D bioprinting enables the creation layer-by-layer of complex structures without

the need for molds.
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Figure 2. Schematic of extrusion-

based 3D bioprinting process.

Extrusion-based 3D bioprinting is one of the most extended bioprinting
techniques due to its capacity to print a wide range of materials. This
technology is based on the controlled deposition of cells and bio-
materials by their exposure to controlled pressure ranges (Figure 2).

In this work, muscle tissue is fabricated by extrusion based bioprinting
using a bioink formulation comprised of gelatin, fibrinogen and C2C12
cells. This biomaterial mix was selected due to its capacity to generate
reliable tissue models at room temperature (Mestre et al., 2019). After
the bioprinting process, the tissue is matured following the same pro-
cess than the mold casted muscle models, before their movement into
the catheter.

1.3 LIGHT-BASED BIOPRINTING:

N
|z
Printing
support ﬁ Printed
.. design
e i Focusing
Polymerization _/lenses
window
Mirror ! DLP
IR filter
iw Electrodes
v
Cell-laden hydrogel
Cell-laden bioink
[ '

Figure 3. Schematic of light-
based bioprinting process.

1.4 CELL SEEDING:

Light-based bioprinting was selected as alternative to extrusion-based
bioprinting technique, due to its high resolution down to 50 pm
structures. Specifically, the capacity of Digital Light Processing (DLP)
bioprinting system to generate muscle tissue is explored in this task.

DLP bioprinting process allows the projection layer-by-layer of objects
in light-responsive biomaterials. In contrast to other light-based
bioprinting process, DLP enables the use of less hazard wavelength
and more biocompatible resins.

The production of muscle fibers is also explored by simply seeding cells on the surface of the catheter. This 2D
cell culture is matured following the same process as described above. In order to ensure cell attachment and
alignment along the structures, micropatterned surfaces are used.



2 DESCRIPTION OF WORK AND MAIN ACHIEVEMENTS IN TASK 2.2.

2.1 MOLD CASTING

The influence of the shape and size of the biofabricated tissues using mold casting were evaluated in order to
obtain muscle models with improved force output.

2.1.1 EFFECTS OF TISSUE SHAPE ON MUSCLE FORCE OUTPUT

In previous research, our group reported the advantages of muscle bioactuators fabricated by mold casting
using circular-shaped molds, in terms of their easy integration in different flexible structures such as two-post
systems or serpentine-like structures (Guix et al., 2020). As previously mentioned, the two-post system pro-
vides stability to the muscle tissue, but it also works as a force measurement platform (Figure 4-i). When mus-
cle contracts upon Electrical Pulse Stimulation (EPS), the tissue creates a force towards the post, generating a
post bending that is video tracked (Figure 4-ii). Then, knowing the mechanical properties of the PDMS-based
post, we can correlate the post displacement (Figure 4-iii) with the force of the muscle tissue using the classical
Euler—Bernoulli beam bending theory (Mestre et al., 2019)

We performed some preliminary tests fabricating circular-shaped muscle tissues following the protocol de-
scribed in Figure 1. In this case, the diameter of the casted mold was 5 mm and the tissue was then transferred
and cultured into a two-pillar system with 5 mm distance. Figure 4-iv shows the contraction force obtained
with EPS of 15 V at 1Hz frequency and 2ms of pulse width, in the presence of a single muscle tissue in the two-
post system compared to the incorporation of two muscle tissues together in the same system. Single tissues
performed an average force output of 863 uN although the variability between samples was important. Slight-
ly but not significant higher force was obtained with two tissues integrated in the same post system, suggest-
ing that integrating various tissues in the same system might not have an evident impact on total force output.
Moreover, the analysis of the force measurements was a bit more difficult to perform due to the difficulties on
determining the height at which these tissues were located, which is an essential data needed to calculate the
force generated by the tissues. In this case, the variability between samples was also very high.
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Figure 4. Force measurements of circular-shaped muscle bioactuators under electrical pulse stimulation (EPS). (i) Image of
the casted models after being transferred into the 2-post system. (ii) Example of the pillar bending analysis and (iii) the
obtained pillar displacement information over time. (iv) Comparison between the contraction forces obtained after incor-
porating one or two muscle tissues into the 2-post systems.

Modifications on the shapes of the molds were considered after observing a higher stability and improved
contraction forces on those tissues 3D bioprinted with infinity shapes. Therefore, we wanted to evaluate if
infinity shaped tissues could be fabricated with mold casting and compare their performance with those bioac-
tuators fabricated with circular molds. Figure 5A shows the AutoCAD design of infinity shaped molds with dif-
ferent sizes. We compared the effect of fabricating the molds using extrusion-based and stereolithography
(SLA)-based 3D printing. Using extrusion 3D printing, we obtained what we called the Infinity Molds (IM) (Fig-



ure 5B) and with SLA printing we generated the negative mold which could be used to fabricate the final
PDMS-based infinity molds, denoted as Infinity Pools (IP) (Figure 5C).

The comparison between tissues obtained from these molds highlighted the need to optimize the quality and
reproducibility of these molds. For instance, an important number of infinity molds with 5mm diameter be-
tween pillars (IM5) could not be printed due to problems associated with the slicing software required to gen-
erate the printer G-code. On the other hand, several infinity pools (IP) could not be used as they were not
completely polymerized, probably due to the interaction between the PDMS and the resin used for the nega-
tive mold, which also induced cell toxicity.

To assess the effect of the manufactured molds on the muscle properties, C2C12 cells embedded in Matrigel
combined with fibrin were casted and cultured in growth media for 2 days, then assembled in two-post sys-
tems with 3- or 5-mm distance between posts during the differentiation phase depending on their size. Only
IM3 muscle tissues could be transferred into 3 mm distance posts as IP3 could not be removed from the mold.
Samples prepared in larger molds were transferred to the systems containing two posts with 5 mm distance
between them (Figure 5D). Force measurements shown in Figure 5E, demonstrated that contraction force
performed by bioactuators fabricated with IM4 molds was significantly higher than the other models.
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Figure 5. Characterization of mold casted muscle bioactuators with infinity shapes. A) AutoCAD design. The displayed dis-
tances correspond to the distances between the center of the posts. B) Infinite Mold IM4 fabricated with extrusion 3D
printing with 4 mm distance between posts. C) Infinity Pools (IP) of different dimensions obtained after performing soft
lithography with PDMS on the negative mold 3D printed by stereolithography (SLA). D) Microscope images of tissues fabri-
cated with extrusion-based 3D printed molds (IM3, IM4) and SLA-printed molds (IP4, IP5). Scale bars represent 1 mm. E)
Contraction forces generated by the different mold casted models under Electrical Pulse Stimulation (EPS). Statistical signif-
icance was evaluated with One-way ANOVA (p<0.05).



When comparing the impact of size on the extrusion printed molds (IM), the lower contraction force observed
in the smallest bioactuator could be explained by the high tissue compaction observed in IM3, which could
limit their ability to contract. On the other hand, the notable higher contraction forces obtained in IM4 sam-
ples compared to IP4 also highlight the importance of the mold fabrication process on the final properties of
the muscle bioactuators. The lower polymerization of the walls and posts in the SLA printed molds (IP), as well
as the toxicity caused by the unpolymerized PDMS could be responsible for the uneven muscle differentiation,
and consequently the reduced on the ability of the muscle models to contract observed in these models.

Despite further biological characterization (i.e. gene expression through quantitative Real Time PCR or myo-
tube alignment through fluorescence immunostaining) should be done to determine the level of muscle cells
differentiation of each bioactuator, the comparison between contraction forces generated by infinity shaped
tissues (Figure 5) and circular muscle tissue (Figure 4) underlines a significantly higher performance in those
bioactuators produced with circular molds. The higher confinement of the cell-laded hydrogels in the circular
tissues could be responsible of a better alignment of the myotubes throughout the ring structure, meanwhile
the presence of some random myotube alignment in the center (cross part) due to a lack of confinement in
that area could be responsible of the lower contraction observed in the infinity shaped tissues.

Therefore, we continued exploring circular shape molds and evaluated the effects of tissue dimensions on the
generated contraction forces.

2.1.2. EFFECTS OF TISSUE SIZE ON MUSCLE FORCE OUTPUT

We designed circular molds (Figure 6A) with different diameters which were assembled in 3, 5-, 7-, 9- and 11-
mm distant pillars (Figure 6C). We observed that all rings were perfectly assembled on their respective two-
post systems, meaning that the tissue was not too loose or too tight around the posts, and we evaluated the
contraction force under EPS on day 7 of differentiation. Force measurements showed a mostly linear incre-
ment of force output with increasing tissue diameter, being the 9 mm ones the strongest bioactuators with an
average force output of 282 uN (Figure 6B). These results demonstrate that bigger tissues perform higher
forces, probably due to the higher amount of contractile myotubes. However, we also observed a decrease of
forces in 11 mm diameter tissues probably due to a lack of tension provided by the posts throughout all the
tissue, which is key for the proper formation of aligned myotubes. If the tissue is too large, a smaller number
of cells are closer to the posts and therefore, less cells feel the tension provided by the posts.

In order to further assess how distance between posts influences muscle differentiation, we performed the
staining of actin filaments to study myotube alignment at day 8 of differentiation (Figure 6C). As a preliminary
test, we also performed Real Time quantitative-PCR to evaluate the expression of genes related with muscle
differentiation and maturation, for instance MyoD as a marker of myoblasts, Myogenin (MyoG) as a marker of
myocytes and Myosin Heavy Chain llb (MHClIb) as a marker of matured myotubes (Figure 6D) (Relaix et al.,
2021). Multinucleated myotubes were found in all samples but 3 mm ones, where almost none aligned myo-
tubes were found. This result is in concordance with the lower values of contraction force and the higher val-
ues of gene expression of MyoD obtained with these bioactuators, suggesting that these muscle tissues did not
reach full maturation as most of the cells conforming the tissue were in the myoblast stage.

Although further quantification of myotube alignment and dimension needs to be done, we can qualitatively
identify that more aligned myotubes were found in 9 mm bioactuators, which explains why the highest force
output and expression levels of the myotube marker MHCIllb were obtained with these samples. When com-
paring the other genes, MyoD or myogening, we see that there are not many differences between 5, 7 and 11
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mm bioactuators, similarly to the non-significant differences in force output obtained with those tissues. Alt-
hough we cannot make strong conclusions from the genetic evaluation of the bioactuators, as we are only
reporting the values of a single sample of each dimension, these results together with the force measurements
and the fluorescence staining of myotubes helped us to get an overall idea of how the dimensions of the tis-
sues and distance between posts affect their maturation level.

In summary, we can conclude from these tests that 9 mm circular tissues are the preferred muscle bioactua-
tors due to their improved performance. However, we wanted to continue investigating the possibility of bio-
engineering muscle tissue with even higher force output and therefore we explored extrusion- and light-based
3D bioprinting as other potential biofabrication techniques (see sections 2.2 and 2.3).
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Figure 6. Characterization of circular-shaped mold casted muscle bioactuators. A) Example of a CAD design of a circular
mold, which is extrusion-based 3D printing. B) Force measurements of bioactuators of different diameters (i.e. assembled
in two-post systems with different distance). Statistical significance was evaluated with One-way ANOVA (p<0.05. C) Left:
Bright field microscope images of the muscle bioactuators. Right: Fluorescence staining of myotube actin with Phalloidin
(red) and myotube nucleus with Hoechts (blue) at day 8 of differentiation. D) Gene expression analysis by RT-qPCR of bio-
actuators at day 8 of differentiation. This is just a preliminary test performed with only one sample of each dimension.
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2.2 EXTRUSION-BASED 3D BIOPRINTING

In previous research projects performed in our lab, the fabrication of infinity shaped tissues using extrusion-
based 3D bioprinting showed a higher force output in comparison with bioprinted circular tissues. Therefore,
using this shape, we evaluated the impact of other fabrication parameters that could affect muscle develop-
ment such as cell seeding concentration.

2.2.1 EFFECTS OF CELL SEEDING CONCENTRATION ON MUSCLE FORCE OUTPUT

Muscle bioactuators were manufactured by extrusion-based bioprinting using a bioink composed of 7% gela-
tin, 4% fibrinogen and C2C12 cells. The bioactuator was bioprinted directly in the two post-systems, corre-
sponding to 9 mm distance between posts. Similarly to the mold casted tissues, bioprinted models were cul-
tured in growth media for two days, followed by their cultured in differentiation media until performing their
contraction force analysis.

Muscle fibers or myotubes are formed by the fusion of myoblasts, for that reason we wanted to evaluate how
the increment on the initial myoblast density could lead to a higher level of myoblasts fusion and myotube
generation. To investigate this idea, 3D muscle models were bioprinted using 1, 5 and 10 million cells/mL and
different tests including viability tests, actin filament staining and force measurements were performed to
understand their impact on the tissue development (Figure 7).
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Figure 7. Characterization of muscle bioactuators fabricated with extrusion-based 3D bioprinting. A-i) Cell viability after 24
hours of muscle bioactuators bioprinted with different cell densities (calcein staining stains alive cells (green); ethidium
homodimer-1 (Ethd) stains dead cells (red). A-ii) Bright field microscope images of the infinity-shaped tissues assembled in
9 mm distant posts at day 7 of differentiation. A-iii) Fluorescence staining of myotube actin filaments (red) and myotube
nucleus (blue) at day 7 of differentiation. B) Force measurements the bioactuators with different cell densities at day 7 of
differentiation. C) Comparison of the force output of 3D bioprinted and mold casted actuators with the same dimensions (9
mm diameter) and cell density (10 million cells/mL).
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The viability assay shows the high cell viability of the different 3D constructs, regardless the cell seeding con-
centration, demonstrating the biocompatibility of the extrusion 3D bioprinting process (Figure 7A-i). Only 24 h
after the bioprinting process, we could observe in all the samples that cells started to acquire an elongated
shape, which indicates that the gelatin-fibrinogen bioink provides the attachment points for cells to migrate
through the construct. After one week in differentiation media, all samples looked compact and adapted
around the two-post system, sign of muscle cell differentiation (Capel et al., 2019) (Figure 7A-ii).

In Figure 7A-iii, which corresponds to the fluorescence staining of the actin filaments expressed in the muscle
fibers, we can observe that multinucleated and aligned myotubes were formed in all samples demonstrating
the potential of 3D bioprinting for the 3D bioengineering of muscle tissues. In those models containing the
highest bioprinted cell density, corresponding to 10 million/mL, a higher amount of myotubes represented by
a higher intensity of actin filaments can be observed throughout all the constructs. Contrary, those samples
printed with only 1 million cells/mL presented a more dispersed myotubes compared to those samples with
higher cell densities.

This differential amount of myotubes seemed to have an impact on muscle contraction, as the bioactuators
with an initial cell density of 1 M/ml are the ones who performed the lowest force output, being this value
almost half of the force outputs obtained with models bioprinted with higher cell densities (Figure 7B). Not
much difference on the contraction forces was observed between the 5 M cells/ml and 10 M cells/ml, which
performed an average force of 23.6 uN and 24.05 uN, respectively. Therefore, we can conclude that higher cell
densities result in the formation of more contractile myotubes although not in a linear way, as value of forces
reached a plateuau between 5 and 10 M cells. However, these values are significantly under the minimum
force needed to bend the catheters. Moreover, if we compare the forces obtained from mold casted and 3D
bioprinted bioactuators with same dimensions (9 mm) and same cell density (10 million/ml) we observed that
the former performed more than 10 times stronger forces (Figure 7D), indicating that mold casting is so far the
best biofabrication approach.

2.3 LIGHT-BASED 3D BIOPRINTING

The advantages of light-based 3D bioprinting on the production of muscle tissue has barely been explored. For
this reason, we explored the impact of different light-crosslinkable materials, including GeIMA and PEGDA (Vila
et al., 2020). GelMA is commonly used in tissue engineering due to its very good biocompatibility. However,
the low stiffness and high swelling degree of this biomaterial make it challenging to develop complex struc-
tures, where a stiffer and more stable material is needed. For that reason, we also explored PEGDA, often used
in tissue engineering and biorotobics to create stiff structures such as posts or notches. Due to the lack of cell
recognition sites in PEGDA, essential for cell proliferation and migration, we decided to explore the impact of
combining PEGDA with different percentages of GelMA, aiming to fabricate a bioink with high stiffness and
stability, as well as good cell biocompatibility. In parallel, the effect of combining PEGDA with collagen type |
was also evaluated as additional strategy to improve the biocompatibility of PEGDA, considering collagen
type | is one of the most common proteins found in the extracellular matrix.

The printing parameters for each of the bioinks was optimized by modifying the light exposure time, intensity
and temperature until obtaining replicable circular disks with defined structure regardless the bioink used,
showing the versatility of this 3D printing process (Figure 8A).
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To evaluate the biocompatibility of the DLP printing process and determine the effect of the different bioink
formulations on the myoblast behavior, we cultured C2C12 myoblasts on top of the 3D printed disks and per-
formed a viability test after 3 days of culture.

In Figure 8B, cells seeded on printed disks made of 100% Gelma presented a similar number of alive cells
(green) compared to the control comprised of cells seeded in commercial tissue-culture treated plastic (con-
trol). As the amount of PEGDA is increased in the bioink composition, the cell viability is importantly reduced.
This could result from a lack of cell attachment on the disks. Interestingly, a change on the cell morphology
could be observed in the disks made of 100% GelMA and 90% GelMA combined with 10 % PEGDA. Only in
these samples, it was possible to visualize early differentiated myocytes, characterized by a more elongated
shape compared to the rounded myoblasts found in the control. These are very encouraging results, as they
demonstrate that GelMA not only provides a biocompatible environment for cells but also induces their differ-
entiation into myocytes. The presence of PEGDA seems to reduce cell proliferation, which can be explained by
the increment of stiffness that results in less nutrient diffusion. However, this change in stiffness would be
interesting for the fabrication of more complex structures.

90 % GelMA + 75 % GelMA + PEGDA +

A GelMA 10 % PEGDA 25 % PEGDA PEGDA Control

collalen

Figure 8. Cell viability of C2C12 myoblasts grown on top of light-based 3D printed disk using different bioinks. A) Images of
the 3D printed disks. B) Live/dead assay images from cells cultured for 3 days on top of each disk. Top images: live cells in
green, bottom images: dead cells in red.

This preliminary data demonstrates that although PEGDA is an interesting material to print defined and stable
structures, it is not biocompatible enough to be used as a bioink for muscle-based bioactuators fabrication,
even when combined with other biomaterials such as GelMA or collagen. However, one disadvantage of light-
based 3D printing in comparison with extrusion printing or mold casting is the long time required to observe
cell alignment in these printed models, which is essential for the development of contractile bioactuators. As
shown in live/dead images, cells had a random alignment and directionality, even in those disks printed with
100% GelMA and 90% GelMA -10% PEGDA disks.

Before considering light-based bioprinting as potential BHM fabrication process, it will be necessary to first
optimize the printing of GelIMA-based bioinks at physiological temperatures, before assessing how the printing
of myoblasts embedded in these bioinks affect the properties of the final muscle actuators.
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3 DEVIATIONS FROM THE WORKPLAN

The lack of reproducibility and the absence of contraction forces obtained when using 2D cell seeding in Task
3.2.4, prevented the consideration of simple cell seeding on top of the catheter as an alternative for this pro-
ject. The characteristic three-dimensional character of native skeletal muscle makes necessary to generate a
3D tissue construct to obtain the optimal bioactuator performance.

Due to the need of mold casting to generate muscle models with the highest contraction forces, it will be nec-
essary to perform the biofabrication process outside the catheter, as it is envisioned right now. Once the mus-
cle tissue is fully differentiated, it will be possible to integrate it into the catheter.

Therefore, the muscle bioactuator will not be manufactured inside the BHM. This means that some of the
other modules of the BHM must be assembled after the bioactuator integration in the catheter. Our sugges-
tion is to firstly assemble the flexible electronic platform (from UniCA) into the catheter (from SSSA), then
integrate the bioactuator and finally assemble the chamber, which will close all the system. For this purpose,
SSSA and IBEC are considering the integration of the walls of the microfluidic chamber in the catheter struc-
ture, either by designing a new mold or by directly 3D printing the walls on top of the catheter using the same
materials to maintain the mechanical properties of the catheter. In this way, we could easily assemble the
bioactuator in the catheter and then close the chamber by gluing the cover to the walls.

4 PERFORMANCE OF THE PARTNERS

For the development of the Deliverable 3.2 Muscle integration, we have been periodically in contact with SSSA
and UniCA to provide information about the bioactuator size, shape and obtained force outputs. In this way,
SSSA could perform simulations to design the size and distance between the notches/pillars, which are inte-
grated in the catheter structure for the proper assembly of the bioactuator, and to calculate the force required
to induce catheter bending and motion. This information was also important for UniCA researchers to design a
flexible electronics according to the dimensions of the muscle tissue and catheter.

5 CONCLUSIONS

We explored three different biofabrication approaches to generate 3D muscle bioactuators: mold casting,
extrusion-based 3D bioprinting and light-based 3D bioprinting. For each technique, we investigated various
parameters, such as shape, size, cell density and bioink composition, aiming to optimize the fabrication pro-
cess and obtain muscle tissue with the highest contraction force under EPS.

The conclusions obtained comparing different biofabrication techniques are the following:

1. Mold casting:

0 The shape of mold casted muscle tissue has a significantly impact on the contraction forces generated
by these models, being the circular tissues, the ones performing stronger contraction force in compari-
son with infinity shaped molds.

0 The method selected to manufacture the molds also has a direct effect on the tissue models. In the
case of SLA printed molds, the uneven polymerization of the resin and the need of additional steps be-
fore obtaining the final mold have a direct impact on the reproducibility and differentiation of the
muscle tissues.



0 The comparison between the performance of muscle tissues with different sizes highlighted a notable
higher force output of those models produced with 9 mm diameter molds and assembled in 9 mm dis-
tant posts were the stronger ones.

2. Extrusion-based 3D biopriniting

O Extrusion-based bioprinting process demonstrated to have no effect on cell viability when printing
C2C12 myoblasts at cell densities up to 10 M cells/mL.

0 Selection of cell densities has an important effect on the formation of myotubes, being bioprinted
models with the highest cell densities the ones with greater amount of myotubes and denser tissues.

0 The myotube distribution and density is directly associated with the contraction forces generated by
the models, with the lowest tested cell density (1M cells/mL) the ones presenting the weakest models.
However, the obtained results suggest that a maximum in the myotube formation and generated con-
traction forces is found when comparing the bioprinting of 5M cells/mL and 10M cells/mL.

3. Light-based 3D bioprinting:

0 DLP printing demonstrated the ability to generate reproducible constructs using biomaterials with dif-
ferent mechanical properties in contrast to extrusion-based 3D printing.

0 GelMa and PEGDA-based printed disk showed to have a high biocompatibility.

0 The presence of GelMA in the printed structures significantly improved the cell viability in comparison
to PEGDA-based constructs, while accelerating the myoblast differentiation into myocytes.

O By incorporating 10% PEGDA into the GelMa-based bioink it was possible to produce more robust
structures without an important impact on the cell viability.

Although further research is needed, the results reported here suggest that mold casting is the preferred tech-
nique due to its simplicity and efficacy in terms of bioengineering muscle actuators with high force output. This
result is significantly relevant when comparing the 10 times higher contraction forces obtained with mold
casted tissues compared to the bioprinted models with the same size and cell densities. We established that
circular-shaped designs with a diameter of 9 mm were the optimal configurations. Therefore, in the next step
of the project, i.e. performance testing of the bioactuator integrated in the catheter, we will work with mold
casted tissues.

In the future, it could be possible to further explore the potential of light-based 3D printing and the optimiza-
tion of bioinks for extrusion-based 3D bioprinting, aiming to understand whether mold casted tissues are
stronger than 3D bioprinted ones due to the fabrication technique or the influence of the bioink formulation
on the tissue maturation. Currently, a combination of matrigel-fibrin is used for mold casting, whereas a mix of
gelatin with fibrinogen is used for 3D bioprinting due to inability to print Matrigel-fibrin at room temperature.
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