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ARTICLE INFO ABSTRACT

Keywords: Volumetric muscle loss (VML) injuries due to trauma, tumor ablation, or other degenerative muscle diseases are
3D printing debilitating and currently have limited options for self-repair. Advancements in 3D printing allow for the rapid
DLP

fabrication of biocompatible scaffolds with designer patterns. However, the materials chosen are often stiff or
brittle, which is not optimal for muscle tissue engineering. This study utilized a photopolymerizable biocom-
patible elastomer - poly (glycerol sebacate) acrylate (PGSA) - to develop an in vitro model of muscle regeneration
and proliferation into an acellular scaffold after VML injury. Mechanical properties of the scaffold were tuned by
controlling light intensity during the 3D printing process to match the specific tension of skeletal muscle. The
effect of both geometric (channel sizes between 300 and 600 pm) and biologic (decellularized muscle extra-
cellular matrix (AECM)) cues on muscle progenitor cell infiltration, proliferation, organization, and maturation
was evaluated in vitro using a near-infrared fluorescent protein (iRFP) transfected cell line to assess cells in the 3D
scaffold. Larger channel sizes and dECM coating were found to enhance cell proliferation and maturation, while
no discernable effect on cell alignment was observed. In addition, a pilot experiment was carried out to evaluate
the regenerative capacity of this scaffold in vivo after a VML injury. Overall, this platform demonstrates a simple
model to study muscle progenitor recruitment and differentiation into acellular scaffolds after VML repair.

Poly glycerol sebacate acrylate
Volumetric muscle loss
Skeletal muscle

1. Introduction production [6].

The current gold standard for treating a VML injury is autologous

Skeletal muscle is the most abundant tissue in the body and possesses
an inherent capacity to regenerate after injury, even in skeletally mature
individuals [1]. However, this regenerative response fails with volu-
metric loss (VML) injuries, defined as the loss of 15 % or more of the
total muscle mass [2,3]. VML injuries occur as a result from traumatic or
surgical removal of a large volume of muscle and can occur in both
military and civilian populations [4,5]. The size of a VML injury impedes
normal muscle regeneration, and often resolves in fibrous scar forma-
tion, resulting in chronic functional deficits and diminished force

muscle flap transfer, which is associated with donor site morbidity and
generally has poor outcomes, with nearly 10 % of these procedures
resulting in complete graft failure [2]. Furthermore, in patients with
extensive injury, where the availability of donor tissue is limited, there
may not be enough healthy tissue to use as a donor. To combat the
limitations of autologous muscle flap transfer and provide clinical al-
ternatives to VML treatment, several tissue-engineered constructs (both
cellular and acellular) have been developed as off-the-shelf alternatives
[7-25]. The general goal of these approaches is to induce organized
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muscle regeneration through either the recruitment of the endogenous
stem cell population or through direct implantation of muscle progeni-
tor cells into the damaged region. Many groups have employed various
fabrication techniques such as decellularization [10,12,17,19], electro-
spinning [14,26-29], extrusion-based 3D printing [20,30], freeze drying
[31], mold casting [7,9], and thermal drawing [16], cell types such as
C2C12s [26,31-35], human-derived iPSCs [30], and primary myoblasts
[30], and biomolecules such as agrin [26], hepatocyte growth factor
[32], and vascular endothelial growth factor [25], demonstrating fair to
excellent capacity to regenerate organized skeletal muscle and restore
force production. Many of the more successful approaches have
employed cell-based regenerative techniques. However, translation to a
potential clinical therapy presents a problem; while biomaterials are
likely to obtain approval from the Food and Drug Administration (FDA),
obtaining approval for the use of allogenic or xenogenic tissue sources —
which are more readily obtained than autologous cell sources — is
difficult [36].

Due to the FDA regulatory hurdles and immunogenic concerns
associated with cellular tissue-engineered scaffolds, acellular scaffolds
are an attractive candidate for biomedical application in the treatment
of VML. Currently, the gold standard for tissue-engineered VML repair is
decellularized extracellular matrix (dECM) sheets [37]. These acellular
biologic scaffolds are attractive as they contain vital biologic factors
thought to be involved in the recruitment of progenitor cells, regulation
of macrophage polarization, and tissue regeneration [38]. These scaf-
folds aim to provide a mechanical and biochemical environment in
which local progenitor cells will infiltrate, orient, and differentiate into
functional skeletal muscle. However, these mechanisms are not well
understood, as no standardized in vitro model of VML currently exists.
Histologic examination of dECM scaffolds after prolonged in vivo im-
plantation demonstrated some muscle infiltration and regeneration
[37]. Although the muscle that is formed is often not aligned with the
native muscle orientation, which is associated with the lack of organi-
zation of dECM sheet scaffolds. Another solution is naturally derived
hydrogels, which have been extensively utilized in the tissue engineer-
ing community due to their favorable biocompatibility, biodegrad-
ability, bioactivity, and ability to be fabricated into precise geometric
structures [39,40]. However, they possess low mechanical stiffness and
undergo swelling in aqueous environments, thus limiting their use in
skeletal muscle tissue engineering applications [41]. These factors have
driven interest towards utilizing synthetic biomaterials due to their low
batch-to-batch variability and high level of tunability and control in
terms of mechanical properties and functionalization for tissue engi-
neering applications [42].

Poly (glycerol sebacate) (PGS) is a highly tunable, biodegradable
elastomer originally developed by Wang et al. [43]. PGS is highly elastic,
has robust mechanical properties, and is able to maintain its structural
integrity in an aqueous environment due to its low swelling ratio,
making it a natural candidate for skeletal muscle tissue engineering
applications [43,44]. However, due to its high viscosity and glass tran-
sition temperature, it has traditionally been difficult to fabricate PGS
with microscopic geometric alignment, which is a crucial feature for
skeletal muscle organization and function. Recently, Wang et al. [45]
has demonstrated a method (originally developed by Nijst et al. [46]) to
modify PGS with photocrosslinkable acrylate groups to make poly
(glycerol sebacate) acrylate (PGSA), to facilitate the fabrication of
structures using digital light projection (DLP) based 3D printing. This
allowed for the precise fabrication of structures with tunable material
properties similar to those of skeletal muscle and the ability to print
micro-scale geometric features, which can guide tissue organization.
While PGSA has many favorable properties for musculoskeletal tissue
engineering, historically it has not been widely used as it is difficult to
manufacture them into functional devices.

DLP-based 3D printing technology is an emerging 3D printing tech-
nology that allows for rapid fabrication of complex scaffolds with
intricate  architecture and micron scale resolution from
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photopolymerizable polymers within seconds [47,48]. However, many
of the materials compatible with this printing method are either too
brittle or too soft to withstand the dynamic forces of muscle in vivo
(specific tension: 107 kPa-225 kPa [49-52]; up to 40 % strain [53]). To
address challenges in fabricating scaffolds for VML repair, we propose to
utilize PGSA to fabricate a scaffold capable of recapitulating the me-
chanical and microstructural environment of skeletal muscle using a
novel 3D printing technique in conjunction with a dECM coating to
promote muscle infiltration and proliferation.

The primary goal of this study is to investigate the in-vitro cellular
response of muscle progenitor cells in PGSA scaffolds with anisotropi-
cally aligned microchannels of varying physiologically informed sizes.
We will evaluate how muscle progenitor cells respond to durotaxic
environmental cues by tuning the mechanical properties of PGSA to that
of the specific tension of skeletal muscle and topotactic environmental
cues by changing the geometry (size) of hollow channels. Furthermore,
we will evaluate the effect of haptotactic environmental cues by incor-
porating a muscle decellularized extracellular matrix (dECM) coating. In
this study, we will promote cellular infiltration into an acellular scaffold
for VML treatment by seeding muscle progenitor cells around acellular
PGSA scaffolds and allow the cells to migrate into and proliferate in the
microchannels naturally over time without encapsulating or seeding
them directly into the construct in order to mimic endogenous cellular
response following implantation of acellular scaffold into a VML injury
site. Key outcome measures of muscle alignment, proliferation, and
differentiation are assessed to explore the potential of PGSA micro-
channel scaffold in guiding myoblast assembly and formation of skeletal
muscle fibers for VML tissue engineering applications. We hypothesize
that a dECM coated PGSA scaffold would provide a geometric, me-
chanical, and biochemical environment for muscle progenitor cells to
infiltrate, proliferate, and mature in vitro. The secondary goal of this
study is to perform a preliminary investigation to evaluate the regen-
erative capacity of 3D printed PGSA scaffolds in an animal model of
VML. Overall, this work demonstrated a novel approach for fabricating
and evaluating acellular scaffolds for VML repair.

2. Materials and methods
2.1. Materials

Sebacic acid, glycerol, and ethyl acetate were purchased from Fisher
Scientific (Waltham, MA). Anhydrous dichloromethane (DCM), trie-
thylamine (TEA), 4-dimethylaminopyridine (DMAP), diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), acryloyl chloride, and chlor-
oform-d (CDCl3) were purchased from MilliporeSigma (St. Louis, MO).
For cell culture, Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), penicillin/streptomycin (P/S), and Normocin™
were purchased from Thermo Fisher Scientific (Waltham, MA).

2.2. PGS synthesis

The synthesis of PGS was similar to a previously published protocol
reported with minor modifications (Supplementary Fig. 1A) [43].
Briefly, glycerol and sebacic acid were mixed at an equimolar ratio
under argon gas and constant stirring at 140 °C for 1 h in a round bottom
flask. Once sebacic acid and glycerol were evenly mixed and melted, the
polycondensation polymerization reaction was carried out by reducing
the temperature to 120 °C and the pressure to 35 Pa. The poly-
condensation reaction was carried out for the next 15 h with the pressure
maintained at 35 Pa.

2.3. PGSA synthesis
The acrylation of PGS to create PGSA followed a previously pub-

lished protocol [46]. Briefly, 30 g of PGS was dissolved in 300 ml of DCM
at room temperature under constant stirring for 1 h followed by the
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addition of 30 mg of DMAP under argon gas. The temperature was then
reduced to 0 °C in an ice bath for 10 min. Then, 7 ml of TEA was added
dropwise into the reaction flask followed by the dropwise addition of
3.3 ml of acryloyl chloride. The acrylation reaction was continued for
the next 24 h under room temperature without any exposure to light.
DCM was then removed from the solution by rotary evaporation at
40 °C. Excess ethyl acetate was then added to the remaining solution to
precipitate the TEA out. The PGSA prepolymer solution was then filtered
repeatedly, subjected to rotary evaporation at 45 °C and 5 Pa to remove
excess ethyl acetate, and stored at —20 °C in the dark until use. One
batch of PGSA was synthesized and used for all the experiments that
were carried out.

2.4. 'H NMR characterization

1H nuclear magnetic resonance (*H NMR) spectra of PGS and PGSA
were collected at 298 K using a 600 MHz Bruker Avance III spectrometer
fitted with a 5 mm broadband inverse detection probe with z-axis gra-
dients using CDCl3 as the solvent to confirm the chemical identity and
structure of the final synthesized products. The spectra were analyzed
with Bruker TopSpin software.

2.5. PGSA-based printing solution preparation
The PGSA printing solutions were prepared by mixing the PGSA

prepolymer with 4 % (w/v%) TPO and 0.01 % (w/v%) tartrazine (Mil-
liporeSigma, St. Louis, MO) prior to printing.
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2.6. DLP-based 3D printing of PGSA

The PGSA scaffolds were fabricated using an in-house developed
DLP-based 3D printing system, called microscale continuous optical
bioprinting (1WCOB) [54]. The DLP printing system consists of a 385 nm
light source, a digital micromirror device (DMD) chip (Texas In-
struments, Dallas, TX) for optical pattern manipulation, a series of op-
tical projection lens, a computer running an in-house developed 3D
printing software for hardware synchronization and digital uploading of
photomasks to the DMD chip, a static stage for holding the prepolymer
resin reservoir, and a motion-controlled probe with methacrylated
coverslip bonded to it that continuously moves up in the z-direction to
enable continuous printing of 3D scaffolds (Fig. 1A). The digital patterns
of the scaffolds were designed using a MATLAB script and uploaded into
the custom 3D printing software as BMP files. 3D reconstructions of the
scaffolds can be found in Supplementary Figs. 2, 3. .STL files of the
scaffolds are additionally provided as supplementary information.

First, the 385 nm light was projected from the light source onto the
DMD chip as the digital patterns were sequentially uploaded into the
DMD chip from the computer through the 3D printing software. The
optical projection lens then guided the optically generated patterns from
the DMD chip into a polydimethylsiloxane (PDMS) coated reservoir
containing PGSA prepolymer bioink. The motion-controlled probe
slowly moved up in the z-direction at a speed of 0.034 mm/s during the
printing process as the PGSA construct was being photopolymerized to
allow for continuous layer-by-layer printing of the scaffolds on the focal
plane. The DMD device that was used in this printing system consists of

2 3

3) Digital mask

Kw,

PGSA
scaffold
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Fig. 1. A.) Schematic of the DLP-based 3D printing system. (1) a light source (385 nm) is reflected off of a DMD chip (2) from which masks with arbitrarily complex
geometry (3) are continuously uploaded. The reflected light from the DMD chip goes through a series of projection lenses (4) into a prepolymer reservoir (5)
containing PGSA. The pattern of light reflected into the prepolymer reservoir crosslinks PGSA and sticks to a moving probe (6) allowing for continuous smooth
structures to be fabricated. B) Schematic outlining the cell seeding strategy to replicate muscle progenitor cell infiltration into a PGSA scaffold after VML injury. C)
SEM of a PGSA scaffold with 450 pm diameter channels (Scale bar = 200 pm). D) SEM of a sectioned PGSA scaffold coated with dECM (small specular objects),
demonstrating the longitudinal microgrooves that are formed during the continuous 3D printing process (Scale bar = 10 pm). E) Effective Young’s modulus of PGSA
as a function of the light exposure intensity. A light exposure of 5.6 mW c¢m 2 was used in this study, which simultaneously allowed for stiffness similar to that normal
skeletal muscle (107 kPa-225 kPa) [49-52] as well as the ability to print fine structures without overpolymerization. Sidak post hoc tests identified significant

differences between each light exposure intensity (bar, p < 0.0175).
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individual micromirrors with a size of 7.56 pm. Using focusing optics,
we were able to achieve a printing resolution as small as 3 pm. Once
printed, PGSA scaffolds were then rinsed in isopropyl alcohol (IPA), DI
water, and PBS.

To assess if modulating the biochemical environment of PGSA scaf-
folds improved cell orientation, proliferation, or maturation, half of the
scaffolds were coated in porcine skeletal muscle dECM. Under sterile
conditions, 400 pl of 6 mg ml~' dECM in PBS [55] was placed into each
well of a 24 well plate, each containing a single scaffold. Plates were
placed on a low-speed shaker for 48 h in order to facilitate dECM infil-
tration into the microchannels. Then, plates were placed in an incubator
and the PBS was allowed to evaporate. dECM deposition was verified
using SEM (Fig. 1D). Scaffolds were sterilized under UV light for 30 min
prior to cell seeding.

2.7. Nanoindentation

PGSA rectangular specimens (5 mm x 5 mm) printed at varying light
exposure intensities were tested using a Piuma nanoindenter (Optics11,
Amsterdam, Netherlands) to measure the effective Young’s modulus.
The total time it took to 3D print the whole scaffold was 60s. The
samples were mounted on the bottom of a petri dish and submerged in
phosphate buffer saline (PBS) solution at room temperature during
testing with the nanoindenter tip remaining well below the meniscus of
the PBS solution. A spherical probe with the tip radius of 48.5 pm and a
cantilever stiffness of k = 4.24 N m~! was used. Nanoindentation data
was analyzed based on the Hertz contact model [56] with a Poisson’s
ratio of 0.5 [57,58]. For each sample, indentations were carried out in
triplicate and the average was calculated. For each experimental con-
dition, 5-6 individual samples (n = 5-6) were tested.

2.8. Nuclear marker cell line construction

The donor plasmid was generated using Gibson assembly method.
Briefly, H2B-iRFP fragment was PCR amplified from a H2B-iRFP plasmid
[59] and cloned into pLenti-puro vector (Addgene 39,481; Fig. 2B).
Gibson reaction was performed according to the manufacturer’s proto-
col (NEB E55208). The reaction mixture was transformed into E. coli and
the correct clone were selected and sequenced. The donor plasmid

Scaffold DAPI Scaffold DRAQ5
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27— Scaffold”
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sequence can be provided upon reasonable request.

HEK293T were ordered from ATCC (ATCC CRL-11268) and regularly
tested negative for Mycoplasma using Mycoplasma detection kit
(Southern Biotech). HEK293T cells were cultured in Dullbecco minimal
essential medium (DMEM: Thermo Scientific HyClone #SH30022FS)
supplemented with 10 % fetal bovine serum, 4 mM t-glutamine, 100 L.U.
ml ™! penicillin and 100 pg ml~! streptomycin at 37 °C, 5 % CO5 and 90
% humidity. Lentivirus was generated by transfecting HEK 293 T with 9
ug of the donor plasmid, 6 pg of psPAX2 (Addgene 12260) and 3 pg of
pMD2.G (Addgene 12259) using 36 pl of Fugene HD (Promega E2311) in
a 10 cm dish. The supernatant was collected 24 h after the transfection
and filtered through 0.45 pm filter. Polybrene (Sigma-Aldrich 107689)
was added to the supernatant to the final concentration of 8ug ml~!. The
supernatant was added to C2C12 cells, previously seeded at 300,000
cells per well in a 6-well plate. The cells were screened with 1 pg ml™!
puromycin for 48 h. The surviving cells were cultured until confluent
and passaged to a 10 cm dish. Single iRFP positive cells were FACS
sorted into a 96-well plate and cultured until a colony was visibly
formed. Homogeneity was confirmed by observing the cells under
fluorescent microscope. The final clone was checked for the presence of
the pCMV-NLS-iRFP with PCR.

2.9. Cell culture and seeding

C2C12 cells (ATCC, Manassas, VA) were expanded in growth me-
dium containing high-glucose DMEM, 10 % FBS, 1 % P/S, and 0.2 %
Normocin. C2C12 cells at passage 1 were used for iRFP nuclear marker
cell line construction. iRFP-transfected C2C12s were used for subse-
quent experiments at passage 6. Prior to cell seeding, 3D printed PGSA
scaffolds were primed in high-glucose DMEM for 30 min at 37 °C in an
incubator. Then, the scaffolds were transferred to a 24-well glass bottom
cell culture plates (Cellvis, Mountain View, CA) for cell seeding. C2C12
cells were seeded as a 10 pl droplet on both ends of each PGSA scaffold
for a total seeding density of 250,000 cells per scaffold (Fig. 1B). The
scaffolds were then incubated at 37 °C for 2 h with the addition of 15 pl
of growth media (DMEM, 10 % FBS, 1 % P/S, 0.2 % Normocin™) to each
well at every 30-minute interval. After 2-hour incubation, the scaffolds
and seeded cells were checked under the light microscope to ensure cell
attachment on both ends of each scaffold. Subsequently, 500 pl of

B)

SN

/Actin

Fig. 2. Creating a transfected cell line to assess nuclear staining of cells in a PGSA scaffold. A) PGSA’s autofluorescence in the DAPI channel along with the material’s
physical adsorption of far-red nuclear dye DRAQ5 makes it challenging for visualization of cells within the microchannel construct due to low signal-to-noise ratio. B)
A schematic of the lentivirus donor plasmid showing the DNA elements destined to be integrated into the genome of C2C12 cells. The expression of H2B-iRFP is under
cytomegalovirus (CMV) promoter while the expression of puromycin resistant gene is under SV40 promoter. C) Phase (left) and immunofluorescent (middle) images
of the iRFP nuclear transfected C2C12 cell line used in these experiments. D) iRFP nuclear transfected C2C12 cells in the scaffold (left) and coverslip control (right)
demonstrate clear imaging of the nucleus with no fluorescent noise from the scaffold itself. Scale bar = 300 pm (A, D). Scale bar = 100 pm (C). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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growth medium was added to each well for cell culture. The cells were
maintained in growth media for up to 7 days for cell alignment and
proliferation analyses and up to 12 days for differentiation analysis.

2.10. Immunofluorescence staining of cell markers

For cell alignment and proliferation analyses, at each timepoint the
scaffolds were rinsed three times with PBS before fixing in 4 % para-
formaldehyde (PFA) solution for 30 min at room temperature on a
shaker. Once fixed, the scaffolds were rinsed three times in PBS and
blocked and permeabilized for 1 h in a block/perm solution comprising
of 5 % (w/v) bovine serum albumin (BSA, GeminiBio) with 0.2 % (w/v)
Triton X-100 (MilliporeSigma, St. Louis, MO) in PBS on a shaker. Then,
scaffolds were incubated with rabbit polyclonal anti-Ki67 primary
antibody (1:100; ab15580, Abcam) diluted in 5 % BSA solution over-
night at 4 °C. The scaffolds were then rinsed three times with PBS and
incubated with CF555 goat anti-rabbit secondary antibody (H + L)
(1:200; Biotium) for 1 h on a shaker followed by three PBS washes. After
that, the scaffolds were incubated with CF488A conjugated phalloidin
for another 1 h and rinsed three times in PBS. Samples were then imaged
with a Leica SP8 confocal microscope.

For cellular differentiation analysis, at each timepoint the scaffolds
were rinsed three times with PBS before fixing in 4 % paraformaldehyde
(PFA) solution for 30 min at room temperature on a shaker. Once fixed,
the scaffolds were rinsed three times in PBS and blocked and per-
meabilized for 1 h in a block/perm solution comprising of 5 % (w/v)
bovine serum albumin (BSA, GeminiBio) with 0.2 % (w/v) Triton X-100
(MilliporeSigma, St. Louis, MO) in PBS on a shaker. Then, scaffolds were
incubated with mouse MF20 monoclonal antibody (1:10; Develop-
mental Studies Hybridoma Bank, University of Iowa, Iowa City, [A)
diluted in 5 % BSA solution overnight in 4 °C. The scaffolds were then
rinsed three times with PBS and incubated with CF555 goat anti-mouse
secondary antibody (H + L) (1:200; Biotium) for 1 h on a shaker fol-
lowed by three PBS washes. After that, the scaffolds were incubated with
CF488A conjugated phalloidin for 1 h and rinsed three times in PBS.
Samples were imaged with a Leica SP8 confocal microscope.

2.11. Gastrocnemius muscle decellularization

Fresh porcine gastrocnemius muscle was freshly isolated from three-
month old Yorkshire pigs that were supplied by S&S Farms (Ramona,
CA), an animal vendor approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of California San Diego
(UCSD). A lethal dose of pentobarbital was administered to the pigs for
euthanasia. The gastrocnemius muscles of the sacrificed pigs were
immediately harvested and transported to the lab on ice. Excess residual
blood was removed through rinsing, and the tissues were cut into 2-3
mm? pieces and stored in plastic tubs containing PBS supplemented with
1 % (v/v) antibiotic/antimycotic (ABAM) (ThermoFisher Scientific) at
—80 °C until decellularization. To ensure that the harvested tissues were
preserved as best as possible in terms of quality and integrity, all the
steps leading up to tissue storage were performed within 2 h of
harvesting.

All steps in the decellularization process were performed in an
incubator shaker running at 120 rpm with the temperature set to 37 °C.
All solutions were supplemented with 1 % (v/v) ABAM and 0.01 mM
phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) except for
trypsin-EDTA (Gibco™) and Sorensen’s Digest Buffer solution.

First, the tissue was placed into tubs containing hypotonic solution
and frozen at —80 °C. Then, the tissue was thawed and placed in an
incubator shaker for 2 h. Hypotonic solution was then replaced with
fresh hypotonic solution, and the freeze-thaw cycle was repeated three
times. Once the freeze-thaw cycle was complete, the tissue was rinsed
three times in PBS with 30-minute rinses in between and then washed in
0.05 % trypsin-EDTA solution for 1 h. After digestion in trypsin-EDTA
solution, the tissue was rinsed three times in PBS for 30 min. The
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tissue was then washed for 72 h in 2 % Triton X-100 and 0.8 % NH4OH
solution for 72 h with 2-3 changes of solution per 24 h and rinsed three
times in PBS for 30 min. Then, the tissue was washed in 100 % iso-
propanol for 2 h before being rinsed three times in PBS for 30 min. Next,
the tissue was incubated in 0.5 % (w/v) sodium dodecyl sulfate (SDS)
(Sigma-Aldrich) solution in PBS for 4 h followed by three 30-minute
washes in PBS and rinsed in Sorensen’s buffer digest solution for
another 30 min. The tissue was then digested in Sorensen’s buffer digest
solution containing DNase (Sigma-Aldrich) for 24 h. Finally, the tissue
was rinsed for 24 h in MilliQ water and stored in 70 % ethanol in 4 °C.

2.12. Quantification of dsDNA content

Decellularized muscle tissue along with its native muscle tissue
control were frozen at —80 °C and lyophilized for 48 h. Next, 50 mg of
lyophilized muscle dECM as well as its respective lyophilized native
tissue control were digested in papain solution (Sigma-Aldrich) con-
taining 0.1 mg ml~! papain in 0.2 M sodium phosphate buffer solution
for 20 h at 65 °C on an incubator shaker. Once digestion was complete,
the supernatant was collected following a 10 min centrifugation at
10,000 rpm. To measure the dsDNA content, the Quant-iT™ Pico-
Green™ dsDNA assay kit was used following the manufacturer’s in-
structions. The dsDNA content of the decellularized muscle was found to
be 39.43 ng mg~! + 0.56, below the required 50 mg mg~! dsDNA limit.

2.13. Preparation of gastrocnemius muscle dECM coating

First, the dECM tissue was washed in 70 % ethanol for 24 h on a
shaker followed by 24 h wash in sterile MilliQ water before being frozen
and lyophilized for 48 h. The lyophilized muscle dECM was then placed
into a cryomilling chamber containing three 10 mm stainless steel
milling balls. This setup was then subjected to cooling in liquid nitrogen
for 3 min. Once cooled, the muscle dECM was cryomilled for 2 min at 30
Hz using the Retstch™ MM400 mixer mill (Verder Scientific, Newtown,
PA). Milled muscle dECM powder was then digested in pepsin digest
solution containing 1 mg ml~! pepsin (Sigma-Aldrich) in 0.1 M HCI for
24 h on a shaker at room temperature. The pepsin solubilized solution
was then neutralized by NaOH addition and frozen in —80 °C overnight
before being lyophilized for 48 h. Once lyophilized, the lyophilized
muscle dECM was cryomilled again under the same conditions as pre-
viously mentioned and stored at room temperature until use.

2.14. In vitro image analysis

All images were assessed using a custom written Matlab script
(Mathworks, Natick, MA). Images were imported as .tif files and the
channels were identified using the roipoly tool. To assess cellular
orientation and proliferation, three samples per experimental condition
(n = 3) were examined. Images were rotated to align the channels to 0°,
and actin alignment was assessed by calculating a local orientation map
of image using a rotating line segment as a structuring element for a
morphological opening. Nuclei were identified and binarized using the
adaptthresh function. The percentage of Ki67+ nuclei was calculated as
the number of cells that were positive for both Ki67 and H2B-iRFP. In
cases where adjacent nuclei were overlapping, a watershed transform
was used to segment the nuclei. For cell fusion studies, six to twelve
samples per experimental condition (n = 6-12) were examined and the
percentage of MHC+ area was calculated as the area of cells that stain
positive for MHC divided by the area of cells that stained positive for
actin.

2.15. Invivo evaluation of the 3D printed PGSA scaffold
Four female Lewis rats were used for this study. All protocols were

approved by the University of California, San Diego Institutional Animal
Care and Use Committee (Protocol #S09030), and all animals were



W. Kiratitanaporn et al.

approximately 4 months of age at the start of the study. 3D printed PGSA
scaffolds were prepared for this pilot study (3 mm x 3 mm x 5 mm;
Fig. 6A). All scaffolds had 450 pm diameter channels running the length
of the scaffold, and two of the four scaffolds were treated with a dECM
coating (see Section 2.6). Under anesthesia, a defect approximately 4
mm X 4 mm X 7 mm was manually resected in the tibialis anterior using
a scalpel (Fig. 6B). The scaffold was placed in the defect aligned longi-
tudinally with the muscle fibers. The fascia was sutured to keep the
scaffold in place, and the skin was stapled closed. All rats were returned
to cages and supplied with ad libitum food and water until they were
sacrificed at 28 days post-operation. The tibialis anterior was immedi-
ately harvested and snap frozen for histologic analysis.

2.16. Histologic analysis

For preliminary evaluation of a 3D printed PGSA scaffold for VML
regeneration, 8 pm thick axial sections of the scaffolds were made using
a cryostat. Sections evaluated in this study were from the center of the
scaffold, 2.5 mm from either border. Sections were stained with Hae-
motoxylin and Eosin to visualize gross scaffold and tissue composition.
Masson’s trichrome stain was also performed to visualize the connective
tissue and muscle tissue outside of and inside of the scaffold.

2.17. Statistical analysis

Prism 9 (Graphpad, La Jolla, CA) was used to perform all statistical
analysis. Normality of samples was checked with the Shapiro-Wilk test
to ensure parametric statistics were appropriate. For mechanical prop-
erties analysis, a one-way Analysis of Variance (ANOVA) with post hoc
Sidak tests was performed to determine the effect of light intensity on
Youngs Modulus. For cell proliferation (%KI67+) and cell fusion (%
MHC+) analysis, separate two-way ANOVAs with post hoc Sidak tests
were performed to determine the effect of channel size and dECM con-
tent at each time point. Threshold for significance («) was set to 0.05 for
all analyses. All data are reported as mean +/— standard deviation.

3. Results
3.1. PGSA synthesis

The synthesis of PGSA followed a two-step chemical synthesis
scheme (Supplementary Fig. 1A). First, the PGS prepolymers were syn-
thesized through a polycondensation reaction between glycerol and
sebacic acid for 15 h followed by the acrylation of the hydroxyl groups
on the PGS backbone by reacting it with acryloyl chloride to obtain
PGSA. The successful synthesis of PGS and PGSA prepolymers were
confirmed by 'H NMR analysis (Supplementary Fig. 1B). In addition, 'H
NMR also confirmed successful acrylation of the PGS backbone by the
presence of the chemical shifts at § = 6.5, 6.1, and 5.9 ppm, indicating
the presence of acrylate groups. Our synthesized PGSA yielded a degree
of acrylation of 57 %, calculated by taking the average integral of
acrylate groups (6.5, 6.1, and 5.9 ppm) divided by the integral of the
methylene groups of the sebacate component of the PGS backbone with
chemical shift at § = 2.3 ppm. Only one batch of PGSA was synthesized
and used for all the following experiments.

3.2. 3D printing of in-vitro PGSA microchannel scaffolds

PGSA scaffolds containing multiple hexagonal microchannel sizes
were fabricated in a continuous layer-by-layer manner using an in-house
developed DLP-based 3D bioprinter with an LED 385 nm light source
(Fig. 1A). Using our DLP-based 3D printing platform, we were able to
readily fabricate 3D PGSA scaffolds measuring 2 mm in length and 5 mm
in width with various microchannel sizes of 300 pm, 450 pm, or 600 pm.
Channel sizes were verified across the long diameter of the hexagonal
channel through brightfield Leica imaging and subsequently through
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SEM imaging. The microchannel sizes were chosen to replicate the tight
packing organization of muscle fascicles, a key microstructural feature
of skeletal muscle consisting of multiple bundled myofibers. It took <4
min to print each scaffold. The successful fabrication of 3D printed PGSA
scaffolds with microchannels possessing fine microstructures was
confirmed through SEM imaging (Fig. 1C, D). Longitudinal 10-20 pm
microgrooves within the channel were observed due to the pixilation
effect from the DMD chip during the continuous printing process.

3.3. Modulation of PGSA mechanical properties through DLP-based 3D
printing

To investigate the ability to control PGSA’s mechanical properties
through light-based 3D printing, PGSA mechanical testing specimens
were printed at light intensities between 5.6 mW cm™2 and 18.5 mW
cm 2. The Young’s modulus of PGSA samples printed at 18.5 mW cm 2,
14.8 mW cm 2, 11.1 mW cm ™2, 7.4 mW cm ™2, and 5.6 mW cm 2 light
intensities was 1102 + 82.4 kPa, 831.8 & 11.7 kPa, 360.1 + 38.2 kPa,
230.7 + 54.6 kPa, and 134.5 kPa + 14.6 kPa respectively (Fig. 1E). A
significant effect of light intensity on PGSA’s stiffness was observed (p <
0.0001) and post hoc tests revealed significant differences between all
exposure intensities (p < 0.0175). These results confirmed that the
mechanical stiffness of PGSA can be precisely controlled to be similar to
the specific tension (i.e. the maximum force produced per cross sectional
area) of skeletal muscle (107 kPa-225 kPa) by varying the light intensity
[49-52].

3.4. Development of in-vitro VML model using acellular PGSA scaffold
and iRFP-C2C12 cell line

To mimic cellular infiltration into acellular PGSA scaffolds with
anisotropically aligned microchannels for VML repair, an in-vitro model
was developed where C2C12 muscle progenitor cells were seeded
around the scaffold to allow for natural cellular infiltration into the
microchannels (Fig. 1B). However, PGS-based polymeric scaffolds auto-
fluoresce in blue [57] and in addition to their opacity, it is difficult to
distinguish fluorescent signals emitted from the cell nuclei within the
scaffold itself using a DAPI stain (Fig. 2A). Several approaches including
using nuclear staining dyes with an excitation wavelength outside the
spectrum of PGS autofluorescence (i.e. DRAQ5; Fig. 2A) did not improve
the image contrast. Far-red nuclear dyes were found to adsorb onto
PGSA in addition to staining the nuclei of the cells within the micro-
channel structure. To circumvent these limitations and preserve the
scaffold’s structural integrity and spatial distribution of cells, an
isogenic cell line of iRFP-C2C12 cells was developed through lentiviral
transfection (Fig. 2B, C). By using iRFP-C2C12s for in-vitro modeling of
VML treatment using acellular PGSA scaffolds, clear visualization of cell
nuclei within the microchannels of the 3D PGSA scaffold was achieved
without the presence of background noise from PGS autofluorescence
(Figs. 2D; 3).

3D reconstructed confocal images of iRFP-C2C12s taken at various
viewing angles within an intact 3D printed PGSA scaffolds demonstrate
the orientation of cells within the 3D printed scaffold in high resolution
without background noise initially found from PGS autofluorescence
(Fig. 3A-C).

3.5. Muscle progenitor cell infiltration, proliferation, and maturation in
PGSA scaffolds in-vitro

To assess the effect of dECM and channel size on cell proliferation,
cells were allowed to migrate into the channels and were assessed at
days 1, 3, and 7 after initial seeding (Fig. 4A-F). A significant effect of
dECM was found at all timepoints (Day 1: p = 0.0414, Day 3: p < 0.0001,
Day 7: p = 0.0135) with overall higher cell proliferation in the dECM
containing scaffolds (Fig. 4G-I). A significant effect of channel size was
only found at Day 1 (p = 0.0002), driven by low cell proliferation in the
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Fig. 3. 3D reconstructions at various viewing angles (A-C) of iRFP transfected C2C12 myoprogenitor cells in a 450 pm diameter, dECM coated PGSA scaffold 3 days
after seeding. Actin-red, KI67-yellow, nuclei-blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

300 pm channel. Overall, sustained proliferation was observed in the
dECM coated scaffolds compared to the non dECM coated scaffolds.
However unexpectedly, there was no observed proliferation in the 300
pm channels at day 1 (dECM coated) and days 3 and 7 (non DECM
coated).

In vivo, skeletal muscle cells are organized into long thin structures,
surrounded by extracellular matrix. Multiple cells are often bundled
together into larger structures called fascicles. A key requirement for an
effective scaffold for cellular organization is the orientation and
bundling of infiltrating cells. In general, infiltrating muscle progenitor
cells were organized along the same orientation as the channels (Fig. 4 J-
L). Atday 1, cells in the 300 pm and 450 pm channels were more aligned
with the channel orientation than those in the 600 pm channel indicated
by an increase in the frequency of aligned cells close to 0°. By day 7 there
were no apparent differences between scaffolds with different channel
sizes, as the distribution of the frequency of cellular alignment was
similar across all channel sizes. Furthermore, the orientation profiles
between scaffolds coated with dECM and those without dECM coating
was similar, indicating the scaffold coating did not affect cell orienta-
tion. Overall, muscle progenitor cells were able to migrate into the
channels, proliferate, and align along the channels of the scaffold.
Qualitatively, more nuclei were observed in the dECM coated scaffolds
(Fig. 4D-F) than the non dECM coated scaffolds (Fig. 4A-C), which may

indicate more cellular infiltration and proliferation.

A key marker of skeletal muscle maturation is the presence of myosin
heavy chain. To assess if muscle maturation is influenced by the channel
size or dECM content, muscle progenitor cells were allowed to migrate
into channels, and proliferate within the scaffolds without the use of
induction media (Fig. 5A, B). The area of MHC+ staining normalized by
actin+ staining was assessed, as these are 3D constructs and it is difficult
to identify individual cells in 3D culture. A significant increase in MHC
expression was observed (p < 0.0001) in the dECM coated scaffolds at
12 days after cell seeding (Fig. 5C). Additionally, a significant effect of
the channel size (p = 0.0093) was observed, surprisingly driven by
slightly decreased MHC expression in the 450 pm channels compared to
the 300 pm and 600 pm channels in the dECM coated scaffolds. Quali-
tative observation of MHC+ fibers revealed more fibrous and elongated
MHC+ cells in the dECM coated scaffolds compared to rounded punctate
cells in the non dECM coated scaffolds. This suggests that the dECM
coating results in a more phenotypic expression of maturing muscle fi-
bers than non dECM coated scaffolds.

3.6. In vivo evaluation of a 3D printed PGSA scaffold for VML
regeneration

No adverse events were observed in the animal models implanted
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Fig. 4. C2C12 migration, proliferation, and alignment within the PGSA scaffolds. (A-F) confocal images of cells migrating and proliferating (KI67 " - green) in 450 pm
diameter channels without dECM coating (A-C) and with dECM coating (D—F) at days 1 (left column), 3 (middle column) and 7 (right column) after seeding. White
dashed lines indicate the border of each scaffold. Cell proliferation was measured as %KI67+ cells at day 1 (G), day 3 (H), and day 7 (I) after seeding. Scaffolds with
300 pm (red), 450 pm (green), and 600 pm (blue) diameter channels were assessed with and without dECM coating at all timepoints. Cell alignment (0° = parallel to
channel, 90° = perpendicular to channel) was assessed at day 1 (J), day 3 (K), and day 7 (L) after seeding. Scale bar = 450 pm. n = 3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

with 3D printed PGSA scaffolds. Gross histologic evaluation indicated a
small fibrous ring had formed around the implanted scaffold that was
not coated with dECM (Fig. 6C, D), but was not present in the samples
that were coated with dECM (Fig. 6E, F). Scaffold structure was still
intact after 28 days, and many of the key geometric features of the
original scaffold including the size and spacing of aligned microchannels

were present. In both dECM coated and non-dECM coated scaffolds,
cellular infiltration deep into the scaffold (2.5 mm) was observed.
Generally, a fibrotic ring was observed in the center of each channel,
with red stained muscle cells around the periphery. Overall, increased
cellular infiltration and new muscle formation was observed in the
dECM coated scaffolds (Fig. 6E, F; arrows). These results demonstrate
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Fig. 5. C2C12 MHC expression at 12 days after seeding in scaffolds without dECM coating (A) and with dECM coating (B) of PGSA scaffolds with 600 pm diameter
channel. (C) The area of MHC+ expression normalized by actin+ expression was used to assess myofiber maturation in 3D. ** = p < 0.01. Scale bar = 600 pm. n
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Fig. 6. Preliminary histological assessment of a 3D printed PGSA scaffold to treat a VML injury in a rat. A.) Top down SEM of the implanted scaffold demonstrating
the long hollow channels present in the scaffold. B.) Representative image of a volumetric muscle loss injury in a rat. C.) and D.) Representative images of a Masson’s
Trichrome stained histology of a PGSA scaffold that was not coated with dECM in the middle of the scaffold (2.5 mm from the border). E.) and F.) Representative
images of a Masson’s Trichrome stained histology of a PGSA scaffold that was coated with dECM in the middle of the scaffold (2.5 mm from the border). Green arrows
indicate the presence of muscle fascicle formation deep within the scaffold. Scale bar = 1 mm. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

that muscle can migrate into and form skeletal muscle in 3D printed
PGSA scaffolds.

4. Discussion

The goal of this study was to develop a PGSA-based scaffold with
anisotropically aligned microchannels to investigate the response of
muscle progenitor cells in an in vitro model of VML repair. Recently,
PGS-based biomaterials have become an attractive material for tissue
engineering applications in dynamic tissues due to its biocompatibility,
biodegradability, elasticity, tunable mechanical properties, and degra-
dation behavior [43,46]. PGS-based biomaterials have been applied to
various tissue engineering applications such as liver [60], vasculature

[61], cardiac tissue [62-66], wound healing [67], and nerve [57]. This
study demonstrated the first application of a DLP-based 3D printed
PGSA for skeletal muscle tissue engineering. The results of this study
demonstrate five key findings: 1) the ability to successfully 3D print
elastic PGSA scaffold with hollow microchannel structures and 10-20
pm microgrooves, 2) the ability to modulate pure PGSA’s mechanical
properties through light intensity during 3D printing, 3) a novel trans-
fection based approach to investigate cellular mechanisms inside of
hollow, 3D PGSA scaffolds, 4) the development of an in-vitro VML model
to study muscle progenitor cellular infiltration, proliferation, and
maturation within an intact 3D printed PGSA scaffold, and 5) pre-
liminary evidence supporting a 3D printed PGSA scaffold for VML repair
in vivo.
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Many studies evaluating polymeric scaffolds in-vitro for VML treat-
ment either rely on direct encapsulation of cells within the polymeric
matrix, as in the cases of most hydrogels, or direct seeding onto the
scaffold itself [9,10,12,14,17,19,20,26-28,30-35]. These methods,
however, do not accurately mimic the application of an acellular scaf-
fold for VML repair, which must recruit and facilitate migration of
endogenous muscle progenitor cells before they can populate the scaf-
fold through proliferation. A deliberate decision was made to study
acellular scaffolds, as currently there are no clinical trials where xeno-
geneic or allogenic derived cellularized tissues are used for VML repair.
In this study, we developed an in-vitro VML model to study alignment,
proliferation, and differentiation response of iRFP-C2C12 cells as they
migrate to and populate de novo within a 3D PGSA scaffold. To inform a
more clinically motivated study, cells were seeded around the peripheral
ends of the microchannel scaffold and allowed to migrate into the
scaffold naturally over time to recapitulate the repair phase in VML
treatment whereby residing muscle progenitor cells are recruited to
infiltrate, proliferate, and differentiate within an implanted scaffold. To
support future translational studies, we investigated the effect of chan-
nels size on cellular alignment, proliferation, and differentiation. The
channel diameters were chosen to provide an environment where cells
can fully populate the channel in vitro in 3D to form muscle bundles.

Previous groups have demonstrated the ability to modulate PGSA’s
mechanical properties through the variation in the degree of acrylation
[68,69]. Previous work in our lab has demonstrated the ability to
modulate the mechanical properties of PGSA through the duration of
light exposure using a DLP-based printing system [70]. Here, we
demonstrated a facile method to modulate PGSA’s stiffness through the
tuning of light intensity used for DLP-based 3D printing of PGSA with
constant exposure time. By varying the light intensity, PGSA’s stiffness
can easily be tuned with an effective Young’s modulus ranging from
134.5 kPa to 1.1 MPa. This occurs since the kinetic chain length of
photopolymerizable polymer decreases as the light intensity used for
photopolymerizable process increases [71]. Once the chain length of
PGSA becomes shorter as a result of increased light intensity used for
photopolymerization, the degree of crosslinking increases as a result,
and thus the polymer chains are forced into a more restricted formation
with resultant increase in stiffness [72]. Precision tuning mechanical
properties using light has several advantages over synthesizing multiple
formulations of PGSA with different degrees of acrylation, including the
ability to quickly fabricate a single structure with heterogeneous ma-
terial properties out of a bioink, which may more accurately replicate
complex tissues such as the muscle-tendon interface. Since printing
PGSA at the light intensity of 5.6 mW cm 2 yielded an effective Young’s
modulus of 134.5 kPa, which is similar to the specific tension of skeletal
muscle (107 kPa-225 kPa) [49-52], subsequent PGSA scaffolds used in
this study were printed at this light intensity.

In order to engineer physiologically relevant tissues using acellular
scaffolds, the ability to fabricate scaffolds with complex shapes in
micron-scale resolution along with the ability to modulate the me-
chanical properties to match that of the tissue of interest is necessary
[73-75]. The fabrication techniques currently used to create PGS-based
scaffolds for tissue engineering applications [61,63,67,76-78] are
limited to scaffolds of basic geometries due to the lack of fabrication
techniques for high architectural complexity and fine features. By
functionalizing PGS with acrylate groups to create PGSA, we demon-
strated the ability to 3D print PGSA into an acellular PGSA scaffold with
hollow anisotropically aligned microchannels of varying sizes (300-600
pm) with longitudinal microgrooves (10-20 pm) on the microchannel
surface. The traditional approach to fabricate PGSA scaffolds requires
harsh processing conditions (curing at high temperature and low pres-
sure) that make it difficult to precision engineer structures with fine
features and material properties [43]. By printing PGSA in a continuous
fashion through our DLP-based 3D printing system, scaffolds possessing
fine features with micron scale resolution were fabricated within a
matter of minutes, a feat that cannot be readily achieved through

10

Biomaterials Advances 142 (2022) 213171

common traditional extrusion-based 3D printing systems [79]. The
aligned microgroove features measuring 10-20 pm in diameter that were
observed within the inner channels of our 3D printed PGSA micro-
channel scaffolds are due to pixilation from the DMD chip under
continuous printing process in our DLP-based 3D printing platform [80].
In a DLP-based 3D printing system, DMD chip consists of thousands of
tiny square sized micromirrors that are used for optical pattern manip-
ulation. Microgroove topographical features are an accompanying
feature that were created from the pixel size or resolution of the DMD
chip, due to the digitization of continuous objects into discrete pixelated
masks [80]. Topotactic cues from microgroove pattern with similar
widths have been previously demonstrated to influence alignment,
proliferation, and myotube formation of C2C12 cells [81,82]. Thus, the
presence of microgrooves within the microchannels of our PGSA scaffold
may play a role in aiding the alignment, proliferation, and differentia-
tion of skeletal muscle cells in VML treatment applications.

The evaluation of cellular response within a 3D PGSA construct
through the use of either fluorescence or confocal imaging is extremely
challenging due to its opacity and high autofluorescence in blue, which
is a commonly reserved excitation/emission (359 nm/457 nm) spectrum
used by DAPI staining to label cell nuclei [57]. To our knowledge, no
attempts have been made to image cells through fluorescence or
confocal imaging within an intact 3D PGSA construct, possibly due to
noise from the material’s autofluorescence. Longitudinal sectioning and
imaging these constructs is not an option, as the sectioning process can
disturb the natural organization of cells within the channel. To over-
come this feature, initial attempts were made to stain the cell nuclei
using a far-red nuclear dye (DRAQ5) outside of the scaffold’s auto-
fluorescence range. However, DRAQS5 was found to physically adsorb
onto the PGSA scaffold within a few seconds of staining, resulting in
noise from the scaffold upon confocal imaging, which did not allow for
cells to be visualized within the 3D microchannel structure. As an
alternative strategy to visualize the cells populating the 3D PGSA scaf-
fold, an isogenic iRFP-C2C12 cell line was created through lentiviral
transfection. By using iRFP-C2C12 cells to populate the scaffold de novo,
clear visualization of cell nuclei within the 3D PGSA microchannel was
achieved. Since previous studies have utilized iRFP for deep tissue im-
aging due to its emission of near-infrared light with long attenuation
length [83-85], we hypothesized that transfecting C2C12 cells to ex-
press near-infrared fluorescent proteins in their nuclei would facilitate
the imaging of cell nuclei within an intact 3D microchannel PGSA
scaffold with high signal-to-noise ratio.

Microscale topographical cues have been revealed to play an
important role in cellular migration, alignment, proliferation, and dif-
ferentiation through mediated contact guidance interaction between the
cells and biophysical cues from their microenvironment [86-89]. In
addition to biophysical cues from the scaffold, biochemical cues are also
important. In this study, dECM was employed as a coating to the PGSA
scaffold to investigate its effect on cellular response of muscle cells since
ECM sequesters growth factors, proteoglycans, and proteins thought to
be involved in tissue regeneration [90,91]. Gastrocnemius muscle dECM
was chosen as the dECM coating of choice, as it has been previously
shown that skeletal muscle cells proliferate and differentiate better
when cultured on a substrate coated with dECM that had the same tissue
of origin as the cells [92]. In this study a single dECM concentration was
evaluated, based on a previous study investigating dECM on improving
blood perfusion in an animal model of ischemia [55]. However, the in
vitro model of VML repair developed in this manuscript not only pro-
vides an excellent platform to study the effect of dose concentration of
dECM on skeletal muscle infiltration, proliferation, and differentiation,
but also is a platform to study other biologic applications such as sus-
tained growth factor release. Furthermore, this platform can be devel-
oped to incorporate more cell types to more accurately model common
obstacles for VML repair such as inflammation and fibrotic encapsula-
tion of biomaterials after VML implantation.

A preliminary investigation was performed to assess the regenerative
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capacity of a 3D printed PGSA scaffold for VML repair in vivo. Overall,
cellular infiltration was observed deep into the scaffold, including the
formation of new muscle fibers at 28 days. Interestingly, the general
pattern of tissue infiltration that was observed - a fibrotic core with
radial muscle formation - is characteristic of neonatal muscle formation
[93]. While unexpected, this suggests two things: 1) the mechanisms
governing skeletal muscle formation in an aligned scaffold is inherently
different than that of normal muscle regeneration in a VML injury and 2)
the 28-day timepoint is likely too early for muscle to resolve a VML
injury in an acellular scaffold. The goal of this preliminary study was to
determine if a PGSA scaffold can be used to regenerate aligned muscle
tissue in vivo. In conjunction with the thorough in vitro investigation,
these findings support that a 3D printed PGSA scaffold may provide an
environment for skeletal muscle regeneration after VML injury. How-
ever more studies are required to better understand the complicated
timeline and complex mechanisms of regeneration which are difficult to
replicate in vitro.

There are a few limitations to the in vitro PGSA model that was
demonstrated in this study. First, this model only recapitulates the
regeneration and remodeling phase of muscle healing after a VML
injury. For simplicity, the initial destruction phase with associated in-
flammatory response was not modeled to simplify this in vitro model. In
practice, a VML injury is often associated with additional comorbidities
that are often addressed prior to VML repair. During this initial phase,
there is often scarring at the damaged tissue site. Prior to VML treat-
ment, the newly formed scar tissue is removed via debridement,
exposing healthy underlying tissue with which to integrate with the
implanted autologous tissue or tissue engineered dECM sheet. Seeding
muscle progenitor cells around the scaffold in vitro was chosen to
replicate the phase of recovery at which VML injuries are often repaired.
Second, this study did not utilize differentiation media to promote MHC
expression. This was chosen to determine if the scaffold geometry and/
or dECM coating was sufficient to promote maturation of myoblasts in
vitro. As a result, in the PGSA only scaffold, MHC+ fibers had a rounded,
punctate phenotype, indicative of a nascent differentiation stage [94].
However, in the dECM coated scaffolds, a more elongated MHC+
phenotype was observed, suggesting while PGSA may provide an
appropriate mechanical and microstructural environment for myotube
maturation, extra biochemical modulation is required to have typical
phenotypic expression of myotube maturation. Last, the in vivo pre-
liminary studies were performed in parallel with the in vitro studies.
Therefore, we chose a 450 pm channel size before the in vitro experi-
ments yielded that a 600 pm channel size may provide enhanced mature
MHC formation. Larger channel sizes will be evaluated in future in vivo
studies.

5. Conclusions

This study demonstrated a novel application of a biocompatible
elastomer (PGSA) as a 3D scaffold material for modeling the regenera-
tion and remodeling phases of skeletal muscle after VML injury. By
controlling the light intensity during DLP-based 3D printing, the mate-
rial properties of PGSA were fine-tuned to be similar to the specific
tension of skeletal muscle. To bypass issues associated with imaging cells
within an autoflourescent 3D scaffold, an iRFP transfected C2C12 line
was generated, allowing for visualization of cell nuclei within the scaf-
fold. Once the scaffold parameters and imaging conditions were opti-
mized, muscle progenitor cells were seeded around the outside of the
scaffold, and cellular infiltration, proliferation, alignment, and matu-
ration were assessed under different geometric (channel size) and bio-
logic (dECM coating) cues. Overall, a dECM coated scaffold with 600 pm
diameter channels produced the best cellular infiltration, proliferation,
alignment, and maturation of the experimental conditions evaluated.
While this model was relatively simplified, this approach can be easily
modified to investigate the use of alternative biomaterials (i.e. growth
factors, CRISPR, dECM  tissues/concentrations), cell types (ie.
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macrophages, fibroblasts, tenocyctes), and geometric cues (i.e. orienta-
tion, microstructure) on the recruitment and proliferation of muscle
progenitor cells into acellular scaffolds.
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