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The physical connection between motoneurons and skeletal muscle targets is responsible for the creation
of neuromuscular junctions (NMIJs), which allow electrical signals to be translated to mechanical work. NMJ
pathology contributes to the spectrum of neuromuscular, motoneuron, and dystrophic disease. Improving in vitro
tools that allow for recapitulation of the physiology of the neuromuscular connection will enable researchers to
better understand the development and maturation of NMJs, and will help to decipher mechanisms leading to NMJ
degeneration. In this work, we first describe robust differentiation of bungarotoxin-positive human myotubes, as
well as a reproducible method for encapsulating and aligning human myoblasts in three-dimensional (3D)
suspended culture using bioprinted silk fibroin cantilevers as cell culture supports. Further analysis with co-
culture of motoneuron-like cells demonstrates feasibility of fully human coculture using two-dimensional and
2.5-dimensional culture methods, with appropriate differentiation of both cell types. Using these coculture dif-
ferentiation conditions with motoneuron-like cells added to monocultures of 3D suspended human myotubes, we
then demonstrate synaptic colocalization in coculture as well as acetylcholine and glutamic acid stimulation of
human myocytes. This method represents a unique platform to coculture suspended human myoblast-seeded 3D
hydrogels with integrated motoneuron-like cells derived from human induced neural stem cells. The platform
described is fully customizable using 3D freeform printing into standard laboratory tissue culture materials, and
allows for human myoblast alignment in 3D with precise motoneuron integration into preformed myotubes. The
coculture method will ideally be useful in observation and analysis of neurite outgrowth and myogenic differ-
entiation in 3D with quantification of several parameters of muscle innervation and function.
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Introduction muscle, remains to be achieved. These junctions are formed
in the eighth to tenth week of development' as motoneu-

HYSIOLOGICALLY RELEVANT HUMAN three-dimensional rons extend out of the ventral root of the developing spinal

(3D) tissues are increasingly being developed in vitro to
explore human-specific tissue development and to elucidate
specific pathophysiological processes. These engineered
tissues often seek resemblance to the cytoarchitecture of
tissues found in vivo, which may be difficult to obtain in
two-dimensional (2D) culture with monolayers resting on
artificial substrates.

While incredible progress has been made over the last
century toward recreating developmental processes across
various human tissue lineages, a consensus 3D model, for
studying human neuromuscular junctions (NMJs) in skeletal

cord and contact acetylcholine receptors in postjunctional
folds on myotubes found in laterally expanding myotomes.
These myotomes begin as a tissue layer in somites, bilateral
blocks of mesoderm, which form parallel to the anterior—
posterior axis of the embryo,” and eventually give rise to the
muscular system.

This interaction between developing nerve and muscle is
critically important in normal physiology and has patho-
logical consequences in both congenital and acquired mo-
toneuron diseases as well as in metabolic and dystrophic
disorders of skeletal muscle.*” Recreating this interaction
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in vitro will improve options to study these diseases, and to
test diverse pharmaceuticals, such as widely prescribed
cholesterol-lowering statins, which are known to have a
detrimental effect on skeletal muscle tissue, and in some
cases may exacerbate peripheral neuropathy.®’

Successful in vitro coculture of human myoblasts and
stem cell-derived motoneurons in 2D was first demonstrated
in 2011, and more recently 2D human cocultures have
developed further through using pluripotent cell lines and
optogenetic stimulation of both cell types.””'! The transi-
tion to a 3D system remains important as cells grown on
2D tissue culture substrates are thought to differ consider-
ably from cells grown in 3D environments in terms of cell
morphology as well as in cell—cell and cell-matrix interac-
tions; and overall 2D models are not thought to accurately
mimic the native cellular microenvironment.'>'* Existing
3D systems for developing aneural myotubes and cocultur-
ing neural cells with myoblasts have incorporated primary
rat or murine cells and tissue or animal cell lines!>~2° rather
than solely human stem cells or primary human cells.

Over recent years, human and animal aneural 3D muscle
cultures have developed significantly, using diverse tech-
niques, including hydrogel casting around flotation bars*' and
cantilevers,22 stacking tissue sheets,23 coculturing with endo-
thelial cells,24 and printing cell-laden extracellular inks.>>26
To provide encapsulation of cells in 3D hydrogels, the hy-
drogel must be biocompatible, with suitable mechanical in-
tegrity and strength. As cantilevers can be removed from
polydimethylsiloxane (PDMS) molds or fabricated silicon
chips, this is a frequently pursued method, which has been
demonstrated to form multiplexed arrays in past reports.?’ 2

While PDMS has continuously proven useful throughout
tissue engineering, some critical limitations exist, including
biological effects of leaching uncured oligomers, and ab-
sorption of bioactive hydrophobic molecules, including
steroid hormones.*® In addition, most techniques require
casting, which may limit potential geometry, or micro-
machining, which can be cost prohibitive and not readily
available to most cell biology laboratories.

Work in our laboratory has focused on finding an alternative
biopolymer, which could be used to support 3D cell cultures
and be printed in sifu into tissue cultureware in arbitrary ge-
ometries. In related work, our laboratory recently reported on a
cell-compatible freeform printing silk fibroin mechanism.>!
Silk fibroin is a natural biomaterial compatible with numerous
polymers, notably extracellular matrix proteins, including
collagens.* Silk fibroin solutions stored in high concentration
30% (w/v) will contain a high content of random coil and alpha
helical structure, which will self-assemble into beta-sheet
structures in a tunable timing ranging from hours to days and
weeks, depending on the physiologic conditions used,™ and
solutions may be used as bioprinted polymer for mechanical
support, or for cell encapsulation.3*3>

Silk fibroin in sponge scaffolds have been previously
shown in this context to support the differentiation of myo-
tubes in 3D scaffolds, although the alignment is limited.*®
Alignment of myoblasts is a useful feature of 3D systems,
including in this context, as a model composed of aligned
human cells with functional contractility would allow more
accurate drug and toxicity testing of human NMJs.?® Im-
proved in vitro testing is also useful in human disease mod-
els,”” which are beyond the context of the present work. To
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the authors’ knowledge, at the time of writing there remains
no fully human innervated skeletal muscle model in 3D.

In this work, we seek to demonstrate 3D coculture
through use of human cell types incorporating alignment
features found in cast cell-seeded collagen around flexible
posts®® with the ability to create arbitrary geometries of
natural polymer 3D culture supports using advances in
freeform manufacturing, which may be implemented using
technology and material widely available in tissue and
biomedical engineering-focused laboratories.

We hypothesized that by providing primary human
myoblasts a 3D environment, inspired by somite develop-
ment, in combination with bioengineering a coculture of
neural stem cell-derived motoneuron-like cells, we would
support the formation of functional acetylcholine receptor
expression on differentiated myotubes with synaptic colo-
calization similar to what is found in development. This
outcome was anticipated in part on the prior demonstration
in 3D coculture of differentiated or C2C12 myotubes and
mouse embryonic stem cell-derived motoneurons'® and past
analyses of cell alignment in 3D hydrogels under tensile
stress.®” To test our hypothesis, a novel in vitro system to
mimic aspects of the physical and biochemical environment
responsible for NMJ formation in vivo was established.

Following our characterization of primary human myoblasts
on 2D substrates, we demonstrate the growth and differentia-
tion of myoblasts in an engineered 3D hydrogel, containing
extracellular matrix. We then describe combined motoneuron-
like cells in a coculture system designed to isolate individual
aspects of gel compaction, tensile strength, and neurite isola-
tion. We use this model to show that these cocultured tissue
constructs can be assayed for excitability in a scalable, robust
environment designed to make an array of constructs from one
batch of cell-seeded hydrogels. The tissue coculture platforms
described herein will be useful in studying the physiological
nature of the interaction of motoneurons and differentiated
myoblasts, and in using isolated disease-model cell types to
recreate pathological phenotypes in a high-throughput setting.

Materials and Methods
Cantilever fabrication

Forty-percent silk fibroin solution (w/v) with 60-min ex-
traction time was loaded into a 3-mL Nordson syringe and
printed with a Celllnk (Palo Alto, CA) Inkredible+ bio-
printer through the pneumatic syringe holder. Nanoclay
solution (2.5g Laponite XLG in 50% w/v polyethylene
glycol 400 in deionized H,O was filled in the wells of 6-, 8-,
12-, or 24-well plates and the plates were loaded into the
bioprinter plate holder. Code generated from slic3r and
Repetier Host V1.6.1, with G-code modified with custom
Python scripts, were sent to the bioprinter and the constructs
were printed with pneumatic extrusion through 20-28G sy-
ringe tips at pressures of 15-80kPa.

After the printing process was complete, prints were left
in nanoclay solution for up to 12h for silk polymerization
(Supplementary Videos S1-S3; Supplementary Data are
available online at www.liebertpub.com/tec). Prints were
subsequently washed with phosphate-buffered saline (PBS)
and left on a shaker plate overnight to remove nanoclay
particles from silk. Before cell seeding, printed cantilevers
were incubated at room temperature with 0.1% Pluronic
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F127 to reduce gel adhesion to the culture surface and then
ultraviolet (UV) sterilized for 20 min. Final cantilever di-
mensions in multi-well plates measure 5mm high, 2 mm
wide, and 6 mm across at the widest point. The two canti-
levers are separated by distance of 6 mm and each cantilever
sits atop a circular skirt with 1.5 mm radius.

Tissue engineering substrate

Silk fibroin solutions (hereafter referred to as silk) were
purified following previously published procedures.*® Briefly,
silkworm cocoons were extracted in 0.02 M sodium carbonate
to remove the sericin coating from the fibers. Fibers were then
rinsed in distilled water, dissolved in 9.3 M lithium bromide
(LiBr), and dialyzed against distilled water to remove LiBr.
The resulting 7% wi/v silk fibroin solutions were concentrated
up to 15% w/v as needed and stored at 4°C until use. Other
constituents of hydrogels include collagen type I and Matrigel
(all materials from Sigma-Aldrich), used at a final concentra-
tion of 3 mg/mL of collagen I and 8% (v/v) Matrigel.

Cell culture

NG108-15 neuronal cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA). The cells
were cultured in humidified 37°C/5% CO,/95% air (v/v)
environment in Dulbecco’s modified Eagle medium
(DMEM) containing 10% (v/v) fetal bovine serum (FBS), 1%
(v/v) L-glutamine, 1% (v/v) penicillin/streptomycin, 2% so-
dium hypoxanthine, aminopterin, and thymidine supplement
(materials from Thermo Fisher, Waltham, MA). Cells were
seeded at 2.0 x 10 cells/cm” and FBS was removed from the
media when optimal cell density (~70% confluence) was
achieved to induce cell differentiation and neurite formation.

Primary human myoblasts were cultured in growth me-
dium containing DMEM supplemented with 10% FBS, and
1% (v/v) penicillin/streptomycin (materials from Thermo
Fisher). Cells were seeded at 5.0 X 10° cells/well of 12-well
plates in 2D and 1x 10° cells/mL of gelling solution in 3D.
Confluence was kept below 80% during growth phase.

Human induced neural stem cells (hiN SCS)41 were induced
from reprogramming factors OCT4, KLF4, SOX2, and cMYC
in a polycistronic lentivirus. hiNSCs were differentiated in
DMEM/F12 with 1 uM purmorphamine, and 1 xB27/N2 for
at least 12 days before coculture. Three-dimensional cocultures
were initiated as differentiated motoneuron-like cells were
concentrated through trypsinization and centrifugation, after
which 5 pL of 1 x 10 cells/mL were directly pipetted on top of
3D freestanding myoblast-seeded construct. Liquid culture
media was removed via aspiration before neural cell incorpo-
ration for more precise addition and to enable cells to adhere to
the constructs without being mixed in culture solution. After
10 min to allow for neural attachment, a 1:1 ratio of myoblast
and neural differentiation was applied as coculture media, and
cocultures were cultured up to an additional 14 days.

Immunostaining

Cells and tissue constructs were fixed in 3.7% parafor-
maldehyde in PBS for 10 min. Following fixation, samples
were washed in PBS and then permeabilized in 0.1% Triton
X-100 and blocked in 1% bovine serum albumin for 1 h
before staining. When staining with bungarotoxin, Alexa
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Fluor 647 conjugate constructs were stained prepermeabiliza-
tion to visualize surface receptors. In all other cases, desmin
(1:200), myoD (1:200), and alpha-actinin (1:200) (Thermo
Fisher) were added after blocking solution and incubated
overnight at 4°C.

Corresponding secondary antibodies with conjugated
Alexa Fluor 555 and 488 dyes were added after three washes
with PBS for five minutes each. Around 0.1% (vol/vol) 4°,6-
diamidino-2-phenylindole (Sigma-Aldrich, all others from
Thermo Fisher) was diluted in PBS and added to the samples
in the absence of light at room temperature after removal of
the secondary antibody, and washed three times with PBS.
Samples were either mounted on microscope slides or left in
PBS to avoid sample drying. Images were acquired on Key-
ence BZ-X700 or Leica SP8 Microscopes and analyzed with
Image] and CellProfiler (Broad Institute, Cambridge, MA).

Strain deflection

Engineered tissue constructs were provided with static
strain through attachment to printed and polymerized silk
fibroin cantilevers. Strain models were simulated by analysis
of deflection through measurement of the cantilever from
neutral position. Force/displacement relationships were sim-
ulated for three tensile moduli found in literature for silk
assembly mechanisms*? similar to what is used in the pres-
ent study. Cantilever was modeled in Autodesk Inventor
with forces applied through half-loops of tensile muscle.
Schematics were illustrated for visualization in Keyshot 3D
rendering software.

Cellular orientation and scoring analysis

Cells were scored using basic pipelines freely available
from CellProfiler.*’ Individual channels of fluorescent images
in stacks were input into CellProfiler from ImageJ and were
sorted into respective colors for cytoplasmic or nuclear stain-
ing based on filename. Sorted stacks were loaded in analysis
modules used either for cell orientation identification or for
scoring of positively labeled cells. Cell outlines, cytoplasmic
staining, and nuclei are generated automatically by using
Otsu’s multiple thresholding algorithm***> on the binned
grayscale images (modules: IdentifyPrimaryObjects, Iden-
tifySecondaryObjects, IdentifyTertiaryObjects) and identifi-
cation, scoring, and morphological analysis were performed
using downstream modules on individual pipelines (modules:
MeasureObjectIntensity, measureObjectSizeShape, Over-
layOutlines, RelateObjects, ClassifyObjects).

For cell orientation identification the modules Measur-
eObjectlntensity, measureObjectSizeShape, OverlayOutlines
were used to generate morphological information on each
profiled cell, where AreaShape_Orientation was used as a
metric of cellular orientation ranging from 90° to —90°.
Scoring of positive cells was performed by inputting cyto-
plasmic channels as child objects with nuclei channels as
parent objects (RelateObjects) and classifying positive
staining of nuclei through custom-defined bins with a ““0.5”
custom threshold corresponding to positive versus negative
cytoplasmic staining surrounding identified nuclei [Classi-
fyObjects(RelateObjects)].

Data were output into ““.xIsx” spreadsheets from Cell-
Profiler, and subsequently transferred to GraphPad Prism 6
for generation and visualization of histograms, descriptive
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statistics, and row mean with standard deviation (SD) or
standard error of the mean (SEM).

Live imaging and analysis

Live cell imaging was performed on the Keyence imaging
system with a heated stage and 5% CO, environment. While
some constructs were able to be imaged in sifu, in most analyses
constructs were removed with micro tweezers and placed in an
individual well with 1 mL Hank’s Buffered Salt Solution
(HBSS). Acetylcholine chloride or L-glutamic acid was added in
a 10 or 150 mM bolus, respectively, of 10 uL to the well con-
taining the construct with recording commenced ~35s after-
ward, after readjustment of the microscopy stage and enclosure.
For these experiments recordings took place over 120s at 4-6
frames per second. Both mono- and cocultures were given the
same acetylcholine bolus, and to detect the effect of diminished
transmission from nerve to muscle, a final concentration of 8 uM
tubocurarine was added to cocultured constructs.

To analyze calcium transients, recordings were saved as
AVI files, and opened as an image stack in Imagel. Z-
projection of the image stacks with SD displayed heat maps
of cells with calcium responses. For quantification, ran-
domly chosen muscle fibers were traced as regions of in-
terest (ROIs) and then measured for fluorescence over the
120s study. Cellular fluorescence was normalized for the
background, chosen as a dark area ROI, as well as baseline,
which was established as an average of 5s at the end of the
recording. A representative recording for monoculture and
coculture is shown, with three responding cells traced over
the recording.

Confocal imaging

Confocal imaging was performed on an inverted Leica
SP8 microscope equipped with white laser technology using
a 10 or 20x water immersion objective with a numerical ap-
erture of 1.0.

Real-time polymerase chain reaction

Gene expression levels for MyoD, myogenin (MYOG),
Muscle-specific kinase (MuSK), human agrin (AGRN),
myostatin (MSTN), and hypoxanthine-guanine phosphor-
ibosyltransferase (HGPRT) were quantified by quantitative
PCR. In brief, total RNA was extracted using the RNEasy Mini
Kit (Qiagen, Valencia, CA), eluted, and quantified. The RNA
extracted was reverse transcribed to cDNA in a 20 pL reaction
using the iScript Advanced CDNA Synthesis Kit (Bio-Rad,
Hercules, CA). Quantitative real-time polymerase chain reac-
tion (RT-PCR) of cDNA (10 ng/pL) was performed using as-
says containing fluorescent hybridization probes (SYBR;
Thermo Fisher).

Reactions were incubated at 95°C for 10 min and ampli-
fication was carried out on samples with 2 min incubation at
50°C, followed by 50 cycles of 15s at 95°C and 1 min at
60°C. The reaction for RT-PCR was processed in a 10 uL
solution containing 1 x Universal PCR Master Mix (Thermo
Fisher) with 2yl ¢cDNA samples. RNA expression was
compared with experimental controls using HGPRT as a
reference gene. Results used with two trials of four technical
replicates, with relative expression scored through the AACt
method.
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Primers had the following sequences: TGCCACAACGG
ACGACTTC Human MyoDI-F 5'-CGGGTCCAGGTCTTC
GAA-3" Human MyoDI-R 5-CACTCCCTCACCTCCAT
CGT-3’, Human myogenin-F 5-CATCTGGGAAGGCCAC
AGA-3’, Human myogenin-R 5’-CTGGTTGCCTTCAGCG
GAA-3", MUSK-F 5-CTGCACACATGAAAGTAGCCA-3’,
MUSK-R 5-GTCCTGCGTCTGCAAGAAGAG-3’, AGRN-F
5’-CTCGCATTCGTTGCTGTAGG-3" AGRN-R 5’-ACCC
CTGCCTAACCACATC-3", PAX7-F 5-GCGGCAAAGAA
TCTTGGAGAC-3’, PAX7-R 5-TCCTCAGTAAACTTCG
TCTGGA-3’, MSTN-F 5’-CTGCTGTCATCCCTCTGGA-
3’, MSTN-R 5’-CCTGGCGTCGTGATTAGTGAT-3’, HPRT-
1-F 5-AGACGTTCAGTCCTGTCCATAA-3’, HPRT-1-R.

Statistics

All statistical analyses in the text were performed with
GraphPad Prism 6. As indicated throughout, paired or un-
paired Student’s ¢ test was used where appropriate, and for
the comparison of three or more groups, we used ordinary
one-way analysis of variance followed by Dunnett’s multi-
ple comparisons test. Kolmogorov—Smirnov normality test
was used where appropriate. N.s=not significant, *p <0.05
level, Error bars are given as mean+ SEM.

Results

Cantilever modeling and sterile silk printing
in tissue culture plates

Initial proof-of-concept experiments with culture of
myoblast-laden hydrogels around cylindrical printed canti-
levers were not successful as compacting gels did not have
an anchor point and were found free floating in wells rather
than forming a band around cantilever pairs. Cantilevers
were then designed to have a T-shaped anchor, where
compacting gels would form a loop around cantilever pairs.
To ensure this design would be compatible with other
myoblast-seeded hydrogel systems, which have produced
forces up to 10 mN per construct,”® an Autodesk Inventor
simulation was run to evaluate if cantilevers would in theory
displace in a linear relationship with force applied through
muscle loops, and thus could be used as signal strength
detection within limits of polymer failure.

The exact mechanism for silk dehydration and beta
sheeting after nanoclay submerged bioprinting is a subject
of active investigation, and the exact tensile strength would
have to be confirmed through mechanical analysis, and may
be batch specific and dependent on fine-tuned bioprinting
conditions, making a generalized study out of the scope of
this project. However, given similarities in terms of silk
composition and drying techniques, the tensile modulus and
strength are likely similar to })rior studies of insoluble silk
and in the range of 1-10 MPa.** Using these potential tensile
moduli as a starting point of material properties in an Au-
todesk Inventor simulation of cantilever deflection, a linear
relationship was shown between force applied on cantilevers
and displacement of the cantilever beam face (Fig. 1A).

These T-shaped cantilevers were scaled to a 2 mm square
base rising 3 mm to the cross beam, which is 6 mm across,
2 mm wide, and 2 mm tall. T cantilevers were set 6 mm apart
and could fit in the center of a typical well in a 12-well plate.
For manufacture, nanoclay solution was set into wells and a
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FIG. 1. Cantilever modeling and 3D freeform manufacture of silk cantilevers. (A) Autodesk Inventor capture of conceptual

cantilever displacement for maintaining a suspended myoblast-laden gel with forces parallel to long axis of gel (fop left).
Autodesk Inventor static schematic showing silk cantilevers in beige, with muscle bundles in cross-section in red (fop right).
Keyshot 3D rendering of silk cantilevers displaced through compacting myoblast-laden hydrogel (botrom left). Cantilever
d1splacernent results at forces up to 10 mN at three different elastic moduli previously published in methods of silk beta-
sheeting*? from simulations in Autodesk Inventor (bottom right). (B) Schematic of 3D printing strategy for physically
crosslinking aqueous silk into cantilever pair in tissue culture well with postprinting washing, and sterile preparation for cell
seeding. (C) Photograph of a 12-well plate with replicated cantilever pairs for medium-throughput study. Scale bars: 2 mm (A),
5 mm (bottom right). 3D, three-dimensional. Color images available online at www.liebertpub.com/tec

concentrated silk solution was extruded from 3-mL Nordson
syringes using custom coding of Inkredible+ bioprinters
(Supplementary Fig. S1).

Silk was incubated in nanoclay solution for 12h at room
temperature under sterile conditions in tissue culture hoods,
after which nanoclay solution was washed out with suc-
cessive PBS rinses, followed by UV germicidal irradiation

periphery of wells around the cantilever pairs so that they
would compact into loops under the anchor of paired
modeled and printed silk cantilevers.

Human skeletal myoblast differentiation
with acetylcholine receptor clustering

(Fig. 1B). At this point, cantilever pairs in a 12-well plate
(Fig. 1C) may be used with standard sterile tissue culture
media, and for our purposes were incubated with myoblast-
seeded hydrogels, generally with gels pipetted along the

Human primary skeletal myoblasts were purchased from
Gibco® (Thermo Fisher) and expanded for 1-3 passages,
where they contained significant fractions of muscle precursors
positive for desmin and myoD when plated into 3D silk/
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collagen/Matrigel gels (Supplementary Fig. S2), and ex-
hibited a myogenic response to IGF-1 and recombinant
human agrin (rhAgrin) treatment (Supplementary Figs. S2
and S3) after 14 days of differentiation. Collagen and
Matrigel have long been used in combination as hydrogels
for myotube engineering?’*® and silk fibroin has been previ-
ously described for combinations in hydrogels and scaffolds
with both collagen and Matrigel for support of several cell
types, including adipocytes, neural cells, and osteocytes.*’

We found a hydrogel composed of 3 mg/mL collagen I,
1% silk fibroin solution, and 8% Matrigel to be a suitable
hydrogel in terms of myogenic differentiation in 2D (Sup-
plementary Figs. S2 and S3) and in terms of mechanical
integrity while compacting around silk cantilevers in 3D.
While the 1% silk in hydrogel solution is at a low enough
concentration to be unlikely to contribute substantially to
hydrogel polymerization through beta sheeting after drying
and incubation at 37°C, anecdotally, compacting hydrogel
loops adhered better to printed silk cantilevers in 3D. This
mechanism is incompletely understood, but may be related to
the known properties of beta sheeting and self-assembly of
silk fibroin proteins.””

A

"
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To investigate the myogenic differentiation of human
skeletal myoblasts (hNSKMs) in plated silk/collagen/Matrigel,
3mL of 1x10° hSKMs per mL hydrogel were seeded and
polymerized through 1 h incubation at 37°C onto the surface
of T75 flasks. After 3 days in growth medium and 4 weeks
of subsequent incubation in differentiation medium after
reaching 70-80% confluence, myoblasts were found dif-
ferentiated isotropically with areas of local anisotropy. The
hSKMs had proliferated on the plated gel culture and dis-
played alpha-actinin-positive multinucleated myotubes
(Fig. 2). Upon staining with alpha-bungarotoxin, acetylcho-
line receptor clustering on mature myotubes was apparent
along the length of several myotubes (Fig. 2). Acetylcholine
receptor plaques provide a necessary maturity level for in-
teraction of the distinct neuromuscular cell types in vitro.

Anisotropic extension of myoblasts in engineered
3D suspended hydrogels

Engineered human skeletal muscle tissue constructs were
encapsulated into silk/collagen/Matrigel hydrogels by com-
bining 1x 10® hSKMs in 3 mg/mL collagen I, 1% silk fibroin

FIG. 2. Two-dimensional matu-
ration of human myoblasts plated
in silk/collagen I gel with potential
for innervation. (A) hSKMs dif-
ferentiated for 4 weeks displayed
positive alpha-actinin (green)
staining in multinucleated myo-
tubes. Cells imaged in 6 mm X 6
mm area showed anisotropic
alignment with localized areas of
isotropic growth. (B) hSKMs dif-
ferentiated for 4 weeks under the
same conditions displayed punctate
alpha-bungarotoxin staining ( pink)
in multinuclear myotubes with
nuclei stained with DAPI (blue)
shown in 10x and 40x (bottom)
demonstrating elongated acetyl-
choline receptor formation. Scale
bars 1 mm (A), 200 pm [(B), top]
and 50 pm [(B), bottom]. DAPI,

4’ 6-diamidino-2-phenylindole;
hSKM, human skeletal myoblast.
Color images available online at
www liebertpub.com/tec

Scale bars 200 pm



352

solution, and 8% Matrigel. After the cell-laden hydrogel is
pipetted around the printed cantilever and polymerized at
37°C for 30 min, fresh growth medium is added and the gels
lift off the plate. Control (‘‘unattached’’) 3D cultures con-
sisted of pipetting of cell-seeded hydrogel around the pe-
riphery of tissue culture wells, with no printed substrate
present. Three-dimensional hydrogels in controls would ei-
ther partially lift off the plate or completely detach and be
present in wells as a toroid of hydrogel (Fig. 3A).

When cell-seeded hydrogels were pipetted around the
periphery of wells with printed T-shaped cantilever pairs
present, the hydrogels compacted into a looped fascicular
structure around the printed structure (Fig. 3B). Following
three days of gel compaction and passive stress, low serum
differentiation medium was applied, and the goal of con-
fluence at 70-80% was estimated through brightfield visu-
alization of cells elongating hydrogels in 3D. After 3 weeks
in differentiation conditions, the in vitro tissue constructs
with compacted hydrogels around printed T-shaped canti-
lever pairs contained densely aligned myofibers with a mean

A [+

cast gel migrates
to periphery of well

DAPI/Brightfield/Actin

E

cast gel surrounds printed cantilevers
on periphery of well
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of at least 60% of cells having an orientation angle within
20° of the tension axis of the tissue through 21 days post-
seeding, significantly higher than unattached controls without
printed substrates at all time points (Figs. 3 and 4).

Differentiated myoblasts colocalize
with extending neurites in 2D coculture

NG108-15 cells are a continuous neuronal cell line,
which have been used in healthy and diseased NMJ mod-
els.>>? For initial tests of synaptic colocalization, NG108-
15 cells and hSKMs grown in silk/collagen/Matrigel blends
for 12 days of growth and 4 days of differentiation in co-
culture media were shown to have desmin-positive myotube
formation demonstrated by desmin-positive staining, as
well as TuJ1-positive neurites extending out of the NG108-
15 cell clusters and colocalizing with desmin-positive
myoblasts (Supplementary Fig. S4). NG108-15 cells and
C2C12 cells have been previously demonstrated as a cell
line model for neuromuscular culture, however, to the

formed gel will partially or

37°C - 5%CO0, Q; <= entirely detach in 2-5 days
N incubation in
growthmedia~__ _~

.-

formed gel will compact
around cantilevers stable

37°C - 5%CO, ey < forup tofour weeks

"--..> y incubationin |
growth media ~——___—"

DAPI/Brightfield/Actin

FIG. 3. Cell growth and anisotropic elongation in engineered silk/collagen/Matrigel hydrogels. (A) Representative IF of
mounted myoblast-seeded gels differentiated at time points of 3, 7, and 21 days after seeding shown at 10x with phalloidin
(actin) and DAPI staining. Hydrogel-seeded constructs in this series used standard 3D plated culture techniques with no
substrate for gel compaction. (B-D) Representative IF of unmounted myoblast-seeded gels differentiated at time points of 3,
7, and 21 days after seeding shown at 10x with phalloidin (actin) and DAPI staining, with printed cantilever insets providing
gel mounting (E) shown representatively (F-H). Hydrogel-seeded constructs in the latter series compacted around 3D
printed cantilevers. Scale bars: 200 pm. IF, immunofluorescence. Color images available online at www.liebertpub.com/tec
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authors’ knowledge, this is the first example of coculture
with human myoblasts.

This coculture indicated viability of both cell types with the
coculture media, and showed several instances of cells lining up
along desmin-positive myoblasts, with interactions from cell
clusters down the cytoskeletal level with a single myotube.
While this coculture demonstrated the potential for viable co-
culture, a fully human model was desired for increased rele-
vance to in vitro modeling. Toward this goal hiNSCs were
differentiated with 1 pM purmorphamine for 12 days, adapted
from a protocol to differentiate human induced pluripotent stem
cells toward motoneurons. ' After the differentiation protocol, a
motoneuron-like phenotype positive for common motoneuron
markers TuJ1, neural cell adhesion molecule (NCAM) and

A 3D gel culture with printed silk
cantilever attachment

60-
50+
40
304
204

104

Relative percentage of cells in bin
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Degrees Deviation from Major Axis of Seeded Hydrogel
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choline acetyltransferase was found (Supplementary Fig. S4),
indicating a cholinergic neural phenotype.

Some evidence of early Schwann cell markers were seen
in dense differentiating neurospheres through S100B,
NCAM, and MBP staining (Supplementary Fig. S5). Human
myoblasts cocultured in 2D with hiNSCs through plating of
cell-seeded silk/collagen/Matrigel hydrogels showed evi-
dence of maturation indicated by desmin staining, simul-
taneous with neurite extension through TuJl staining.
Similar experiments were performed in 2.5-dimension
(2.5D) coculture chips, where the motoneuron-like cells
colocalized and spread on top of differentiated myotubes
for 2 weeks, with TuJ1-positive hiNSCs extending neurites
to desmin-positive myoblasts (Supplementary Fig. S4C).

FIG. 4. Quantification of
anisotropic elongation in en-
gineered silk/collagen/Ma-
trigel hydrogels. (A) Four
individual histograms with
relative cell orientation to long
axis of printed substrate at-
tached 3D hydrogels in 10°
bins at four sacrificial time
points. Each time point had

n =3 independent samples with
the following combined binned
cell count: 3048 cells (day 3),
1252 cells (day 7), 998 cells
(day 14), and 522 cells (day
21). The Y-axis indicates the
percentage of cells falling into

B 3D gel culture with no substrate bins with corresponding bin
N attachment I Day3 center ticked on X-axis. (B)
o @ Day7 Four individual histograms
257 I B Day 14 with relative cell orientation to
- y long axis of 3D hydrogel
20+ " 0J Day 21 without printed substrate
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(“‘unattached”) in 10° bins at
four sacrificial time points.
Each time point had n=3 in-
dependent samples with the
following combined binned
cell count: 3006 cells (day 3),
1304 cells (day 7), 649 cells
(day 14), 1774 cells (day 21).
As above, Y-axis indicates
percentage of cells falling into
bin with corresponding bin
center ticked on X-axis. Sam-
ples were sacrificed in both
groups from cell batch seeded
in the same passage. (C) Row
statistics of percentage of total
binned cells falling within 20°
of long gel axis with “at-
tached” samples from (A)
shown in red, with ‘‘unat-
tached” samples from (B)
shown in black. Statistical sig-
nificance at all time points de-

il

RO IR

-e- Attached
- Unattached

Percentage of cells within 20° of Axis

Day 7 Day 14 Day 21

Time of Fixation

Day 3

termined using the Holm—
Sidak method, with al-
pha=5.000%. Color images
available online at www
iebertpub.com/tec
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Cell alignment and hiNSC colocalization occurs
in cell body segregated 2.5D chip culture
and 3D freeform-printed suspended culture

After proof of concept of viable planar coculture, as a
further intermediate step to 3D human neuromuscular co-
culture, we examined the alignment and differentiation
of human skeletal muscle and differentiated human
motoneuron-like cells in opg)osing channels of commercially
available cell culture chips.”* Microfluidic gel-embedded cell
methods are sometimes referred to 3D culture, but often are
referred to as 2.5D culture, where cells are seeded on or into a
thin layer of Matrigel, other extracellular matrix,”> or other
fabricated multilayered thin channels.>® In our system, human
skeletal muscle myoblasts were seeded in silk/collagen/
Matrigel hydrogel formulations described previously, and
were found to align in 0.5 mm wide channels, throughout
the length of the cell culture chip, ~10.5 mm long.

These myoblasts showed anisotropic alignment through-
out the channel as well as multinucleated myotubes indi-
cating a degree of maturity similar to what is seen in the 3D
suspended constructs (Supplementary Fig. S6). When
hiNSCs were introduced into the opposing channel across
from the seeded hydrogel, neurite extensions moved
throughout the chip and colocalized along the multinucle-
ated myotubes. The hiNSCs were also found to migrate
along the length of myotubes (Supplementary Fig. S4C),
indicating possible insoluble guidance cues on the myotube
cell surface. While the focus of this method involves 3D
human coculture, the ease of the 2.5D method using com-
mercially available cell culture chips provides a screening

Myoblast-Seeded B

hiNSC-Seeded

DIXON ET AL.

method for using small amounts of reagents and cells while
investigating coculture conditions before use of 3D models.

Formation of human 3D innervated functionally
active muscle fibers

Heterogeneously cell-laden 3D suspended gels were in-
vestigated through the controlled addition of motoneuron-
like cells to differentiated 3D myoblast cultures, typically
beginning after 14 days of human myoblast monoculture.
Three-dimensional myoblast monocultures were first dif-
ferentiated for 14 days after seeding as described above with
printed cantilever pairs present in culture wells. These
myoblast seeded gels typically produced anisotropic align-
ment of myocytes as examined by antimyosin staining
(MYH) (Fig. 5A). hiNSC-derived motoneuron-like cells
were also visualized for cytoskeletal extension after 2 weeks
of differentiation in 3D silk/collagen/Matrigel hydrogels,
showing evidence of thin neurite extension (Fig. 5B).

To examine cytoskeletal colocalization of both cell types,
5uL of 1x10’ cells/mL of differentiated motoneuron-like
cells were directly pipetted on top of 3D freestanding
myoblast-seeded construct after 2 weeks of prior differen-
tiation in monoculture. Cocultured constructs were then
differentiated for 7-14 additional days in motoneuron dif-
ferentiation media or in a 1:1 ratio of hiNSC and phenol-free
myoblast differentiation media (Supplementary Fig. S7).

Visualized through confocal microscopy, alpha-bungarotoxin
positive differentiated myoblasts were found to have extended
throughout the seeded hydrogel with distinct localization from

Cocultured

FIG. 5. Acetylcholine receptors aggregate in 3D monocultured myotubes and contact cholinergic neurite extensions in
coculture with differentiated myoblasts and motoneuron-like cells. (A) Multichannel views of 3D monoculture culture gels
grown for 14 days in suspended 3D culture with human skeletal muscle myoblasts differentiating anisotropically. (B)
Monocultured hiNSCs extending neurites in monoculture after 2 weeks of differentiation. (C) Cocultured hiNSC neurites
extending within myoblast-seeded gels after two additional weeks in coculture. DAPI nuclear stain, MYH, combined, alpha-
bungarotoxin shown on left. (D-F) Differentiated alpha-bungarotoxin-positive myotubes contact hiNSCs propagating
neurites colocalizing or extending along differentiated myoblast tracts. X and Y axes 600 um long with 50 pm gridlines.
Scale bars 100 pm (left). hiNSC, human induced neural stem cell. Color images available online at www.liebertpub.com/tec
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motoneuron-like cells, which propagated regionally throughout
the construct and stained positive for choline acetyltransferase
(Fig. 5C). Specifically labeled motoneuron-like cells were
appreciated through 10X magnification, and thin (<1 pm)
neurites could be seen independently expressing specific
cholinergic staining (Fig. 5D-F). This illustrates the po-
tentiality for synaptic connection through colocalization
of specific ChAT staining from neurites, with alpha-
bungarotoxin-positive receptors found in myotubes.

To determine the functionality of monocultured and in-
nervated 3D human myoblast-seeded hydrogels, we incu-
bated constructs with Fluo-4 before detection of calcium
fluxes. Live cell imaging was performed on the Keyence
imaging system with a heated stage and 5% CO, environ-
ment. While some constructs could be imaged in situ on
printed cantilevers, in most analyses constructs were removed
with micro tweezers and placed in an individual well with
1 mL HBSS. Acetylcholine chloride was added in a 10 mM
bolus of 10 uL to the well containing the construct and re-
cording was commenced ~ 5 s afterward, after readjustment
of the microscopy stage and enclosure, and recordings took
place over 120 s at 4—-6 image stacks with SD displayed heat
maps of cells with calcium responses (Fig. 6A-E).

Randomly chosen cells were outlined as ROIs and then
measured for fluorescence over the 120 s time course. Cel-
Iular fluorescence was normalized for the background, chosen
as a dark area ROI, as well as baseline, which was established
as an average of 5s at the end of recording. Representative
recordings for monoculture and coculture are shown, with
three responding cells traced over the recording (Fig. 6B-E).
Cells in both mono- and coculture had anisotropic calcium
transients during the two-minute recordings (Supplementary
Videos S4 and S5).

Cells were also stimulated with a final solution of 1.5 mM
L-glutamic acid, where calcium transients were found, al-
though transients were also found at baseline without
stimulation, although to a lesser amplitude (Fig. 6F-I).
Differentiated neurons were also exposed to cell tracers
(CellTrace) before coculturing and exposed to L-glutamic
acid. Putatively identified neurons (+CellTrace) and myo-
cytes (—CellTrace/+Hoechst) were found to have differ-
ential response following glutamic blockade through
tubocurarine, showing a lower level of depolarization
(Fig. 6J-M) and thus glutamic acid-mediated activity of
myotubes, putatively through neuromuscular connection.

Discussion

Tissue engineering methods, which explore the connec-
tion between motoneurons and myotubes, have developed
substantially over the past decade, with an increasing
complexity of techniques utilizing both 2D and 3D cultures.
However, both 2D and 3D systems have drawbacks, in-
cluding the use of nonhuman cell lines and a lack of an-
isotropy in engineering muscle tissue. To date, the authors
have seen no report of an aligned human cell-derived 3D
coculture system for studying the NMJ and neuromuscular
functionality.

Notably, some 3D coculture systems with neuronal cells
have been explored producing uniaxially oriented cells, al-
lowing for measure of the gross contraction of the construct,
but such models presently rely on rat or murine primary
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cells or cell lines."®>”*® Murine-derived cells are typically
used in this context due to the additional expense and
complexity involved in human primary cell culture, how-
ever, more widely commercially available primary human
cells are becoming an attractive option to further transla-
tional relevance through human cell-derived tissue engi-
neering strategies. To this end, numerous 2D coculture
systems have been developed with distinct human cell types
coplated in tissue culture plastic and coated glass, yet 2D
systems generally suffer from a lack of recapitulation of the
3D architecture of normal tissue, and contain cells growing
isotropically, in which myotubes are aligned parallel only in
localized patchy regions.'!

To combat these issues, strategies for the formation of 3D
skeletal muscle suited to testing functionality are being ac-
tively sought in research. While much recent progress has
been made in the field of engineering skeletal muscle in 2D
and 3D, there is currently no consensus regarding the best
method of 3D reproduction of human cocultures of human
myoblasts and motoneurons. The method described in the
present work provides a system, where motoneuron-like
cells can be integrated into aligned 3D human myoblast-
laden hydrogels, with healthy myotube formation and
neurite extension through the gel. This method begins with a
tunable system whereby cells can be seeded into hydrogels
compacting around custom-designed 3D cantilever-supported
freestanding 3D cultures, while maintaining use of standard
tissue culture techniques and materials.

We first demonstrated a high degree of differentiation of
myoblasts into myotubes in silk/collagen gels, in which the
human myotubes produced distinct acetylcholine plaque
formation after 4 weeks of differentiation. We then showed
differentiation and reproducible anisotropic alignment of
hSKMs in 3D hydrogels cast around sterile bioprinted silk
cantilevers in tissue culture wells and differentiated for 3
weeks. In parallel experiments, hiNSCs were differentiated
toward cholinergic motoneuron-like cell maturation, with
widespread neurite extension. These cell types, along with
NG108-15 cell lines, were successfully cocultured in 2D
and 2.5D systems, with viability and specific phenotypic
maturity shown for motoneurons and myotubes, includ-
ing ChAT-positive hiNSC-derived motoneuron-like cells
cocultured with desmin and alpha-bungarotoxin-positive
hSKMs.

After successful 2D coculture, we demonstrated the fea-
sibility of growing mature innervated human myotubes in
our 3D system. Confocal z-stacking was used to investigate
the nature of the mono- and cocultured constructs, and mature
myotubes were present over several layers of the short axes
of stacked cells (<50 um) indicating differentiation in 3D.

Staining for alpha-bungarotoxin also showed colocalized
AChRs along myotubes with ChAT-positive neurites in the
construct thickness, illustrating the potential for synaptic
connectivity of cholinergic neurons and acetylcholine re-
ceptors. Alpha-bungarotoxin was found to be diffusely ex-
pressed in human myotubes in 3D, similar to what has been
found in prior reports,”® which may indicate a less mature
state of myotubes than what is found after similar time
course of differentiation in 2D. Inducing the development of
more mature plaque or “‘pretzel” formation® of acetyl-
choline receptors in 3D may have benefits in terms of syn-
aptic connectivity, and is an active area of ongoing research.
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Through coculture in engineered 3D suspended gels, ev-
idence of initial NMJ development was shown through co-
localization of IF of cell-specific machinery and functional
analysis of acetylcholine and glutamic acid stimulation.
Video analysis showed calcium transients along uniaxially
oriented myotube tracts after acetylcholine stimulation and
using video analysis with Imagel, we were able to measure
myotube stimulation through calcium fluxes in myofibers
in both mono- and coculture models. Limited evidence was
also presented suggesting a differential response in myo-
cytes after glutamate blockade following L-glutamic acid
stimulation. L-Glutamic acid stimulation of myotubes
theoretically occurs through activation of differentiated
neurons, although analysis was difficult due to limited
signal between glutamate activation above some sponta-
neous transients formed in the absence of simulation.

The development of force generating human myocytes
in vitro has long been a goal of tissue engineering, although it
has only been achieved in a small handful of laborato-
ries dedicated to muscle differentiation research. Notably the
first aneural spontaneous contraction in differentiated human
myotubes was reported in 2014,°" with the only 3D aligned
in vitro human myotube contractions to date described by
Madden er al. in 2015.° While myocyte activation was
demonstrated with calcium transients in the present work,
contractions that produced a measured force with reliability
remained elusive and is an ongoing area of research.

Explanations for differences found between research
groups using grossly similar protocols include batch varia-
tion in human cell isolates, as well as the intensive use of
recombinant proteins and molecules in differentiation media
in contraction producing variants. As this model thus far has
not demonstrated force production of human muscle cells in
culture it cannot yet detect any potential contraction force
modulation with the addition of cocultured motoneurons.
However, this model has demonstrated visualization of cy-
toarchitecture of both human motoneuron-like cells and
differentiated myoblasts as well as the ability to measure
signal transduction through both cell types, and will enable
eventual force detection through measurement of cantilever
force displacement.

This novel in vitro model of cocultured human myoblasts
and motoneuron-like cells provides a customizable platform
with potential for functional assaying of synaptic strength,
plasticity, and contraction strength of muscle culture with-
out limitation of encapsulating hydrogel used, assuming the
availability of standard tissue cultureware and materials.
Further development of this tissue model may serve as a
potential alternative to costly animal studies and as a means
for real-time analysis of patient-specific response to thera-
peutics. Currently, functional acetylcholine receptor cluster-
ing within engineering innervated skeletal muscle constructs
allows for analysis of physiological neuron—muscle connec-
tivity as well as a means to monitor the variety of patho-
logical neuromuscular conditions in a controlled laboratory
environment.

While the system in this work presents a novel functional
toolkit and fills in a needed gap for neuromuscular analysis,
models for the study of NMIJs still have significant road-
blocks before they are routinely sought after for translational
and diagnostic purposes. This system does not currently have
a precise method of integration of Schwann cells, which are
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known to be present in human NMJs. Precise segregation of
neural cell bodies would also increase relevance to how
motoneurons exist in the spinal cord. Further engineering
methods, including optogenetics, may be added to this model,
which will allow for stimulation of independent cell types in
coculture, and may be used with more precise introduction of
cell types with segregation of cell bodies to isolate specific
cytoplasmic connections between cells present in the NMJ.

Conclusion

We have demonstrated primary human myoblasts repro-
ducibly differentiated in 3D hydrogels in an anisotropic
manner around freeform-printed polymerized silk fibroin
cantilevers in standard tissue culture environments. Myo-
blasts can be differentiated in coculture with NG108-15 and
hiNSC-derived motoneuron-like cells in 2D and 2.5D with
mature cell-specific phenotypic expression, and lastly fully
human 3D neuromuscular cocultures can be formed with
active anisotropic myofiber function. This novel and scal-
able technique may be useful in future studies of disease
models, and further studies will look at the potential for
introducing more cell types, such as Schwann cells as well
as optogenetic engineering of cell-specific stimulation.
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