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Abstract:

Purpose:

In muscle tissues, anisotropic cell alignment is essential for optimal muscle fiber
development and function. Biomaterials for muscle tissue engineering must guide cellular
alignment while supporting cell proliferation and myogenic differentiation.

Methods:

Here, we describe the fabrication of a tissue-engineered construct consisting of a
scaffold of aligned poly(e-caprolactone) (PCL) microfibers coated in a dynamic covalent
hydrazone crosslinked hyaluronic acid (HA) hydrogel to support myoblast attachment,
alignment, and differentiation. Norbornene modification of HA further enabled functionalization
with fibronectin-derived arginine-glycine-aspartic acid (RGD) peptide. Scaffolds were fabricated
using melt electrowriting (MEW), a three-dimensional (3D)-printing technique that uses
stabilization of fluid columns to produce precisely aligned polymeric microfibers. We evaluated
scaffolds with fiber diameters of 10 ym, 20 uym, and 30 um of non-coated, HA-coated, and HA-
RGD-coated MEW scaffolds through immunocytochemistry and creatine kinase activity assays.

Results:

HA-coated and HA-RGD-coated scaffolds showed increased cellular attachment of
C2C12 mouse skeletal myoblasts on all fiber diameters compared to non-coated scaffolds, with
HA-RGD-coated scaffolds demonstrating the highest cell attachment. All scaffolds supported
cellular alignment along the fibers. Cells differentiated on scaffolds showed anisotropic
alignment with increased myotube formation on HA-RGD-coated scaffolds as seen by myosin
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heavy chain (MHC) staining. Highest creatine kinase (CK) activity on day 5 signified the
successful differentiation of C2C12 cells into mature myotubes.

Conclusion:

This unique combination of tunable biophysical and biochemical cues enables the
creation of a biomimetic tissue engineered scaffold, providing a platform for new therapeutic
approaches for muscle regeneration.

Keywords: Muscle regeneration, cellular alignment, hyaluronic acid, polycaprolactone,
microfiber scaffold, melt electrowriting


https://doi.org/10.1101/2025.03.06.641880
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.06.641880; this version posted March 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Volumetric muscle loss (VML), characterized by extensive muscle loss of greater than
20% of its original volume, can be caused by trauma, chronic disease, or surgical resection."?
Such muscle injuries typically have limited regenerative capacity and cannot heal without
additional intervention, often leading to fibrosis, fatty tissue infiltration, and impaired function,
decreasing a patient’s quality of life.>5> Muscle tissue has a complex architecture of aligned
bundles of myotubes, which contain myofibrils and comprise muscle fibers. VML destroys the
natural muscle ultrastructure, preventing the muscle from performing essential tasks like
contraction and force generation.* Current therapeutic approaches for treating VML often
require multiple interventions, including surgical procedures such as autologous muscle
transfer,® rehabilitation,” and long-term management of associated complications.®® However,
these approaches often fail to fully restore muscle function due to the difficulty of achieving
aligned tissue,'®"" and restoring this hierarchical structure is considered an important step for
the repair of functional muscle tissue following VML.""'? Furthermore, the use of muscle
autografts and allografts is constrained by the scarcity of available tissue and the potential for
donor-site complications, underscoring the urgent need for alternative solutions.

To address the shortcomings of current therapeutic approaches for treating VML,
scaffold-based tissue engineering has emerged as a potential therapeutic strategy for
stimulating the regeneration of functional, mature muscle tissue after VML. Strategies that
combine three-dimensional (3D) scaffolds,''® cell-based therapies,'® and biochemical cues,'"'8
have shown promise in treating VML. For example, aligned scaffolds have been fabricated
using 3D printing of fiber-based scaffolds or hydrogels,® injection molding or casting,
microfluidics,?' unidirectional freeze drying or ice templating,? and decellularized tissues.?
Fiber-based scaffolds have been fabricated from synthetic polymers such as polylactic acid
(PLA), poly (lactic-co-glycolic acid) (PLGA),?* and poly(e-caprolactone) (PCL)?® with 3D printing
techniques such as solution electrospinning and have been used to align myoblasts with a
tissue-engineered scaffold and promote their differentiation. These scaffolds may further be
tailored to replicate the extracellular matrix (ECM) of native muscle tissue, generating an
enhanced microenvironment for myoblast adhesion, migration, and differentiation.'32¢ Scaffolds
fabricated from decellularized ECM from native muscle tissue are promising for VML treatment
because they retain the biochemical signals and aligned structure of muscle tissue, which can
facilitate myoblast alignment and fusion; however, it is often difficult to tune the properties of
decellularized ECM scaffolds without losing their bioactivity.?’2¢ Similarly, naturally-derived
biomaterials such as collagen, gelatin, silk, fibrin, and alginate can be fabricated into aligned
materials to promote myoblast alignment and fusion.?%3° Hydrogels made from type |
collagen,?'*2 poly(ethylene glycol) diacrylate (PEG-DA),'® and gelatin methacryloyl®*® have also
shown promise in supporting the development of tissue-engineered muscle constructs, as they
mimic the hydrated environment of muscle tissue and have the added benefit of supporting
vascularization and innervation within engineered tissues.'®3'-33 However, challenges remain
with synthetic fiber-based approaches that may suffer from ineffective integration with the host
tissue and limited biochemical cues to support cell adhesion, proliferation, and differentiation,
while hydrogel-based approaches have demonstrated a limited ability to support aligned muscle
architecture and long-term tissue stability. Therefore, integrating synthetic fibers with hydrogels
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could be a promising approach for integrating complementary biochemical and biophysical
cues, thereby addressing the weaknesses of each approach when used alone.

Incorporating biochemical cues into scaffolds enhances muscle tissue regeneration by
providing essential signals that guide cellular behavior. These cues may include cells, growth
factors that stimulate cellular activity, and peptide motifs that facilitate cell attachment.®*-3¢ By
mimicking the body’s natural ECM, these scaffolds offer a promising solution to accelerate
muscle tissue repair and minimize tissue fibrosis.*” A variety of ECM-derived peptides, such as
fibronectin, laminin, and elastin, have been used in tissue-engineered scaffolds to stimulate
myoblast proliferation, highlighting the importance of cell-ECM interactions for driving muscle
tissue regeneration.'®33° The fibronectin-derived peptide RGD has been previously shown to
support muscle satellite cell survival, attachment, and myogenic differentiation within
polyethylene glycol maleimide (PEG-MAL) hydrogels.*® However, achieving robust muscle
tissue formation using bioactive scaffolds is still a challenge, and the ideal combination of
biophysical and biochemical cues to create a tissue-engineered scaffold that mimics functional
muscle tissue has yet to be determined.

To address these challenges, we have created a composite tissue-engineered scaffold
that combines the alignment properties of a synthetic fiber-based scaffold with the cell-
supportive microenvironment of ECM-derived hydrogels to promote the attachment, alignment,
and myogenic differentiation of skeletal myoblasts with a unique combination of biophysical and
biochemical cues. We used melt electrowriting (MEW), a 3D-printing technique that uses
electrohydrodynamics to precisely deposit multiple layers of microfibers onto a collector, to
produce aligned scaffolds.*'? To promote C2C12 murine skeletal myoblast attachment, we
embedded MEW scaffolds within hydrazone-crosslinked hyaluronic acid (HA) hydrogels that
have been previously characterized by our lab and others.***® HA can directly interact with
myoblasts through the CD44 and RHAMM cell receptors, promoting cell migration, adhesion,
and proliferation.*® We modified HA with norbornene functional groups for the chemical
conjugation of RGD to further promote myoblast attachment and alignment. We seeded C2C12
myoblasts on non-coated, HA-coated, HA-RGD-coated PCL microfiber scaffolds and evaluated
their attachment to the scaffold, alignment along PCL microfibers, and differentiation into
myotubes. We hypothesized that both HA and HA-RGD-coated scaffolds would increase
myoblast attachment compared to non-coated MEW scaffolds, and HA-RGD-coated scaffolds
would result in the highest cellular attachment and enhanced myogenic differentiation. We
evaluated myoblast differentiation through myosin heavy chain staining and creatine kinase
activity assays over time. Overall, this HA-coated composite scaffold presents a unique
combination of biophysical and biochemical cues that promote myoblast attachment, alignment,
and differentiation and has the potential to be used as a tissue engineering scaffold to
accelerate functional muscle regeneration.

Methods and Materials
Oxidized Hyaluronic Acid (HA-Ox)

As previously described, sodium hyaluronate (HA, 100 kDa) (Lifecore Biomedical LLC,
Chaska, MN) was oxidized to reveal aldehyde groups.*® Briefly, 2% w/v HA (1g, 0.00264 mol)
was dissolved in double distilled water (ddH20) in a round bottom flask. The flask was covered
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with foil, and 0.6 molar equivalents of sodium periodate (NalO4, 338.61 mg, 0.00158 mol)
(Sigma Aldrich, St. Louis, MO) were added to the reaction. The reaction was stirred for 4 hours
in the dark before being quenched with 5 molar equivalents of propylene glycol (VWR
Chemicals, Radnor, PA) (1 g, 0.0132 mol). The solution was then dialyzed against ddH->O for 2
days before being filtered, frozen at -80°C, and lyophilized.

Hyaluronic Acid-Norbornene (HA-Nor)

HA was functionalized with norbornene as previously described. An intermediate
product, HA-tetrabutylammonium (HA-TBA) was first synthesized. 2% w/v HA (1 g, 0.00264
mol) was dissolved in ddH20 in a round bottom flask. AmberLite MB ion exchange resin (3 g,
0.00962 mol) (Sigma Aldrich) was added to the flask and stirred for 5 hours. Vacuum filtration
was then used to remove the resin. The solution was collected and titrated with
tetrabutylammonium-hydroxide (TBA-OH) (Sigma Aldrich) to pH 7. The solution was then
filtered, frozen at -80°C, and lyophilized. HA-TBA (1 g, 0.00157 mol) was dissolved in anhydrous
dimethylsulfoxide (DMSO) (Millipore Sigma, Burlington, MA) at 2% w/v in a round bottom flask,
which was submerged in an oil bath at 45°C and purged with nitrogen gas. 3 molar equivalents
of 5-norbornene-2-carboxylic acid (Nor-CHOO, 0.803 g, 0.00581 mol) (Sigma Aldrich) and 1.5
molar equivalents of 4-(dimethylamino)pyridine (DMAP, 0. 287 g, 0.00235 mol) (Sigma Aldrich)
were stirred into the flask until completely dissolved. Lastly, 0.4 molar equivalents of di-tert-butyl
dicarbonate (Boc.0O, 0.137 g, 0.000627 mol) (Sigma Aldrich) were added to the flask, and the
reaction was stirred under nitrogen for 20 hours. The reaction was quenched with an equal
volume of cold ddH-O and dialyzed against ddH>O for 3 days. After dialysis, the solution was
collected in a beaker and sodium chloride (VWR Chemicals) (1 g/100 mL of solution) was
added. Acetone was added to the beaker (1 L/100 mL of solution) to precipitate the product. The
precipitate was then collected by centrifugation and redissolved in ddH>O. The HA-Nor solution
was then filtered, frozen, and lyophilized.

Hyaluronic Acid-Norbornene-Adipic Acid Dihydrazide (HA-Nor-ADH)

1% w/v HA-Nor (0.125 g, 0.000240 mol) was dissolved in ddH20, and 10 molar
equivalents of adipic acid dihydrazide (ADH) Spectrum (Chemical MFG Corp, Gardena, CA)
(0.418 g, 0.00240 mol) and a one molar equivalent of hydroxybenzotriazole (HOBt) (Chem
Impex, Wood Dale, IL) (0.324 g, 0.000240 mol) were added to the reaction. The pH was
adjusted to 4.75 using NaOH/HCI, and one molar equivalent of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (G Biosciences, St. Louis, MO) (0.0460 g, 0.000240
mol) was added to the solution. The pH was titrated to 4.75 and monitored for 2-4 hours until
stabilized. The reaction was then stirred for 2 days before being dialyzed against 0.1 M sodium
chloride for 2 days followed by ddH.O for an additional 2 days. The solution was then filtered,
frozen at -80 °C, and lyophilized.

Determination of Degree of Modification (DOM)

As previously described, the degree of modification of HA-Nor and HA-ADH-Nor was
quantified using proton nuclear magnetic resonance spectroscopy ('H-NMR, 500Hz, Bruker,
USA).*® The DOM for HA-Nor was calculated by integrating the vinyl peaks on the norbornene
functional group from 5.7-6.3 ppm and normalizing to the n-acetyl methyl group on HA from 1.8-
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2 ppm (3H).4” For HA-Nor-ADH, the aliphatic chain peaks from 2.5-2.1 ppm and 1.7-1.44 ppm
(8H) were integrated and normalized to the n-acetyl methyl group peaks on HA from 1.8-2 ppm
(3H).%" A representative '"H-NMR spectrum can be found in the supplemental information (Fig.
$1).

To determine the DOM of HA-Ox, a hydroxylamine hydrochloride titration was performed
by dissolving 100 mg of oxidized polymer in 20 mL of 0.25 N hydroxylamine hydrochloride
containing 0.05% w/v methyl orange reagent for 2 hours.***34° The pH of the solution was
monitored and titrated with 0.1 M NaOH until the pH indicator changed from red to yellow at the
end point pH of 4. Equation 1 was used to calculate the DOM or the percentage of HA
monomers that contained aldehydes.

Equation 1:

3793 g
mol

Ve =V,
%DOM = ( S0

HA X 0.1M NaOH X ( )) x 100

Mys-ox
where 379.3 g/mol is the monomeric molecular weight of HA, 0.1 M is the molarity of NaOH
used to adjust the solution pH, Vsis the final volume of NaOH in the burette after titration
recorded in liters, Vo is the initial volume of NaOH in the burette before titration recorded in liters,
and mua-ox is the mass in g of HA-Ox used in the titration.

RGD Conjugation to HA-Nor-ADH (HA-RGD)

2% w/iv HA-Nor-ADH (10 mg, 0.0146 mmol) was dissolved in 500 L of PBS containing
2500 nmol of RGD peptide with a cysteine at the N terminus (CGRGDSG) (GenScript,
Piscataway, NJ), and 0.05% w/v of Irgacure 2959 (Sigma Aldrich) and exposed to UV light at a
wavelength of 365 nm for 1 minute to perform a thiol-ene reaction between HA-Nor-ADH and
RGD-cysteine. The solution was dialyzed against ddH.O for 1 day before being filtered, frozen
at -80°C, and lyophilized. Ellman's reagent (Fisher Scientific, Waltham, MA) was used to detect
free thiols and quantify the concentration of RGD conjugated to the HA-Nor-ADH through the
disappearance of thiols after the photoinitiated reaction. The Ellman’s reagent consisted of 2
mM of 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) and 50 mM sodium acetate in 1 M
tris(hydroxymethyl)aminomethane (TRIS) buffer. Samples of the reaction before and after UV
exposure were diluted to fall within the range of a standard curve of serially diluted RGD
peptide. 50 uL of each standard and sample were added to a 96-well plate and mixed with 250
ML of Ellman’s reagent. The plate was developed at room temperature for 5 minutes prior to
reading absorbance at 412 nm on a microplate reader (BioTek Synergy Neo2).

Fabrication of Melt Electrowritten (MEW) Scaffolds

Three flat scaffold designs were fabricated from medical-grade PCL (PURAC PC12,
Corbion Inc.) using a custom-built MEW printer.° PCL was heated to 75°C and extruded
through an electrically grounded 22 gauge nozzle protruding 1 mm from the printhead. The
collector distance was fixed to 3.5 mm, and scaffolds were printed onto 1 mm thick glass
microscopy slides resting on a metal collector. Three sets of parameters (including collector
voltage, pressure delivered to molten polymer, and translation speed) were optimized to print
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fibers with nominal diameters of 10 um, 20 um, and 30 pm. Printing parameters together with
corresponding scaffold designs are detailed in Table 1.

Square scaffolds (7x7 mm) consisting of two sets of perpendicular alternating fibers
were printed. The first set of fibers intended for myoblast alignment were spaced 150 ym apart.
The second set of fibers intended as reinforcement fibers ran perpendicular to the myoblast
alignment fibers and were spaced 500 ym apart. The numbers of alignment fibers and
perpendicular reinforcement fibers printed for each design are detailed in Table 1. The total
number of layers for each fiber diameter was selected to provide a consistent scaffold height of
approximately 200 um across the different designs. Scaffolds printed with 10 pm fibers were
additionally reinforced on the edges to enable handling through a buckling fiber rim design
previously used to improve scaffold handling and printed at 1 mm/min translation speed.®

Scaffold design Printing conditions
Fiber Spacing Spacing | Number of Number of Voltage | Pressure | Translation
diameter | between between alignment alternating [kV] [bar] speed
[um] reinforcing | alignment layers alignment and [mm/min]
fibers [um] fibers printed first | reinforcing layers
[um] printed on top

10 500 150 6 14 5.5 0.17 500

20 500 150 3 7 5.5 0.65 345

30 500 150 2 5 6.2 1.40 345

Etching and Sterilization of MEW Scaffolds

Scaffolds were etched in a biosafety cabinet with 0.1 M NaOH for 30 minutes before
being washed 3 times with phosphate-buffered saline (PBS). Etched scaffolds were disinfected
in 70% v/v ethanol for 15 minutes before being washed three times with PBS. Scaffolds were
stored in 10% v/v fetal bovine serum (FBS) (R&D Biosystems, Minneapolis, MN) in Dulbecco's
modified eagle medium (DMEM) (Cytiva, Marlborough, MA) (“high serum medium”) at 4°C
overnight before use.

HA Coating of MEW Scaffolds

HA-coated scaffolds were fabricated by adding 25 uL of either HA-Nor-ADH or HA-Nor-
ADH-RGD to the bottom of an 8-chamber well slide (Fisher Scientific), followed by the scaffold,
and then addition of 25 pL of HA-Ox. Coated scaffolds were agitated, and the polymers were
allowed to crosslink for 30 minutes to create a thin HA hydrogel coating on the MEW scaffold.

Scanning Electron Microscopy (SEM) Imaging and Fiber Measurements of MEW Scaffolds

HA-coated MEW scaffolds were prepared using a freeze-drying process for imaging with
scanning electron microscopy (SEM). Freshly prepared HA-coated scaffolds were gently placed
into a glass vial and suspended by a support on the edges. Samples were frozen at -80°C for 4
hours and then lyophilized overnight. Non-coated and HA-coated samples were then sputter-
coated with 7 nm of titanium and imaged with an SEM Everhart-Thornley detector (ETD)
(ThermoFisher Apreo 2, USA). Fiber diameter was quantified using Imaged (FIJI, USA) (Figure
S2).
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C2C12 Myoblast Culture

C2C12 murine skeletal myoblasts (ATCC, Manassas, VA) were seeded at 2500
cells/cm? in T-75 flasks with high serum medium at 5% CO- and 37°C. C2C12 were passaged at
70-80% confluency following standard protocols before use in further experiments.5?

Mpyoblast Culture on Scaffolds

To evaluate myoblast attachment and proliferation, C2C12 cells between passages 7-9
were seeded on top of scaffolds at a density of approximately 57,000 cells/cm? in an 8-chamber
slide and allowed to attach to the scaffolds for 2 hours in a low volume (100 uL) of high serum
medium. The remaining volume (300 pL) of high serum medium was added, and the cells were
allowed to proliferate for 24 hours. The media was then exchanged to 1% v/v FBS in DMEM
(“low serum medium”) for 3 days, after which the cells were fixed with 4% v/v paraformaldehyde
(Fisher Scientific) in PBS for immunocytochemistry.

To evaluate myoblast differentiation, C2C12 cells between passages 7-9 were seeded
on top of scaffolds at a density of approximately 14,000 cells/cm? in an 8-chamber well slide and
allowed to attach for 2 hours in a low volume of high serum media before the remaining media
was added. The cells were allowed to proliferate for 24 hours before the media was exchanged
to differentiation media consisting of 2% v/v horse serum (Sigma Aldrich) in DMEM. Cells were
differentiated for 7 days. The differentiation media was exchanged every 3 days. Media were
collected at 1, 5, or 7 days to evaluate CK activity. After 7 days, cells were fixed with 4% v/v
paraformaldehyde for immunocytochemistry.

Immunocytochemistry

All immunocytochemistry steps were performed at room temperature in the dark. For F-
actin staining, cells were permeabilized with 0.5% v/v Triton-X 100 (Sigma Aldrich) for 15
minutes before washing three times with 200 yL of PBS. 200 uL of Alexa Fluor™ 647 phalloidin
(5 U/mL) (Biotium, Fremont, CA) were added to the well and incubated for 20 minutes. The
wells were then washed three times with PBS, incubated with 1 mg/mL of 4’,6-diamidino-2-
phenylindole (DAPI) (Biotium) for 5 minutes, and washed three times with PBS again. For
myosin heavy chain staining, cells were permeabilized with 0.5% w/v Triton-X 100 for 15
minutes at room temperature and washed three times with PBS. Cells were blocked with 1%
w/v bovine serum albumin (BSA) (Fisher Scientific), 22.5 mg/mL glycine (TCI Chemicals, Tokyo,
Japan), and 0.1% v/v Tween-20 (Acros Organics, Geel, Belgium) in PBS overnight with agitation
at 250 rpm at 4°C. The next day, the cells were washed three times with PBS, anti-fast myosin
skeletal heavy chain antibody (ab91506, Abcam, Cambridge, United Kingdom) diluted 1:500
times in 0.1% w/v BSA in PBS was added to the wells, and the cells were incubated overnight
with agitation at 250 rpm at 4°C. The following day, cells were washed with 0.5% v/v Tween-20
in PBS three times for 20 minutes each with agitation at 250 rpm at 4 °C. After washing, goat
anti-rabbit IgG secondary antibody Alexa Fluor™ 488 (Invitrogen, Waltham, MA) diluted 1:200 in
0.1% w/v BSA in PBS was added to the wells and incubated for 1 hour with agitation at 250 rpm
at 4°C, then washed three times with PBS. Lastly, 1 mg/mL of DAPI was added to the well for 5
minutes at room temperature and then washed three times with PBS. Cells were stored in PBS
for imaging.
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Imaging of Scaffolds

C2C12 myoblasts were imaged as Z-stacks (2.5 pym slices) using a CSU-W1 SoRa
Spinning Disk (Nikon, USA), and images were analyzed using IMARIS imaging software version
9.5. The Rolling Ball Algorithm was applied to each image to correct uneven backgrounds. The
following background subtraction of fluorescent signal was applied to each stained channel
(DAPI: 3500, Cy5: 3950, FITC: 3300) based on pixel size of the image.

Nuclei Count Analysis

The “surfaces” analysis in IMARIS was used to quantify the number of nuclei per
scaffold. The background subtraction width was set to 9 um to remove any background based
on the width of the nuclei. Seed point and surface filters were added to enhance nuclei count
accuracy.

Directionality Analysis

The directionality of myosin heavy chain staining was analyzed using the “cells” analysis
in IMARIS. In the DAPI channel, the nucleus diameter (15 um) and the average threshold
intensity (327) were set. In the FITC channel, the average cell threshold intensity (173) and split
by seed points (10 um) were analyzed. The angle of the scaffolds was converted to degrees,
and then the arctangent of “Cell Ellipsoid Axis X” and “Cell Ellipsoid Axis Y” was calculated and
divided by two to get values between -90 to 90 degrees.

The corner points of two scaffold boxes were identified to determine the angle of the
scaffold for directionality correction. The absolute value of the arctangent of the difference
between the top and the bottom of the scaffold was determined and averaged for each scaffold.
If the cell ellipsoid value was less than zero, the scaffold value was added to it. If the cell
ellipsoid value was greater than zero, the scaffold value was subtracted from it.

Creatine Kinase (CK) Activity Assay

Creatine kinase (CK) activity was measured using a Colorimetric CK Activity Assay kit
(Abcam, Cambridge, United Kingdom) according to the manufacturer’s instructions. After Day 1,
5, and 7 of differentiation, cell culture medium was carefully aspirated from the cell culture
chambers containing the scaffolds, transferred to sterile 1.5 mL microcentrifuge tubes, and
stored at -80°C. Media samples (10 pL) were thawed and added to 96-well plates followed by
the addition of a reaction mixture that included CK assay buffer, CK enzyme, CK developer
solution, adenosine triphosphate (ATP), and creatine (CK substrate). The plate was incubated at
37°C for 40 minutes, and absorbance at 450 nm was measured using a microplate reader
(BioTek Synergy Neo2). CK activity was normalized to protein concentration determined by a
bicinchoninic acid (BCA) assay (Fisher Scientific). All samples were processed in technical
triplicates. A negative control (cell culture medium from wells without cells) and a positive control
(standard provided in the kit) were included in the assay.

Statistical Analysis

Data were analyzed and graphed through GraphPad Prism version 10.1.1 (Boston, MA).
Normality and equal variances were checked. Two-way analysis of variance (ANOVA) was used
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followed by the appropriate post-hoc test. P values less than 0.05 were considered statistically
significant.

Results
Fabrication of HA-coated MEW Scaffolds

HA polymers were modified to enable hydrazone crosslinking as previously described
(Fig. 1).** 100 kDa HA was oxidized to expose aldehyde groups (HA-Ox). The number of
monomers modified with aldehyde groups, which was called the percent degree of modification
(%DOM), was determined to be 51.0£10.5% using 'H-NMR, and the percent yield was
66.0+£35.3%. Simultaneously, an ion exchange was performed with 100 kDa HA to form an
intermediate product HA-TBA. This intermediate product allowed for HA to become soluble in
organic solvents such as DMSO for the modification with norbornene functional groups through
Boc20 coupling for peptide conjugation (HA-Nor). The %DOM with norbornene functional
groups was determined to be 24.0+2.3% using 'H-NMR, and the percent yield was determined
to be 40.4+5.1%. HA-Nor was then modified with adipic acid dihydrazide (ADH) to form HA-Nor-
ADH. The %DOM was determined to be 40.5+2.3% using 'H-NMR, and the percent yield was
determined to be 65.919.5%. For hydrogels containing RGD, a photo-initiated thiol-ene click
chemistry reaction was performed between the norbornene functional group on HA-Nor-ADH
and the terminal cysteine of the RGD peptide. 55.4+29.3 nmol of RGD were conjugated per mg
HA as determined using an Ellman’s assay that quantified the disappearance of free thiols.

o™ OH NalO, o™ OH
Ho OH © NH 4hr, Dark e ° WH
o= | Propylene o=
HA !
)

Glycol Oxidized HA
(100 kDa (HA-Ox)
/\/\S\/\/

o o AmberLite, —/Jn Norbornene,
°w o TBA P Boc,0, DMAP

Sl T NH _— oﬁ —_—
o= H,0, 25°C, HO DMSOQ, 45°C,

A " 5hr 20 hr
HA-
(100 kDa) HN-yy  Tetrabutylammonium o
5 (HA-TBA) 2INH
o © o
HN-
Adipic Acid “\; lrgRSGB're
0 Dihydrazide 0
% —— 290,
2d, pH 4.75, OH UV365mm
EDC 1 min
HA-Nor HA-Nor- Adipic Acid HA-Nor-ADH-
Dihydrazide (HA-Nor-ADH) (HA-Nor-ADH-RGD)

Fig. 1 Hyaluronic acid (HA) modifications for hydrazone crosslinking. 100 kDa HA was
either oxidized to form HA-Ox or modified with norbornene functional groups (HA-Nor). HA-Nor
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was then modified again with adipic acid dihydrazide functional groups to form HA-Nor-ADH. A
thiol-ene click chemistry reaction was then performed with HA-Nor-ADH to form HA-Nor-ADH-
RGD.

To coat scaffolds with the HA hydrogel, scaffolds were embedded between equal
volumes of 2% w/v HA-Ox and 2% w/v HA-Nor-ADH or HA-Nor-ADH-RGD and allowed to gel
for 30 minutes to create a thin hydrogel coating (Fig. 2). The amine on ADH will spontaneously
react with the aldehyde on HA-Ox through a Schiff base reaction to form hydrazone-crosslinked
hydrogels.*34°

— —
25 uL 2% wiv SRl ,
HA-Nor-ADH Scaffold '[ 1 25 uHL /3:2 (/;Xw/v

or HA-Nor-ADH-RGD I .

Fig. 2 Coating of MEW scaffolds with HA. HA-coated scaffolds were fabricated in 8-chamber
well plates by crosslinking 25 pL of either 2% w/v HA-Nor-ADH or HA-Nor-ADH-RGD and 25 uL
of 2% w/v HA-Ox around MEW scaffolds for 30 minutes.

Morphology of Non-coated and HA-coated MEW Scaffolds

MEW scaffolds were printed with either 10 ym, 20 um, or 30 um diameter PCL fibers to
evaluate the effects of fiber diameter on myoblast attachment and differentiation. To create
anisotropic cell alignment, myoblast alignment fibers were spaced 150 um apart in the x-
direction, and reinforcement fibers were spaced 500 um apart in the y-direction to increase the
number of fibers in a single direction while remaining within the printing limits of the machine.
SEM images of non-coated MEW scaffolds revealed aligned fibers in both the x and y directions
with varying fiber diameters (Fig. 3A). All fiber measurements are summarized in Figure S2.
SEM images of lyophilized HA-coated scaffolds demonstrate webbing of the HA hydrogel over
the PCL fibers, allowing fibers to remain visible (Fig. 3B).
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A 10 ym 20 ym

Fig. 3 SEM images of non-coated and HA-coated MEW scaffolds. A) SEM images of non-
coated MEW scaffolds with varying fiber diameters (10 uym, 20 um, and 30 um). B) SEM Images
of HA-coated MEW scaffolds with varying fiber diameters (10 um, 20 ym, and 30 um). Scale bar
=500 um. X and y directions as indicated for fiber measurements.

Myoblast Attachment on MEW Scaffolds

C2C12 myoblasts were seeded on top of non-coated, HA-coated, or HA-RGD-coated
MEW scaffolds to assess the impact of different coatings on cell attachment and alignment.
Following 24 hours of proliferation, the cell culture medium was exchanged to low serum
medium for 3 days to initiate the early phase of myogenic differentiation through serum
starvation. Cells stained with Alexa Fluor™ 647 phalloidin for F-actin filaments and DAPI for cell
nuclei revealed increased cell attachment for both HA-coated and HA-RGD-coated scaffolds
compared to non-coated scaffolds (Fig. 4).

Cell attachment was determined by quantifying the number of nuclei, and cell alignment
was determined by measuring nuclei directionality. The HA coating increased cell attachment
compared to non-coated scaffolds, and the HA-RGD coating further increased cell attachment
compared to both HA-coated and non-coated scaffolds for all fiber diameters (Fig. 5A).
Interestingly, there was also an effect of fiber diameter on myoblast attachment on HA-RGD-
coated scaffolds with scaffolds containing 20 um fibers having the highest nuclei count
compared to scaffolds containing 10 um and 30 pm fibers. Nuclei did not preferentially align in
any direction on the non-coated and HA-coated scaffolds, as indicated by uniform nuclei
directionality in all directions ranging from -90 to 90 degrees (Fig. 5B-D). Conversely, nuclei
directionality was the highest at 0 degrees along fibers spaced 150 um apart as intended for
anisotropic myoblast alignment on HA-RGD-coated scaffolds containing 10 pm and 20 um fibers
(Fig. 5B-C).
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No Coating

F-actin
DAPI

Fig. 4 HA and HA-RGD coatings support myoblast attachment and alignment on MEW
scaffolds. Immunocytochemistry images of C2C12 myoblasts on MEW scaffolds after four days
of attachment. (pink = F-actin, blue = DAPI) Scale bars = 250 ym. A) 10 ym non-coated
scaffolds, B) 10 ym HA-coated scaffolds, C) 10 um HA-RGD-coated scaffolds, D) 20 ym non-
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coated scaffolds, E) 20 ym HA-coated scaffolds, F) 20 ym HA-RGD-coated scaffolds, G) 30 um
non-coated scaffolds, H) 30 um HA-coated scaffolds, and 1) 30 ym HA-RGD-coated scaffolds.
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Fig. 5 HA-RGD-coatings increase myoblast attachment and anisotropic alignment on
MEW scaffolds. A) Nuclei count on non-coated, HA-coated, and HA-RGD-coated scaffolds.
(Two-way ANOVA with post-hoc Tukey's multiple comparisons test, * p < 0.05, ** p < 0.01, *™** p
< 0.0001 as indicated) Nuclei directionality on non-coated, HA-coated, and HA-RGD-coated
scaffolds with B) 10 um, C) 20 um, and D) 30 pm fibers. For 10 um fiber scaffolds: non-coated
n=18-152 nuclei, HA-coated n=162-458 nuclei, and HA-RGD-coated n=583-898 nuclei. For 20
pum fiber scaffolds: non-coated n=8-150 nuclei, HA-coated n=122-412 nuclei, and HA-RGD-
coated n=815-1273 nuclei. For 30 um fiber scaffolds: non-coated n=8-219 nuclei, HA-coated
n=193-491 nuclei, and HA-RGD-coated n=663-1087 nuclei.

Myoblast Differentiation on MEW Scaffolds

C2C12 myoblasts were differentiated on non-coated, HA-coated, or HA-RGD-coated
MEW scaffolds to evaluate the effects of the various coatings on myoblast differentiation into
myotubes. Following 24 hours of proliferation, the cell culture medium was exchanged to
differentiation medium containing 2% v/v of horse serum for 7 days to promote mature myotube
formation through serum starvation. Cells were then fixed and stained for myosin heavy chain
(MHC), which is a late myogenic marker for differentiated myoblasts, and DAPI to visualize the
cell nuclei. Confocal imaging revealed an increase in cellular attachment and myotube formation
on both HA-coated and HA-RGD-coated scaffolds (Fig. 6).

Similar to results at early time points, nuclei counts revealed increased cell attachment
on HA-coated scaffolds compared to non-coated scaffolds for all fiber diameters (Fig. 7A). The
HA-RGD coating further increased cellular attachment compared to both non-coated and HA-
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coated scaffolds for all fiber diameters. HA-RGD-coated scaffolds containing 20 um fibers
demonstrated the highest cellular attachment compared to scaffolds containing 10 um and 30
pum fibers. Cells cultured on HA-RGD-coated scaffolds also demonstrated increased myotube
length compared to HA-coated and non-coated scaffolds for scaffolds containing 10 um fibers
(Fig. 7B). However, no differences in myotube length were observed between scaffold coatings
on 20 ym and 30 um fiber scaffolds. The directionality of the myotubes in each scaffold was
evaluated based on MHC staining. In all cases except non-coated 10 um fiber scaffolds,
increased myotube formation was observed in a single direction along horizontal fibers at 0
degrees regardless of the scaffold coating and fiber diameter (Figure 7C-E).
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30 um

Fig. 6 HA and HA-RGD coatings support myotube formation and alignment on MEW
scaffolds. Immunocytochemistry images of C2C12 myoblasts differentiated on MEW scaffolds
for 7 days, depicting myosin heavy chain (green) and DAPI (blue). Scale bar = 250 um. A) 10
Mm non-coated scaffolds, B) 10 um HA-coated scaffolds, C) 10 um HA-RGD-coated scaffolds,
D) 20 um non-coated scaffolds, E) 20 um HA-coated scaffolds, F) 20 um HA-RGD-coated
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scaffolds, G) 30 um non-coated scaffolds, H) 30 um HA-coated scaffolds, 1) 30 ym HA-RGD-
coated scaffolds.
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Fig. 7 MEW scaffolds support anisotropic myotube formation, while HA and HA-RGD
coatings increase cellular attachment. A) Nuclei count on non-coated, HA-coated, and HA-
RGD-coated scaffolds containing 10 ym, 20 ym, and 30 uym diameter fibers. (Two-way ANOVA
with post-hoc Tukey's multiple comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001 as indicated) B) Myotube length on non-coated, HA-coated, and HA-RGD-coated
scaffolds containing 10 um, 20 um, and 30 um diameter fibers. (Two-way ANOVA with post-hoc
Tukey's multiple comparisons test, ** p < 0.01 as indicated) Myotube directionality for non-
coated, HA-coated, and HA-RGD-coated scaffolds containing A) 10 um, B) 20 um, and C) 30
um diameter fibers.

Creatine Kinase Activity

Since HA-RGD-coated scaffolds containing 20 um fibers displayed higher cellular
attachment following differentiation compared to 10 and 30 um scaffolds, we decided to move
forward with these scaffolds for further analysis. Creatine kinase (CK) is an enzyme that
facilitates the reversible transformation of creatine and ATP into phosphocreatine and adenosine
diphosphate, which is important for muscle function and regeneration.®®* When myoblasts start
differentiating, they stop dividing and enter a final stage of development at which CK levels
increase. As myoblasts fuse into myotubes, CK activity reaches its peak, making it a key marker
of muscle cell differentiation and maturation.>**°> CK activity in cell-conditioned media was
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measured on day 1, day 5, and day 7 of differentiation to assess myogenic differentiation on
non-coated, HA-coated, and HA-RGD-coated scaffolds, as well as cells cultured on tissue
culture plastic (Fig. 8). No differences were observed in CK activity between scaffolds at
individual time points. CK activity increased from day 1 to 5 for cells differentiated on HA-RGD-
coated scaffolds and tissue culture plastic, suggesting that cells have differentiated into
myotubes. CK activity then decreased from day 5 to 7 for cells differentiated on HA-coated
scaffolds, HA-RGD-coated scaffolds, and tissue culture plastic. The subsequent decrease in CK
levels suggested that the cells reached a stable, mature state, in which differentiation is
complete and metabolic activity is shifting toward maintenance rather than proliferation. Overall,
the highest levels of CK activity were observed on day 5. Along with the presence of MHC
staining (Fig. 6), these findings further confirm the formation of mature myotubes on MEW
scaffolds.
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Fig. 8 Creative kinase (CK) activity of myoblasts during differentiation. CK activity of
C2C12 myoblasts differentiated on 20 um fiber MEW scaffolds and tissue culture plastic after 1,
5, and 7 days of differentiation. (Two-way ANOVA post-hoc Tukey's multiple comparisons test, *
p <0.05, ** p<0.01, ** p <0.001).

Discussion

Composite materials containing both hydrogels and fiber-based scaffolds provide an
opportunity to combine the advantages of the cell-supportive microenvironment of hydrogels
with the alignment properties of fiber scaffolds. With their precisely aligned fibers, MEW
scaffolds have great potential for directing cellular alignment for the repair of skeletal muscle
tissue. Compared to electrospinning, a more commonly studied fiber-based printing technique in
tissue engineering, MEW presents a finely tunable approach for exploring the effects of different
fiber thickness and deposition geometries on anisotropic cell alignment.*? In this study, we
harnessed the precision of MEW to fabricate scaffolds containing three different fiber diameters
to study the effect of fiber diameter on myoblast alignment and myotube formation. We
demonstrated that MEW scaffolds made from PCL microfibers without proteins or cell-adhesive
peptides have a limited ability to support myoblast attachment and differentiation themselves,
revealing the shortcomings of synthetic polymer fiber-based scaffolds for muscle tissue
engineering compared to scaffolds derived from natural ECM-based materials. For instance, Tan
et al. demonstrated that the biophysical cues of an aligned type | collagen scaffold promoted a
myogenic response that was dependent on the fibril size, porosity, and stiffness of the scaffold,
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further emphasizing the importance of considering ECM composition when directing cellular
behavior with ECM-based scaffolds.*? However, while the cellular microenvironment provided by
ECM-based scaffolds is amendable to myoblast differentiation, such scaffolds have a limited
ability for tuning their physical properties without negatively impacting their biological activity
and scaffold integrity. Moreover, it can be challenging to fabricate natural fiber scaffolds with the
same precision provided by synthetic fiber scaffolds that can be fabricated using MEW.

We demonstrated that the cell microenvironment created by our MEW scaffolds could
be significantly enhanced with the addition of a naturally-derived polymer matrix and ECM-
derived cell-adhesive peptide. Our work highlights the value of combining biochemical cues with
aligned fiber-based scaffolds to enhance material-cell interactions and provide a more
supportive environment for cell growth. In previous work, we have demonstrated that our
hydrazone-crosslinked HA hydrogel has a tunable gelation time, low swelling ratio, and stability
over 28 days in vitro, making it an ideal hydrogel for creating a stable coating on MEW
microfiber scaffolds.** MEW scaffolds combined with HA and HA-RGD coatings exhibited
increased myoblast attachment, alignment, and differentiation compared to non-coated
scaffolds, likely due to increased interactions between myoblast receptors and HA.#6

Our HA hydrogel has the additional advantage of being functionalized through an
orthogonal chemistry with norbornene functional groups for the bioconjugation of peptides and
proteins. The effects of the HA coating on the MEW scaffolds were further enhanced with the
addition of RGD, which increased myoblast attachment and alignment, and accelerated
myoblast differentiation observed through increased myotube formation.

Our findings confirm previous studies in which RGD peptides have been shown to
increase muscle satellite cell survival and differentiation in PEG-MAL hydrogels compared to the
laminin-derived peptides YIGSR and C16.4° However, in other studies, the laminin-derived
peptide IKVAV increased cell attachment and migration in PEG-DA-HA hydrogels compared to
RGD.'® The presence of ECM peptides in HA hydrogels may also be important for myoblast
differentiation and myotube formation since the polyanionic surface of crosslinked HA hydrogels
has been shown to decrease cell attachment.'®5 However, in our studies, we did not observe
any limitations in cellular attachment on HA-coated scaffolds, which performed better in this
regard than non-coated scaffolds. These positive cell attachment results may be due to the
physical cues from the PCL fibers guiding cellular alignment and the viscoelastic properties of
HA hydrazone-crosslinked hydrogels allowing for cell migration through the biomaterial.
Regardless, HA-RGD-coated scaffolds significantly increased cellular attachment, alignment
and myotube formation, although there were no effects on myotube length compared to HA-
coated scaffolds. In future studies, it would be motivating to investigate the effects of additional
biochemical cues on myoblast attachment, alignment, and differentiation through the
conjugation of other peptides and proteins to the HA backbone via the versatile norbornene
functional group.**#7%" Future studies exploring the impact of controlled release of growth
factors for myoblast proliferation and differentiation may further enhance the utility of this
scaffold in muscle tissue engineering applications.

Conclusion

Our HA-coated MEW microfiber scaffolds present a unique combination of biophysical
and biochemical cues to enhance the attachment, alignment, and differentiation of skeletal
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myoblasts. The novelty of this work lies in the integration of MEW scaffolds with HA hydrogels,
combining the benefits of both fiber-based scaffolds and natural ECM-based hydrogels. MEW
scaffolds provide the structural framework for anisotropic cell alignment, while HA-RGD
hydrogels offer the biochemical cues necessary for cell adhesion, alignment, and differentiation,
allowing for enhanced cell-cell and cell-matrix interactions, which are essential for myogenic
differentiation and eventual applications for functional muscle tissue formation.
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