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Tissue engineered skeletal muscle allows investigation of the cellular and molecular
mechanisms that regulate skeletal muscle pathology. The fabricated model must
resemble characteristics of in vivo tissue and incorporate cost-effective and high content
primary human tissue. Current models are limited by low throughput due to the
complexities associated with recruiting tissue donors, donor specific variations, as well
as cellular senescence associated with passaging. This research presents a method
using fused deposition modeling (FDM) and laser sintering (LS) 3D printing to generate
reproducible and scalable tissue engineered primary human muscle, possessing aligned
mature myotubes reminiscent of in vivo tissue. Many existing models are bespoke
causing variability when translated between laboratories. To this end, a scalable model
has been developed (25-500 wL construct volumes) allowing fabrication of mature
primary human skeletal muscle. This research provides a strategy to overcome limited
biopsy cell numbers, enabling high throughput screening of functional human tissue.

Keywords: primary skeletal muscle, tissue engineering, 3D printing, skeletal muscle physiology, bioengineering

INTRODUCTION

Physiologically representative models of skeletal muscle development, regeneration and
adaptation will underpin the next generation of understanding regarding the pathophysiological
characteristics regarding health and disease in this tissue. However, investigating the cellular and
molecular mechanisms that regulate muscle function in vivo is problematic, with clear experimental
limitations associated with both in vivo human and animal models (Friedmann-Bette et al., 2012).
As such, establishing a highly biomimetic model that accurately represents the native in vivo
function is of paramount importance. Tissue engineering (TE) offers an alternative experimental
platform to investigate skeletal muscle development and post-natal adaptation and function.
However, many current models are not amenable to incorporation of primary human tissue, which
are often limited in experimental throughput due to the complexities associated with recruiting
tissue donors, donor specific variations, as well as cellular senescence associated with continued
passaging. Therefore, a model that is reproducible when scaling down cell number is fundamental
in generating high-powered experiments using primary human derived cells. In many current TE
skeletal muscle hydrogels, a single human microbiopsy would supply viable cells that generate ~10
constructs. The same number of cells could, however, be used to generate over 50 times this number
of constructs. Such increases would represent a significant step forward when using primary human
tissue as a cell source for the study of muscle physiology and disease in TE models.
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FIGURE 4 | Morphological staining of the actin cytoskeleton (red) and nucleic DNA (olue) for collagen only and collagen/Matrigel® C»C1o muscle constructs after 14
days in culture. Images captured via confocal tile scan (Zeiss LSM 880) and stitched together enabling visualization of the whole construct. (A) Macroscopic images
and construct deformation analysis of CoC1» muscle constructs after 2, 4, 9, and 14 days culture, for collagen only and coIIagen/MatrigeI® constructs. (B) Contractile
force measurements for coIIagen/MatrigeI® C»C4o muscle constructs exposed to electrical field stimulation at 1, 5, and 100 Hz. (C) Average maximal twitch force and
maximal tetanic force measurements for coIIagen/MatrigeI® C»C1o muscle constructs exposed to electrical field stimulation. (D) Myotube density within the collagen
only and coIIagen/MatrigeI® C»C4o muscle constructs, expressed as myotubes per 100 wm, for each constructs after 14 days in culture. (E) Average myotube width
for each of the CoC1o muscle constructs after 14 days in culture. (F) Myotube fusion index for each of the CoC4o muscle constructs after 14 days in culture. Data

stained images, 100 ms for B.

presented as mean =+ SD from n > 3 experimental repeats in each condition. ***P < 0.001. Scale bar = 100 um for main body stained images, 50 um for inset

the collagen only constructs (Figure 4). Specifically, collagen-
Matrigel® constructs were shown to exhibit a 3-fold increase
in myotubes per 100 um (2.74 £ 0.71 vs. 0.90 £ 0.18), as
well as substantially increased fusion index (56.62 + 10.86 vs.
35.81 & 10.46%) when compared to the collagen only models.
Both average myotube width and construct deformation were
consistent across both conditions. The scalability of the model
(>1 x 10° cells per model) would also enable primary HDMC
constructs to be realized in quantities suitable for substantial
experimental and biological repeats from each muscle donor
(up to 500). These HDMC constructs demonstrated the same
abundance of aligned multinucleated myotubes as the C,Cy; cell
line models, as well as exhibiting muscular striation indicative
of mature tissue (Figure5). This maturation was confirmed
morphologically with average myotube widths in excess of
24 pm, myotube densities in excess of 1.4 myotubes per 100 pm,
as well as fusion index values in excess of 35% for both
donors. Functional contractile force measurements in response
to electrical field stimulation generated twitch force in excess of

30 wN (1 Hz), as well as maximal tetanic forces in excess of 36
N (100 Hz) for both donors. The tetanic force traces generated
also demonstrated the capacity of these constructs to contract
and relax in response to electrical excitation, mimicking the
behavior of in vivo tissue (Figure 5). In addition to the generation
of highly mature primary human muscle tissue, the addition
of Matrigel® matrix supplemented the model with basement
membrane proteins, increasing biomimicry within the system.
This has been previously reported in fibrinogen/Matrigel®
constructs, in which additive addition of the basement membrane
component resulted in enhanced tissue maturation (Hinds et al.,
2011). The precise composition of these matrix components can
have a profound effect upon the biophysical and biochemical
interactions that regulate biological behavior within the tissue.
For example, it is known that matrix elasticity and hydrogel
stiffness (elastic modulus) within both synthetic and naturally
derived polymer scaffolds can direct stem cell differentiation
(Engler et al., 2006), regulate cellular migration, spreading and
adhesion (Pelham and Wang, 1997; Zaman et al., 2006; Olsen
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FIGURE 5 | (a,b) Morphological staining of the actin cytoskeleton (red) and nucleic DNA (blue) for human derived muscle cell constructs from donor 1 and donor 2
after 14 days in culture, as well as macroscopic images of construct deformation over 2, 4, 9, and 14 days culture. Images captured via confocal tile scan (Zeiss LSM
880) and stitched enabling visualization of the whole construct. (¢) Morphological staining of the muscle specific protein filament Myosin Heavy Chain (green) and
nucleic DNA (blue) on histological cross-section. (d) Myotube density within the collagen/MatrigeI® human derived muscle cell constructs, expressed as myotubes
per 100 wm, for each constructs after 14 days in culture. (€) Myotube fusion index within the collagen/l\/latrige\® human derived muscle cell constructs, expressed as
myotubes per 100 um, for each constructs after 14 days in culture. (f) Average myotube length within the coIIagen/MatrigeI® human derived muscle cell constructs,
expressed as myotubes per 100 wm, for each constructs after 14 days in culture. (g) Construct deformation analysis of coIIagen/MatrigeI® human derived muscle cell
constructs after 2, 4, 9, and 14 days culture. (h) Representative tetanic and twitch contractile force measurements for human derived muscle cell constructs.

(i) Average maximal twitch force and maximal tetanic force measurements for human derived muscle cell constructs exposed to electrical field stimulation. Data
presented as mean =+ SD from n > 3 experimental repeats in each condition. **P < 0.01. Scale bar = 100 wm for tile scan images (top), 50 wm for individual stained
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et al, 2011) and specifically within tissue engineered muscle
will modulate force production (Hinds et al., 2011). Collagen-1
hydrogels of concentration 1, 3, and 7mg/mL have been recorded
with elastic modulus of 5.0 & 0.6, 55.4 - 11.0, and 341.8 +- 32.4 Pa
(Slater et al., 2017). Materials characterization of high collagen
(4mg/mL), collagen/Matrigel® (2/2 mg/mL) and collagen/ high

Matrigel® (2/4 mg/mL) compositions has also been documented
(Anguiano et al., 2017) with increases in fiber diameter and
pore size observed with the addition of Matrigel®. It should be
noted that Matrigel® supplement is an animal derived basement
membrane extract (secreted by Engelbreth-Holm-Swarm mouse
sarcoma cells), and as such may exhibit variability between
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commercial suppliers and batches. As such it is critical that
experimentation using this supplement is highly controlled, with
controls and experimental conditions derived from single batches
to ensure variability does not confound results.

Precision scaling of bioengineered skeletal muscle presented
within this work across a range of 500-50 L constructs, allows
for the generation of both cell line and primary tissues that can
be used in high content experimental screening prior to larger
scale in vitro and small animal in vivo studies (Vandenburgh,
2010). Moreover, it is possible to generate multiple analytical;
molecular (gene expression), morphological (histology) and
functional (force generation) data from the presented constructs,
demonstrating its diverse utility during biological investigations.
The scalability of the model presented makes it highly suited
to using primary MPC derived from multiple species. This
work builds on the previous human TE models previously
produced (Powell et al., 2002; Mudera et al., 2010; Martin et al.,
2013; Madden et al., 2015), however significantly reduces the
cell seeding density required to produce densely packed and
functionally mature tissues. Previous models utilizing sutra pins
and fibrinogen matrixes have reported seeding numbers as low
as 1 x 10°, however viable tissue was only established at 4 x 10°
densities (Martin et al., 2013). Bespoke systems using fibrinogen
(Madden et al., 2015) and type-1 collagen (Powell et al., 2002),
both combined with Matrigel® required seeding densities of
7.5 x 10° and 1.2 x 10° cells per mold respectively. The
seeding density for scaled constructs reported in this work would
elicit a 50% decrease in the cell number required to produce
mature tissue, when compared to the lowest viable density
previously reported. Furthermore, the bespoke nature of many
of the previously published systems elicits issues in experimental
scale up. This significantly enhances the amount of tissue
producible from each donor biopsy, while also satisfying the
3R’ principles of biological research (Replacement, Refinement,
and Reduction). Should primary animal cells be used, the
models presented here enhance the number of constructs and
experiments (repeated measures) that can be conducted using
tissue isolated from a single donor animal.

Current and future work surrounding skeletal muscle will
focus on the successful integration of supporting cells types.
Here, the ability to design and, crucially, adapt biocompatible 3D
printed constructs to facilitate the development of the desired
biological microenvironment will be of paramount importance.
As such, the adoption of methods that incorporate the flexibility
and rapid prototyping capability of 3D printing demonstrated
within this work will contribute significantly to the advancement
of skeletal muscle and provide concepts which can apply to other
engineered tissues in the future.

MATERIALS AND METHODS

Design and Fabrication of 3D Printed

Well-Insert Molds

3D printing was performed either by FDM or LS. Molds were
designed with a single or twin post fixed at the end of a
rectangular mold (Figure S1). Mold and post dimensions were

scaled to match the volume of collagen required for each specific
construct (Table S1). 50 wL constructs were assembled in 2-
parts with a removable barrier. The external geometries of
the part were designed to fit into a standard 6 or 12 well
culture plate. All 3D modeling was performed using computer
aided design (CAD) Siemens NX software (version 8.5); with
completed.stl files verified using Materialize MiniMagics. FDM
printing utilized a commercially available Ultimaker 2+ system
(Ultimaker, Netherlands). For FDM, completed.stl files were
processed using the in-house Cura Software for Ultimaker 2+
(version 3.2). FDM parts were printed using PLA and were
extruded onto the standard glass build plate, at previously
published settings (Rimington et al, 2017). LS parts were
printed using an EOS Formiga P100™ (EOS GmbH, Germany)
from PA-12. The powder used was a mixture of recycled
and virgin powder (20% recycled, 80% virgin); well within
manufacturer recommendations. Samples were removed from
the build chamber and cleaned using a soft abrasive brush to
remove un-sintered powder. All samples were sterilized via UV
for >1h, prior to being adhered to culture well plates using an
in-house bio-adhesive which has been found to be completely
compatible (Rimington et al., 2017). Once adhered, samples
were rinsed with 70% IMS and left for the remaining solvent to
evaporate prior to use.

Cell Culture

Culture of CoCq2 Skeletal Muscle Myoblast Cells
C,Cjy skeletal muscle myoblast cells (ECACC, all below
passage 10) were grown using standard growth medium (GM);
composed of Dulbecco’s Modified Eagle’s Medium (DMEM,
Fisher-Scientific, UK), 20% fetal bovine serum (FBS, Pan Biotech,
UK), and, 1% Penicillin/Steptomyocin (P/S, Fisher-Scientific,
UK). Cells were cultured in T80 flasks (Nunc™, Fisher-Scientific,
UK) and incubated in a 5% CO, humidified atmosphere at 37°C
until 80% confluence was attained. GM was changed every 24 h
during the culture period for expansion of cells.

Isolation and Subsequent Culture of Human Derived
Muscle Cells (HDMCs)

Healthy males volunteered for this study, which was approved
by the Loughborough University Ethics Approvals (Human
Participants) Sub Committee (reference number: H14-P16).
Before participation, subjects provided written informed consent
and completed a medical screening questionnaire. HDMC
samples were obtained from healthy males (n = 2), between
the ages of 18-55 reporting no recent injuries or intake of
anti-inflammatory pharmaceuticals. Tissue was obtained via the
Bergstrom biopsy procedure, with any visible connective tissue
being removed (Bergstrom, 1975). Tissue samples were removed
from the storage GM solution and washed three times in a
buffer solution (PBS, 1% P/S & 1% Amphotericin, Sigma, UK).
Once washed tissue chunks were placed into a petri dish,
suspended in 1mL of GM and mechanically minced using 2
scalpel blades until broken down into small sized pieces. Tissue
was then seeded into 0.2% gelatin (Sigma, UK) coated T25
flasks (approximately 4 pieces/flask) and suspended in 0.5mL
of GM to ensure tissue was planted on the culture surface
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and not floating. Flasks were then placed in standard tissue
culture incubators (37°C humidified atmosphere/5% CO,) for
7-10 days to allow cellular migration to occur with more GM
added to prevent flasks drying out. Migration of HDMC’s was
monitored with the migrated cellular population passaged at
60% confluence to prevent spontaneous differentiation at low
passage. Cells were dissociated with accutase (Fisher-Scientific,
UK) before re-plating. HDMC’s were then cultured through
three passages to confirm myogenic capacity and increase cell
quantity for experimental purposes. All HDMC’s were used
between passages 3 and 6 as previously published by our group
(Martin et al., 2013).

Tissue Engineered Constructs

Collagen constructs were generated using C,Cj, myoblasts,
with the method based around previous work from our group
(Mudera et al, 2010). Collagen hydrogels were formed by
the addition of 85% v/v type I rat tail collagen (First Link,
UK; dissolved in 0.1 M acetic acid, protein at 2.035mg per
mL), with 10% v/v of 10X minimal essential medium (MEM)
(Gibco, UK). This solution was subsequently neutralized by the
addition of 5 and 1M sodium hydroxide (NaOH) dropwise,
until a color change to cirrus pink was observed. The cells
were added at a seeding density of 4 x 10° cells per mL in

a 5% v/v GM solution, before being transferred to the pre-
sterilized inserts (various construct sizes, Figure 1) to set for 10-
15min at 37 °C. GM was added for 4 days and changed daily,
before being changed to differentiation media (DM, DMEM, 2%
Horse Serum (HS), 1% P/S) for a further 10 days in culture.
Collagen/Matrigel® constructs were generated using both C,C1,
myoblasts (Figure 4) and HDMCs (Figure 5) in removable 50
WL molds (Figure S1) 3D printed via FDM. Gels were formed
by the addition of 65% v/v type I rat tail collagen, with 10%
v/v of 10X minimal essential medium (MEM) (Gibco, UK). This
solution was subsequently neutralized by the addition of 5 and
1 M sodium hydroxide (NaOH) dropwise, until a color change to
cirrus pink was observed. This was followed by the addition of
20% v/v Corning® Matrigel® Matrix (Corning, Germany). The
cells were added at a seeding density of 4 x 10° cells per mL in a
5% v/v GM solution, before being transferred to the pre-sterilized
inserts to set for 10-15 min in an incubator. GM was added for 4
days and changed daily, before being changed to DM for a further
10 days in culture. Figure 6 outlines the process for fabricating
tissue engineered skeletal muscle.

Cryosectioning
Fixed constructs were dehydrated in 10% (24 h) sucrose followed
by 20% (24h) sucrose (w/v in Tris-buffered saline (TBS).

Cellular expansion:
Muscle growth medium
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FIGURE 6 | Schematic diagram for tissue engineered skeletal muscle fabrication.
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Constructs were then embedded in Tissue-Tek® (VWR, USA)
optimum cutting temperature (O.C.T) mounting medium and
frozen at —80°C for a minimum of 2h. Once frozen 12 um
sections were prepared, using standard cryostat protocols,
perpendicular to the longitudinal axis of the construct.

Immunohistochemistry

Following the 14 days culture period, constructs were fixed using
methanol and acetone at increasing concentrations. For C,C;
and HDMC constructs, the actin cytoskeleton was identified
using Rhodamine-Phalloidin (1:500, Thermo-Fisher, UK) and
nuclei were stained using DAPI (1:2,000, Thermo-Fisher, UK)
in Tris-Buffered Saline (TBS) for 2h. Slides were then washed
(3 x 15min, TBS) and transferred to poly-lysine microscope
slides (Thermo-Fisher, UK) and mounted using Fluoromount™
mounting medium (Sigma-Aldrich, UK). For cryosections of
HDMC constructs, sections were stained for Desmin to show
myogenic cells and DAPL Briefly sections were incubated
overnight with anti-desmin antibody (1:200, Dako, UK, clone
D33) in blocking solution (Tris-buffered saline mixed with
polysorbate 20, TBST, 5% Goat serum). Samples were washed
(3 x 15min, TBS) and incubated for 1h with secondary
fluorescent antibody (1:500, Invitrogen, UK, Alexa Fluor™ 588
goat anti-mouse) and DAPI (1:2,000) in blocking solution.
Slides were then washed (3 x 15min, TBS) and mounted as
previously described.

Analytical Procedures

Measuring construct width provides an indication of cell
attachment and remodeling and as such, images of the
macroscopic contraction of the constructs were taken throughput
the culture period using an EPSON flatbed scanner [Perfection
V330 Photo, 300DPI, (Smith et al., 2012)]. Construct width
was measured using FIJI image analysis software [version 1.5a,
(Schindelin et al., 2012)]. Images were captured using a Leica
DM2500 or a Zeiss LSM 880 confocal and used to analyse
the morphology of the myotubes including; fusion efficiency
(number of nuclei in myotubes represented as a percentage of the
total number of nuclei in the image frame), myotube density per
100 pm (number of myotubes measured across a 100 um cross
section of the gel), myotube length and myotube width. Analysis
was conducted from 5 images taken from each construct, within
each condition and repeated at least three times (1 > 3).

Assessment of Muscle Function by

Electrical Stimulation

Constructs were washed twice in PBS and one end of the
construct was removed from the mold. The loose end of the
construct was then attached to the force transducer (403A
Aurora force transducer, Aurora Scientific, UK) using the
eyelet present in the construct. The construct was covered
(3 mL) with Krebs-Ringer-HEPES buffer solution (KRH; 10 mM
HEPES, 138 mM NaCl, 4.7mM KCl, 1.25mM CaCl,, 1.25mM
MgSO, 5mM Glucose, 0.05% Bovine Serum Albumin in dH,0,
Sigma, UK). Wire electrodes were positioned either side of
the construct to allow for electric field stimulation. Impulses
were generated using LabVIEW software (National Instruments,

Berkshire, United Kingdom) connected to a custom-built
amplifier. Maximal twitch force was determined using a single 3.6
v/mm, 1.2 ms impulse and maximal tetanic force was measured
using a 1s pulse train at 100Hz and 3.6 v/mm, generated
using LabVIEW 2012 software (National Instruments, UK).
Where possible, twitch and tetanus data were derived from three
contractions per construct. Data was acquired using a Powerlab
system (ver. 8/35) and associated software (Labchart 8, AD
Instruments, UK).

Statistical Analysis

Significance of data were determined using IBM® SPSS®
Statistics version 23. Mauchly’s test of sphericity and Shapiro-
Wilk tests were used to confirm homogeneity of variance and
normal distribution of data, respectively. Where parametric
assumptions were met, a 4 x 6 (Figurel), 2 x 5 (Figure 4),
or 2 x 4 (Figure5) factorial analysis of variance (ANOVA)
was used for construct deformation analyses. One-way ANOVA
(I x 4) was used to analyse morphological data; myotube
number, myotube width, fusion index, nuclei number, myotube
density, and myotube length only concerned with experimental
termination time-points. Where significant interactions were
observed, Bonferroni post-hoc analyses were used to analyse
differences between conditions at specific time-points. Non-
parametric Kruskal-Wallis (H) analysis was undertaken where
data violated parametric assumptions. Mann-Whitney (U) tests
were then utilized to determine significance between conditions,
in accordance with Bonferroni correction to account for
incremental type-1 error. All data is reported as mean =+ standard
deviation (SD). Significance was assumed at P < 0.05.

LIST OF AVAILABLE DESIGNS USED
WITHIN THIS WORK

500 pL Mold FDM—Available online at: https://doi.org/10.
17028/rd.1boro.6969851.v1.

250 wL Mold FDM and LS—Available online at: https://doi.
0rg/10.17028/rd.1boro.6969848.v1.

100 pL Mold LS—Available online at: https://doi.org/10.
17028/rd.1boro.6969806.v1.

50 wL Mold LS—Available online at: https://doi.org/10.17028/
rd.1boro.6969797.v1.

50 wL Mold FDM—Available online at: https://doi.org/10.
17028/rd.1boro.6969710.v1.

50 wL FDM removable insert—Available online at: https://doi.
0rg/10.17028/rd.Iboro.6969707.v1.

25 pL Mold LS—Available online at: https://doi.org/10.17028/
rd.Iboro.6969683.v1.
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