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The myotendinous junction (MTJ) facilitates force transmission between muscle and tendon to produce

joint movement. The complex microarchitecture and regional mechanical heterogeneity of the myotendi-

nous junction pose major challenges in creating this interface in vitro. Engineering this junction in vitro is

challenging due to substantial fabrication difficulties in creating scaffolds with intricate microarchitecture

and stiffness heterogeneity to mimic the native muscle–tendon interface. To address the current chal-

lenges in creating the MTJ in vitro, digital light processing (DLP)-based 3D printing was used to fabricate

poly(glycerol sebacate)acrylate (PGSA)-based muscle–tendon scaffolds with physiologically informed

microstructure and mechanical properties. Local mechanical properties in various regions of the scaffold

were tuned by adjusting the exposure time and light intensity used during the continuous DLP-based 3D

printing process to match the mechanical properties present in distinct regions of native muscle–tendon

tissue using printing parameters defined by an artificial intelligence-trained algorithm. To evaluate how

the presence of zonal stiffness regions can affect the phenotype of a 3D-printed MTJ in vitro model,

three 3D-printed PGSA-based scaffold conditions were investigated: (1) a scaffold with muscle-informed

mechanical properties in its entirety without zonal stiffness regions, (2) a scaffold with one end possessing

native muscle stiffness and the other end possessing native tendon stiffness, and (3) a scaffold with three

distinct regions whose stiffness values correspond to those of muscle on one end of the scaffold, MTJ in

the middle junction of the scaffold, and tendon on the other end of the scaffold. The scaffold containing

regional mechanical heterogeneity most similar to the native MTJ (condition 3) was found to enhance the

expression of MTJ-related markers compared to those without the presence of zonal stiffness regions.

Overall, the DLP-based 3D printing platform and biomaterial system developed in this study could serve

as a useful tool for mimicking the complexity of the native MTJ, which possesses inherent geometric and

mechanical heterogeneity.

1. Introduction

The musculoskeletal system is crucial for supporting move-
ment from the transmission of force from organized muscle
fibers through tendon to bone.1–4 An interface between skel-

etal muscle and tendon called the myotendinous junction
(MTJ) serves as the main path that allows for efficient force
transmission from skeletal muscle to tendon.4 The MTJ pos-
sesses highly interdigitated finger-like projections that serve to
reduce stress concentrations at the interface by increasing the
surface area at the junction between mechanically distinct
tissues (e.g. muscle and tendon).3–7 These structures are pre-
served across species; there currently is no evidence that rela-
tive surface area between species is related to anything other
than relative fiber type distribution differences between
muscles.8 The major challenges associated with scaffold-based
models of a muscle–tendon junction in vitro lie in the complex
geometric morphology and heterogeneous mechanical pro-
perties that are present in the native muscle–tendon
unit.1–5,9–11

Developing a biocompatible platform with microarchitec-
ture and three distinct mechanical properties that closely
mimic those of native muscle, the MTJ, and tendon within a
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single muscle–tendon scaffold presents a significant fabrica-
tion challenge.12 Conventional methods for fabricating tissue-
engineered platforms with specific stiffness range and zonal
stiffness regions still rely heavily on trial-and-error synthesis
that can be economically inefficient in terms of time and
resources spent. Furthermore, they often fail to meet the target
properties for the intended application.13 This is further com-
plicated by the biological diversity of the native muscle–
tendon unit and the incomplete characterization of the MTJ-
related proteome.14 Rodent muscle–tendon MTJs are fre-
quently studied in place of human MTJs because they are more
easily accessible, and share similar material properties, such
as the stiffness and tensile strength of muscle and tendon
tissues. For example, the stiffness of relaxed muscle tissue is
approximately 10 kPa–60 kPa in both humans and rats. Rat
tendons are slightly less stiff than human tendons – 300 MPa–
900 MPa in rats vs. 500 MPa–1500 MPa in humans – however
there is still significant overlap in these ranges and rats’
tendons are still considered a suitable model.15,16 These simi-
larities allow researchers to model and investigate key biome-
chanical behaviors and tissue interactions, while the smaller
size and accessibility of rodent models make them more prac-
tical for controlled experimental setups. Additionally, rodent
models exhibit comparable responses in tissue repair and
adaptation to mechanical loading, making them valuable for
studying musculoskeletal mechanics and regenerative
approaches.

Various fabrication techniques have been employed in pre-
vious efforts to model the MTJ. Merceron et al. leveraged
nozzle-based 3D printing of thermoplastic polyurethane (PU)
for muscle and polycaprolactone (PCL) for tendon.17 Scaffolds
were co-printed with a hydrogel-based bioink composed of
hyaluronic acid, gelatin, and fibrinogen. C2C12 cells were
encapsulated in the bioink for muscle and NIH/3T3 cells were
encapsulated for tendon.17 Despite achieving different spatial
mechanical properties, the C2C12 and NIH/3T3 cells were loca-
lized to the PU and PCL ends without establishing proper
contact at the interface as seen in the native MTJ,17 and it
remains unclear whether the expression of MTJ-related genes
was influenced by the cell–bioink interaction or cell–PU/PCL
interaction. Extrusion-based 3D printing with a GelMA–
PEGMA bioink was also used to print primary tenocytes and
myoblasts for a muscle–tendon unit, but weak mechanical
integrity of the hydrogel platform resulted in interfacial
tearing within 1–2 days.18 The limitations associated with pre-
vious attempts to fabricate muscle–tendon units through
nozzle-based 3D printing highlight the need for an alternative
microfabrication platform capable of recapitulating native
muscle–tendon microarchitecture with high fidelity and struc-
tural resolution without nozzle diameter-related limitations. In
addition, weak mechanical integrity associated with hydrogel-
based bioinks means that a more robust biomaterial system
capable of withstanding forces transmitted from skeletal
muscle is needed. Josvai et al. utilized micropatterning to fab-
ricate MTJ units using human embryonic stem cell-derived
myocytes and primary tenocytes.19 While this system did

demonstrate the ability to form a myocyte–tenocyte junction,
this approach utilizes a single scaffold stiffness for all regions
(10 kPa), and is restricted to a simplified block channel
design. Taken together, these challenges underscore the neces-
sity for innovative, new approaches to enhance mimicry of MTJ
scaffolds.

Digital light processing (DLP)-based 3D printing technology
is a light-based method that can fabricate scaffolds with
micron-scale resolution within a few seconds. This continuous
3D printing process photopolymerizes an entire layer of bio-
material at the focal plane, enabling the fabrication of a
tissue-engineered scaffold with arbitrarily complex
microarchitecture.20–29 There are two main advantages associ-
ated with utilizing DLP-based 3D printing technology for the
microfabrication of a muscle–tendon scaffold for in vitro
mimicry of the MTJ. First, the continuous nature of DLP-based
3D printing allows for the fabrication of scaffolds without
structural artificial interfaces,20,25,30 thus improving the struc-
tural and mechanical integrity of 3D-printed structures.
Second, DLP-based 3D printing allows for digital modulation
of the mechanical properties of the 3D-printed structures
through the adjustment of exposure time25 and light inten-
sity,31 allowing for a continuous light-based 3D printing of
complex scaffolds with arbitrary local stiffness regions.

Engineering musculoskeletal tissues such as the muscle–
tendon unit using traditional hydrogel-based scaffold systems
presents another challenge, as hydrogels are often too soft to
withstand dynamic forces generated by skeletal muscle.32 Due
to this limitation, a more robust biomaterial system capable of
withstanding dynamic forces is needed for scaffold-based
engineering of muscle–tendon units in vitro. Poly(glycerol
sebacate)acrylate (PGSA) is a robust, biodegradable elastomer
that is highly elastic and biocompatible.25,33,34 Due to the
material’s low swelling ratio, PGSA can maintain its structural
dimensions without swelling in aqueous microenvironments,
as is often seen with hydrogel-based systems.25,31,33 The photo-
polymerizable nature of PGSA due to the presence of acrylate
functional groups makes it compatible with a DLP-based 3D
printing system. In addition, PGSA possesses highly tunable
mechanical properties that can be controlled by adjusting the
acrylation ratio33 during the chemical synthesis process or by
adjusting the exposure time and/or light intensity used during
the light-based 3D printing process.25,31 These highly favorable
properties of PGSA coupled with its compatibility with the
DLP-based 3D printing system make this biomaterial a candi-
date worth exploring to fabricate a complex muscle–tendon
scaffold with zonal stiffness regions mimicking those of native
muscle–tendon tissue.

The aim of this study is to develop a physiologically relevant
in vitro MTJ model that replicates the morphological and
mechanical complexity of the native muscle–tendon unit. The
cellular response of C2C12 muscle cells and NIH/3T3 fibro-
blasts on 3D-printed PGSA scaffolds with a microarchitecture
that reflects physiological conditions and varying degrees of
mechanical heterogeneity in vitro were thoroughly evaluated.
First, morphological characterization of the native muscle–

Paper Biomaterials Science

6048 | Biomater. Sci., 2024, 12, 6047–6062 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
4:

24
:3

1 
PM

. 
View Article Online

https://doi.org/10.1039/d4bm00892h


tendon tissue with imaging-based techniques (e.g., SEM and
TEM imaging) was performed and the local mechanical pro-
perties of native muscle–tendon tissue were measured with
nanoindentation. These data were then used to fabricate a
physiologically informed muscle–tendon scaffold design with
tissue-derived microstructure and material properties. In
addition, Young’s modulus values obtained from native
muscle, MTJ, and tendon were entered into a previously
described machine learning model35 to optimize printing
parameters to fabricate a PGSA muscle–tendon scaffold with
mechanical properties that accurately reflect those of native
muscle, MTJ, and tendon. PGSA scaffolds with microarchitec-
ture and mechanical properties mimicking those of native
muscle–tendon tissue were successfully fabricated, and key
outcomes such as the expression of MTJ-related genes were
evaluated in relation to PGSA-based constructs with differing
stiffness conditions. We hypothesized that 3D-printed, physi-
ology-informed PGSA-based scaffolds possessing zonal
stiffness regions similar to those present in native muscle–
tendon tissue would provide structural and biophysical cues
that can facilitate the formation of a stable muscle–tendon
junction and the expression of MTJ-related markers. Overall,
this work presents a novel approach for the utilization of DLP-
based 3D printing for engineering the muscle–tendon unit
in vitro.

2. Materials and methods
2.1. Materials

Acryloyl chloride, diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO), triethylamine (TEA), anhydrous dichloromethane
(DCM), tetrahydrofuran (THF), and tartrazine were purchased
from MilliporeSigma (St Louis, MO). Glycerol, ethyl acetate,
and sebacic acid were purchased from Fisher Scientific
(Waltham, MA). Dulbecco’s modified Eagle’s medium
(DMEM), Normocin™, fetal bovine serum (FBS), and penicil-
lin/streptomycin (P/S) were purchased from Thermo Fisher
Scientific (Waltham, MA).

2.2. PGS synthesis

The poly(glycerol sebacate) (PGS) synthesis protocol followed a
previously established protocol.31 Glycerol and sebacic acid
were mixed at a 1 : 1 equimolar ratio under an argon atmo-
sphere at 140 °C for 1 h in a round bottom flask. Afterwards,
the temperature was reduced to 120 °C, and the pressure was
reduced to 35 Pa to allow for the polycondensation reaction to
be carried out. The polycondensation reaction was carried out
for the next 15 h at 120 °C and 35 Pa.

2.3. PGS acrylation

The acrylation of PGS followed a previously established proto-
col.31 Briefly, 300 ml of DCM was added to 30 g of PGS to dis-
solve it at room temperature under argon gas and constant stir-
ring. Once 30 g of PGS is completely dissolved in the DCM
solvent, 30 mg of DMAP was added to the flask and the temp-

erature was reduced to 0 °C over 10 min by immersing the
round bottom flask containing PGS and DCM in an ice bath.
Once the temperature was reduced and maintained at 0 °C,
7 ml of TEA was added in a dropwise manner into the reaction
flask. This was then followed by a dropwise addition of 3.3 ml
of acryloyl chloride for acrylation. The acrylation reaction was
allowed to continue for the next 24 h under room temperature
and argon gas in the dark. After that, DCM was removed from
the solution by rotary evaporation at 40 °C under ultimate
vacuum. 200 ml of excess ethyl acetate was then added to the
solution to precipitate TEA out. The PGSA solution was then
filtered and subjected to rotary evaporation at 45 °C and 5 Pa
to evaporate excess ethyl acetate. Once that was finished, PGSA
was stored at −20 °C in the dark until use. The PGSA prepoly-
mer solution that was used in this study was synthesized from
the same batch and from the same flask as the PGSA prepoly-
mer used in the previously published literature with 57%
degree of acrylation.31,35 The synthesized PGSA prepolymer
had a weight average molecular weight (Mw) of 2686 (±1.523%)
and number average molecular weight (Mn) of 922.4
(±7.688%), as determined by gel permeation chromatography
(GPC) using tetrahydrofuran (THF) as solvent, and a polydis-
persity index (PDI) of 2.9.

2.4. Photopolymerizable printing solution preparation

PGSA was thawed on a heating block at 37.5 °C. The photopoly-
merizable PGSA-based printing solution was prepared by
mixing 96% (w/v%) PGSA prepolymer solution with 0.01%
(w/v%) tartrazine (photoinhibitor) and 4% (w/v%) TPO (photo-
initiator) under vortex prior to 3D printing.

2.5. DLP-based 3D printing

The DLP-based 3D printing system consisted of a 385 nm light
source, a digital micromirror device (DMD) chip, a series of
projection optics for patterned light guidance, a prepolymer
resin reservoir loaded onto a static stage, a motion-controlled
probe with a methacrylated coverslip that continuously moves
up in the z-direction, and a computer system synchronized to
the hardware for controlling the digital pattern, printing
speed, light intensity, and exposure time used for 3D printing
(Fig. 1). The digital patterns for 3D-printed scaffolds were
designed in Fusion360 (San Francisco, CA) and output as .STL
files, which were then sliced into 2D digital masks using an in-
house-developed MATLAB (Mathworks, Natick, MA) script.

To 3D-print a scaffold, first, the 385 nm light from the light
source is projected onto the DMD chip. The DMD chip, which
is synchronized to the computer system, consists of 4 million
micromirrors that flip on and off to generate patterned light
corresponding to the digital patterns that are sequentially
uploaded through the in-house-developed 3D printing soft-
ware. The patterned light that reflects off the DMD chip is
then guided through a series of projection lenses into a polydi-
methylsiloxane (PDMS)-coated prepolymer reservoir containing
the PGSA prepolymer. The motion-controlled probe moves up
in the z-direction for 200 µm, then moves down 100 µm, to
allow for the first 100 µm thick PGSA base construct to be
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photopolymerized at the focal plane in a layer-by-layer fashion.
Once the PGSA base layer is 3D printed, the probe containing
the 3D-printed first layer is then moved up again by 100 µm to
allow for a second layer to be printed at the focal plane, gener-
ating 100 µm thick microchannel walls on top of the first layer
of the scaffold. Lastly, the probe is moved up again by 100 µm
to allow for a third layer meant to serve as the 100 µm thick
outer walls to be printed at the focal plane.

Once the 3D printing process was complete, the PGSA
scaffolds were rinsed in isopropyl alcohol (IPA) to remove
unreacted monomer, then DI water to dilute the IPA, and ulti-
mately samples were placed in phosphate-buffered saline (PBS).

2.6. Rat tissue isolation

MTJs from the Achilles tendon were harvested from 6-month-
old Lewis rats immediately postmortem. The MTJ was visually
identified and was transected with 1 mm of muscle proximal
and 1 mm of tendon distal to the site. The tissue containing
muscle, myotendinous junction, and tendon was excised as a
3 mm × 3 mm × 1 mm rectangle using scissors. MTJs were
immediately stored in PBS and kept at 4 °C prior to mechani-
cal testing.

2.7. Nanoindentation of native rat muscle, myotendinous
junction, tendon, and 3D-printed scaffolds

All animal procedures were approved by the University of
California San Diego Institutional Animal Care and Use Office.

The native rat tissues (3 mm × 3 mm × 1 mm) and PGSA rec-
tangular specimens (3 mm × 3 mm × 1 mm) were tested using
a Piuma nanoindenter (Optics11, Amsterdam, The
Netherlands) to measure the Young’s modulus of the isolated
muscle, myotendinous junction, and tendon. The tissue
samples were mounted at the bottom of a Petri dish using
super glue and submerged in PBS at room temperature. A
nanoindenter spherical probe with a cantilever stiffness of k =
4.14 N m−1 and a tip radius of 3 µm was used. For each tissue
sample, nanoindentation was carried out in a 5 × 5 matrix (25
indentations) and the average was calculated for each tissue
sample (muscle, myotendinous junction, and tendon).
Nanoindentation data were analyzed based on the Hertz
contact model36 under the assumption that the Poisson’s ratio
was 0.5.37,38 For the rat muscle tissue, n = 9 muscle samples
were tested. For the rat myotendinous junction, n = 6 samples
were tested. For the rat tendon tissue, n = 7 samples were
tested. For the PGSA specimens, n = 6 samples were tested.

2.8. Utilization of machine learning tool to generate printing
parameter combinations

Once the Young’s moduli of native tissue samples such as
muscle, MTJ, and tendon were obtained, a previously
described neural network (NN) model35 was used to inform
printing parameters that would generate PGSA scaffolds with
user-defined stiffness values that correspond to native tissue
stiffness. Previously, we mechanically tested the stiffness of

Fig. 1 Schematic of the DLP-based 3D printing system. Digital masks were sequentially uploaded to the synchronized, computerized 3D printing
system. The DMD chip then adjusted their micromirror orientation according to the digital pattern uploaded into the synchronized 3D printing
system. The 385 nm light projected from the light source was reflected off the DMD chip as patterned light and was projected through a series of
projection lens to ultimately reach the focal plane within the static stage that contained the prepolymer reservoir. PGSA prepolymer was then photo-
crosslinked into a 3D-printed structure as the motorized probe moved up in a layer-by-layer fashion during the printing process.

Paper Biomaterials Science

6050 | Biomater. Sci., 2024, 12, 6047–6062 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
4:

24
:3

1 
PM

. 
View Article Online

https://doi.org/10.1039/d4bm00892h


PGSA scaffolds printed with various printing parameter combi-
nations and trained an NN model with these data.35 The devel-
oped NN model was demonstrated to be able to accurately
predict scaffold stiffness within the reasonable printing para-
meter range. In addition, the model was also able to suggest a
combination of parameters that could reach desired target
stiffness range from 58 kPa to nearly 1.2 MPa. The developed
model was verified by 3D printing with suggested NN-gener-
ated parameters for stiffness values that were previously
unseen from the training data. The R2 between the target
stiffness and measured stiffness values was 0.95. Since the
same biomaterial platform and printing technique were used
in this study, the fully trained NN model from our previous
study35 could be directly applied to fabricate PGSA-based
scaffolds with mechanical properties matching those of native
tissue by generating the corresponding set of printing
parameters.

2.9. Cell culture and seeding

C2C12 cells (ATCC, Manassas, VA) and NIH/3T3 cells (ATCC,
Manassas, VA) were expanded in growth media containing
high-glucose DMEM, 10% FBS, 1% P/S, and 0.2% Normocin™.
C2C12 cells and NIH/3T3 cells used in this study were at
passage 6. Before seeding the cells onto the PGSA scaffolds,
the 3D-printed PGSA scaffolds were primed overnight in high-
glucose DMEM at 37 °C in an incubator. A 1 mm thick PDMS
slab was placed in the middle of the PGSA scaffolds to prevent
the cell droplets from overflowing from one side to the other.

C2C12 cells were seeded as a 10 µl droplet on one end of
each PGSA scaffold while NIH/3T3 cells were seeded as a 10 µl
droplet on the other end of each PGSA scaffold. The total
seeding density for each cell type was 5000 cells per scaffold.
Then, the PGSA scaffolds seeded with cells were incubated at
37 °C for 2 h. After 2 h, the cells were checked under the
microscope to ensure that the cells were able to attach to the
PGSA scaffolds. Then, 500 µl of complete growth medium
(high-glucose DMEM, 10% FBS, 1% P/S, 0.2% Normocin™)
was added into each well. After 24 h, the PDMS slab was
removed from the middle of each scaffold. The cells were
maintained in complete growth media for 1 and 7 days for cell
viability testing. The cells were maintained in complete growth
media for 14 days for RT-qPCR gene expression analysis. The
cells were maintained in complete growth media for 14 days
for immunostaining.

2.10. Cell viability testing

C2C12 cells and NIH/3T3 cells were seeded onto the 3D-
printed PGSA slabs the stiffness of which corresponds to
native muscle, MTJ, and tendon stiffness values. At days 1 and
7, the cell-seeded scaffolds were rinsed with PBS and stained
with calcein AM (Biotium, Fremont, CA) and ethidium homo-
dimer-1 (Biotium, Fremont, CA) according to the manufac-
turer’s protocol. The seeded PGSA scaffolds were imaged using
a Leica widefield fluorescence microscope (Leica DMI-6000,
Wetzler, Germany), and the viability of the cells was analyzed
using ImageJ software.

2.11. Immunofluorescence staining of cell markers

At each timepoint, the scaffolds were rinsed three times in
PBS. Then, the scaffolds were fixed in 4% paraformaldehyde
(PFA) solution for 30 min at room temperature on a shaker. Once
the scaffolds were fixed with 4% PFA, the scaffolds were rinsed
again three times in PBS. After PBS rinsing, the scaffolds were
blocked and permeabilized in a block/perm solution consisting
of 5% (w/v) bovine serum albumin (BSA) (GeminiBio, West
Sacramento, CA) and 0.2% (w/v) Triton X-100 (MilliporeSigma,
St Louis, MO) in PBS on a shaker for 1 h. After 1 h, the scaffolds
were incubated with rabbit monoclonal anti-integrin beta 1 anti-
body (1 : 200, ab179471, Abcam) diluted in 5% BSA solution or
rabbit polyclonal anti-collagen I antibody (1 : 200, ab21286,
Abcam) diluted in 5% BSA solution overnight at 4 °C. Once incu-
bated overnight at 4 °C, the scaffolds were rinsed three times in
PBS and incubated with CF-555 goat anti-rabbit secondary anti-
body (1 : 200, Biotium) for 1 h on a shaker. After that, the
scaffolds were rinsed again three times in PBS on a shaker. After
that, the scaffolds were stained with CF-647 conjugated phalloi-
din (1 : 200, Biotium) for 1 h followed by three PBS washes. All
samples were immediately imaged with a Leica SP8 confocal
microscope after staining.

2.12. RNA isolation and reverse transcription-polymerase
chain reaction (RT-qPCR)

Cell-seeded co-culture PGSA scaffolds were washed in PBS and
then incubated with TrypLE (Thermo Fisher Scientific) for 5 min.
Once done, the cells were diluted with DMEM, centrifuged, and
resuspended in 2% FBS. The cells were then filtered through a
40 µm cell strainer and transferred to FACS tubes. After FAC
sorting, mCherry-C2C12 cells and NIH/3T3 cells were sorted into
separate 15 ml conicals. The mCherry-C2C12 cells and NIH/3T3
cells sorted by FACS were then centrifuged and resuspended in
300 µl of TRIzol reagent (Life Technologies).

To make sure that enough RNA was collected from the
PGSA scaffolds, 144 samples were combined and extracted
together for each condition per replicate. Three replicates were
collected per condition (n = 3). The total RNA was extracted
using a Direct-zol RNA MicroPrep Kit (R2060, Zymo Research).
The RNA concentration of each sample was verified using a
Tecan plate reader. The extracted RNA samples were immedi-
ately stored at −80 °C until use.

For cDNA synthesis, the extracted RNA samples were con-
verted to cDNA using the ProtoScript® First Strand cDNA
Synthesis Kit (E6300, New England Biolabs Inc.) and
QuantStudio™ 3 Real-Time PCR system. NCBI primer-BLAST
was used to design the primers, which were subsequently pur-
chased from Integrated DNA Technologies. RT-qPCR was per-
formed using the Luna® Universal qPCR Master Mix (M3003,
New England Biolabs Inc.) and QuantStudio™ 3 Real-Time
PCR system. Gene expression of each specific gene was deter-
mined by normalizing the threshold cycle (Ct) values against
those of the housekeeping gene, which was glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in this case. Primer
information can be found in ESI Table 1.†
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2.13. Statistics

The results are presented as mean ± standard deviation (SD).
All statistical analyses were performed using GraphPad Prism
9 (La Jolla, CA). One-way analysis of variance (ANOVA) with
Sidak post hoc tests was used to determine differences between
experimental groups. Data are reported as mean ± standard
deviation and are considered statistically significant when p <
0.05. An Inter-rater Correlation Coefficient (ICC; 2,1) was run
to investigate the agreement between target and measured
stiffness. The ICC was calculated using SPSS Version 20.0 (IBM
Corporation, Armonk, NY).

3. Results and discussion
3.1. Investigation of the native muscle–muscle tendon
microarchitecture

To fabricate a physiologically relevant muscle–tendon scaffold
via DLP-based 3D printing, the morphology of the native
muscle–tendon microarchitecture must first be investigated.

Native muscle–tendon tissue was freshly isolated and dissected
from a recently sacrificed rat’s Achilles tendon. The freshly iso-
lated rat muscle–tendon tissue was then subjected to SEM and
TEM imaging processes to generate high resolution images of
the rat’s native muscle–tendon microarchitecture (Fig. 2).

The MTJ is the junction that serves as the interface between
the muscle and tendon tissues.4 Force is transmitted from the
muscle to the tendon through the MTJ, whose main function
is to help minimize focal stress by increasing the interfacial
surface area between muscle and tendon.3,4 The mechanical
properties of MTJ are between those of muscle and tendon,
and serve to promote the gradual stiffness transition between
the softer muscle region and stiffer tendon region. The tendon
region is primarily composed of ECM and bundles of collagen
fibers. The muscle region is primarily cell-based and is com-
posed of bundles of myofibers. SEM of the MTJ demonstrates
finger-like interdigitations with a great surface area (Fig. 2A).
TEM of the MTJ demonstrates higher resolution morphology
of the MTJ with finger-like projections connecting the tendon
ECM to the muscle (Fig. 2D). The finger-like projections of the

Fig. 2 Structure of the muscle–tendon tissue. (A) Scanning electron microscopy (SEM) image of native muscle–tendon tissue. Dashed lines indicate
the myotendinous junction that separates the muscle from the tendon (scale bar = 10 µm). (B) SEM image of native muscle bundle isolated from a
rat’s Achilles tendon (scale bar = 100 µm). (C) SEM image of myofibrils, which is the zoomed-in image of the indicated area from (B) (scale bar =
1 µm). (D) Transmission electron microscopy (TEM) image of the native muscle–tendon tissue (scale bar = 500 nm). Note the region of the MTJ
(arrows) and the bundles of myofibrils (*).
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MTJ are crucial to the stability of the muscle–tendon structure
and force transmission ability, as the large surface area of the
interdigitations allows for the reduction of stress concen-
trations and smooth transition of the tissue stiffness zones.

3.2. Mechanical properties of native muscle–tendon tissue

Due to the small interfacial areas of the MTJs, it is extremely
challenging to measure their mechanical properties using con-
ventional mechanical testing methods without the influence
of the nearby adjacent tissues.19,39–42 To circumvent the chal-
lenges associated with using conventional methods to test the
stiffness of the MTJ, nanoindentation was chosen to test the
native MTJs. Nanoindentation is an emerging mechanical
testing technology that allows for the mechanical characteriz-
ation of biological tissues by making small-scale indentations
into the sample to measure the Young’s modulus of a user-
defined local area of the tissue of interest.43–47 This enables
the investigation into the hyperlocal mechanical properties of
tissue samples that possess hierarchical multi-scale organiz-
ation such as the MTJ.44

The native muscle, MTJ, and tendon tissues isolated from a
rat’s Achilles tendon were glued into a Petri dish, immersed in
PBS, and subjected to nanoindentation mechanical testing.
The Young’s moduli of native rat muscle, MTJ, and tendon
were found to be 68.82 ± 16.66 kPa (Fig. 3A and B), 163.4 ±
45.52 kPa (Fig. 3A and C), and 785.0 ± 248.2 kPa (Fig. 3A and

D), respectively. These results confirm that the native muscle–
tendon tissue possesses heterogeneous mechanical properties
consisting of zonal stiffness regions whose stiffness increases
in the order of muscle, MTJ, and tendon.

3.3. Engineering design of a physiologically informed
muscle–tendon scaffold

After the morphology of native rat muscle–tendon tissue was
investigated via SEM and TEM, the native tissue microstruc-
tures were used to inform an engineered scaffold design con-
sisting of simplified geometries to have controllable, repeata-
ble microstructures capable of packing C2C12 cells and NIH/
3T3 cells in vitro into a highly organized structure with aniso-
tropic alignment that mimics that of native muscle–tendon
tissue (Fig. 4A and B).

The collagen fibers in the tendon ECM and the muscle
fibers were simplified to 300 µm microchannels to allow for
the packing and alignment of tenocytes/fibroblasts and
muscle cells. The finger-like invaginations as seen in native
MTJ (Fig. 2D) were transformed into zigzag patterns in the
middle of the scaffold to help increase the surface area for
muscle–tendon cell interactions. In addition, the outer walls
with a width of 125 µm and a height of 300 µm surrounding
the scaffold perimeter were added into the scaffold design to
contain the seeded cell droplets within the muscle and tendon

Fig. 3 Nanoindentation testing results of native muscle–tendon tissue. (A) Young’s modulus measurements of native rat’s muscle, MTJ, and tendon
through the nanoindentation technique. (B) An example stress–strain curve of native rat muscle tissue that underwent nanoindentation testing. (C)
An example stress–strain curve of native rat MTJ that underwent nanoindentation testing. (D) An example stress–strain curve of native rat tendon
tissue that underwent nanoindentation testing.
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regions without leaking out from the scaffolds during the cell-
seeding and cell-culturing process.

To design a tissue-engineered scaffold for musculoskeletal
tissue engineering applications, it is of crucial importance to
fabricate scaffolds whose stiffness matches that of the native
tissue of interest, since microscale biophysical and topographi-
cal cues play a significant role in the migration, alignment,
proliferation, and differentiation of cells through stiffness-
mediated cellular responses.48–51 To investigate how PGSA
scaffolds with varying mechanical properties influence cellular
responses, the PGSA muscle–tendon scaffolds were fabricated
under three distinct conditions.

3.3.1. Uniform stiffness scaffold (PGSA-1STN). This
scaffold possesses a Young’s modulus designed to mimic that
of native rat muscle tissue throughout the entire area (Fig. 4C).

3.3.2. Bimodal stiffness scaffold (PGSA-2STN). This
scaffold features two discrete stiffness regions. The first half
mimics the Young’s modulus of the native rat muscle tissue,
while the second half is designed to replicate the Young’s
modulus of the native rat tendon tissue (Fig. 4D).

3.3.3. Transitional stiffness scaffold (PGSA-3STN). This
scaffold includes transitional stiffness zones with three dis-
tinct regions. The first region mimics the Young’s modulus of
the native rat muscle tissue, the middle region simulates the
Young’s modulus of the native rat MTJ tissue, and the third
region replicates the Young’s modulus of the native rat tendon
tissue (Fig. 4E).

3.4. Determination of DLP-based 3D printing parameters for
native tissue stiffness mimicry

Previous studies have shown that the Young’s modulus of
DLP-based 3D-printed scaffolds can be modulated by the
adjustment of various 3D printing parameters such as
exposure time and light intensity.25,31,52 Using a light-based
DLP 3D printing platform, both the light intensity and the
exposure time are the two important printing parameters that
can be adjusted to fabricate 3D-printed scaffolds with a user-
defined range of mechanical properties from the same starting
prepolymer resin. The rate of photopolymerization in light-
based 3D printing has been shown to follow a direct power law
relationship with light intensity.30,53–56 Increased light inten-
sity exposes the photopolymerizable prepolymer resin to more
photons per exposure duration, allowing for the generation of
more free radicals and acceleration of the photopolymerization
rate. This leads to a higher crosslinking density that restricts
the polymer chain movement and increases the stiffness.
Additionally, the exposure time has been shown to directly
influence the crosslinking density, with longer exposure times
resulting in more complete crosslinks and a higher
stiffness.30,55,56 Previously, an extensive range of DLP-based
printing parameters and their corresponding stiffness values
from 3D-printed PGSA scaffolds were investigated,35 and the
generated data were used to develop a neural network model
that allows for precise stiffness control of 3D-printed PGSA-

Fig. 4 Engineered design of muscle–tendon scaffold. (A) Top–down view of the PGSA muscle–tendon scaffold used in this study. (B) Cross-sec-
tional view of the PGSA muscle–tendon scaffold used in this study and its dimensions. (C) PGSA muscle–tendon scaffold designed to possess one
stiffness region mimicking that of native rat muscle in its entirety. (D) PGSA muscle–tendon scaffold designed to possess two stiffness regions
mimicking those of native rat muscle and tendon. (E) PGSA muscle–tendon scaffold designed to possess three stiffness regions mimicking those of
native rat muscle, MTJ, and tendon.
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based scaffolds. Based on these results,35 the neural network
(NN) model was able to generate DLP-based 3D printing para-
meters for 3D printing PGSA-based scaffolds with user-defined
stiffness values with great accuracy (R2 = 0.95).

Using this NN model, user-defined Young’s moduli based
on nanoindentation testing of native rat muscle, MTJ, and
tendon tissues were input into the NN model to generate pre-
dicted 3D printing parameters that would yield stiffness values
matching those of native tissues. Once the PGSA scaffolds were
printed according to the artificial intelligence (AI)-generated
parameters, their stiffness values were verified by nanoinden-
tation testing and compared to the user-defined stiffness input
to ensure that the stiffness of the printed scaffolds matches
that of the native tissue. The resulting AI-generated parameters
as well as the measured stiffness of the 3D-printed PGSA-based
scaffolds are listed on Table 1 and compared in Fig. 5.

The ICC analysis between the target stiffness and actual
measured stiffness in 3D-printed scaffolds yielded ICC = 0.997.
This indicates the AI model was able to generate DLP-based
3D printing parameters for PGSA scaffolds to yield PGSA
scaffolds with intended stiffness values matching those of
native-muscle tendon tissue with a high degree of accuracy.
This allows us to precisely fabricate PGSA muscle–tendon
scaffolds possessing heterogeneous mechanical properties

matching those of native muscle–tendon tissue through a
layer-by-layer 3D printing process with user-defined printing
parameters instead of having to perform a more complex
scaffold fabrication approach such as creating a composite
material scaffold or modifying different regions with biomater-
ials possessing different acrylation ratios.13,17,18

3.5. 3D printing of PGSA-based muscle–tendon scaffolds

Muscle–tendon scaffolds were 3D printed under the three
muscle–tendon PGSA scaffold conditions using an in-house-
developed DLP-based 3D printer in a layer-by-layer fashion, fol-
lowing the process outlined in the Materials and methods
section. No artificial structural interfaces were observed
between the different zones after printing (Fig. 6). The order of
the masks applied for each simulated MTJ condition is
depicted in ESI Fig. S1–S3.†

3.6. Cell viability on 3D-printed PGSA scaffolds with differing
stiffness values

Although PGSA has been previously demonstrated to be bio-
compatible with muscle progenitor cells and fibroblasts,31,33 it
is crucial to investigate the biocompatibility of PGSA scaffolds
printed at varying stiffness values to ensure that PGSA-1STN,
PGSA-2STN, and PGSA-3STN scaffolds support the viability of

Table 1 The AI-generated printing parameters, corresponding target stiffness, and measured stiffness values

3D printing system AI-generated parameters Target stiffness (kPa) Measured stiffness (kPa)

DLP-based Light intensity: 12.40 mW cm−2 68.62 (mean of measured native muscle stiffness) 68.39 ± 4.129
Exposure time: 47 s
Light intensity: 13.70 mW cm−2 163.4 (mean of measured native MTJ stiffness) 157.9 ± 12.67
Exposure time: 49 s
Light intensity: 15.17 mW cm−2 785.0 (mean of measured native tendon stiffness) 802.7 ± 39.64
Exposure time: 59 s

Fig. 5 Machine learning results and verification. Comparisons between the user-defined stiffness values based on (A) the mean of measured native
rat muscle Young’s modulus, (B) the mean of measured native rat MTJ Young’s modulus, and (C) the mean of measured native rat tendon Young’s
modulus versus the DLP-based 3D-printed sample stiffness using the printing parameters generated by the AI model for 68.62 kPa, 163.4 kPa, and
785.0 kPa, respectively. The ICC analysis between the target stiffness and actual measured stiffness in 3D-printed scaffolds yielded ICC = 0.997.
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both C2C12 muscle cells and NIH/3T3 fibroblast cells in long-
term culture. The cell viability testing of C2C12 cells and NIH/
3T3 cells seeded onto 3D-printed PGSA scaffolds with stiffness
values corresponding to 68.39 ± 4.129 kPa (native rat muscle
stiffness), 157.9 ± 12.67 kPa (native rat MTJ stiffness), and
802.7 ± 39.64 kPa (native rat tendon stiffness) showed high cell
viability (>95%) for all stiffness conditions at day 1 and day 7
after cell seeding (Fig. 7; ESI Fig. S4†).

3.7. Expression of MTJ-related markers on seeded PGSA
scaffolds

After 14 days in culture, the PGSA constructs were immunos-
tained against MTJ-related markers such as Itgb1 and collagen
I to investigate the development of the tissue at the C2C12–
NIH/3T3 interface (Fig. 8) across PGSA constructs with various
stiffness conditions. Itgb1 is a junction protein that is highly
expressed and concentrated at the MTJ and is an important
MTJ component involved in the transmission of forces across
the junction, as it links the actin cytoskeleton with tendon
ECM.57–59 Most of the tendon ECM is composed of hierarchi-
cal organizations of collagen fibers aligned in the same direc-

tion to aid in force transmission and loading and maintaining
the structural integrity of the MTJ.11,14 Collagen I is a principal
ECM protein that is highly expressed at the MTJ and is con-
tinuous across the MTJ to help transmit forces that are gener-
ated from skeletal muscle across the tendon through the MTJ
and to the bone.11,14,60 Confocal images (Fig. 8) were taken at
the engineered invaginations presented in the middle of the
PGSA scaffold where C2C12 cells from one end of the scaffold
interacted with NIH/3T3 fibroblasts from the other end of the
scaffold.

For PGSA-1STN scaffolds, both MTJ-related markers Itgb1
and collagen I were present at the scaffold junction (Fig. 8A
and B). The same observations are also made for PGSA-2STN
(Fig. 8C and D) and PGSA-3STN (Fig. 8E and F) scaffolds.
Under all scaffold conditions, extensive expression of Itgb1,
which is a junction protein linking F-actin to ECM, can be
observed qualitatively at the junction of all scaffold types
(Fig. 8A, C and E). Collagen I, a principal ECM protein across
the MTJ junction, was observed to be expressed and present
across the length of the junction in all PGSA muscle–tendon
scaffold types (Fig. 8B, D and F). In addition, a high degree of

Fig. 7 Cell viability of C2C12 and NIH/3T3 cells seeded on PGSA printed at different stiffness values. Cell viability of (A) C2C12 and (B) NIH/3T3 cells
seeded on PGSA-1STN, PGSA-2STN, and PGSA-3STN on day 1 and day 7 timepoints.

Fig. 6 SEM images of the zonal scaffold. (A) 60× SEM image of the muscle–tendon PGSA scaffold. Scale bar = 200 μm. (B) 550× SEM image of the
muscle–tendon PGSA scaffold. Scale bar = 200 μm. From SEM it is evident that the surface is continuous and there are no artificial structural inter-
faces between zones.
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Fig. 8 Day 14 immunostaining of MTJ-related markers within PGSA-1STN, PGSA-2STN, and PGSA-3STN scaffolds. (A and B) Confocal images taken
at the finger-like junction of the PGSA-1STN scaffold where C2C12 cells and NIH/3T3 cells interacted with each other on day 14. (A) Cells at the
junction were stained for Itgb1, which was an MTJ-related marker. (B) Cells at the junction were stained for Col1, which was another MTJ-related
marker. (C and D) Confocal images taken at the finger-like junction of the PGSA-2STN scaffold where C2C12 cells and NIH/3T3 cells interacted with
each other on day 14. (C) Cells at the junction were stained for Itgb1, which was an MTJ-related marker. (D) Cells at the junction were stained for
Col1, which was another MTJ-related marker. (E and F) Confocal images taken at the finger-like junction of the PGSA-3STN scaffold where C2C12
cells and NIH/3T3 cells interacted with each other on day 14. (E) Cells at the junction were stained for Itgb1, which was an MTJ-related marker. (F)
Cells at the junction were stained for Col1, which was another MTJ-related marker. Scale bar = 100 µm.
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cellular alignment, as indicated by F-actin expression, can be
observed under all scaffold conditions (Fig. 8). Furthermore,
multinucleation indicative of skeletal muscle differentiation
can be observed for cells grown under all PGSA construct con-
ditions (Fig. 8). Interestingly, we may also speculate that the
seeded NIH/3T3 fibroblasts have fused to the differentiated
C2C12 muscle fibers, as it has been previously demonstrated
that fibroblasts possess dual identity that allows them to
express myogenic characteristics and fuse into muscle fibers
along the MTJs.9,61

To identify and quantify the extent of MTJ-related gene
expression to investigate the effect of how PGSA constructs
with one stiffness zone, two stiffness zones, and three stiffness

zones influence MTJ-related gene expression in C2C12 and
NIH/3T3 cells, RT-qPCR gene expression analysis was per-
formed to detect and quantify the expression of MTJ-related
genes such as Itgb1, Tln1, and Col1a1 (Fig. 9) after 14 days of
cell seeding. Since Tln1 is responsible for the maintenance of
MTJs by connecting the actin cytoskeleton to integrins, Tln1
was chosen as the gene of interest.62 To decouple the co-
culture effect from the biophysical cues of zonal stiffness
regions of 3D-printed PGSA scaffolds, mCherry-C2C12 and
NIH/3T3 cells were sorted by FACS into separate conical tubes
prior to RNA isolation and qPCR.

Among C2C12 cells, a significant increase in Itgb1 gene
expression (p < 0.01) was observed for the cells seeded on

Fig. 9 mRNA expression of MTJ-related genes under various PGSA scaffold conditions. mRNA expressions of MTJ-related markers Itgb1, Tln1, and
Col1a1 under (1) PGSA-1STN, (2) PGSA-2STN, and (3) PGSA-3STN conditions measured by real-time quantitative PCR (RT-qPCR). (A) Relative mRNA
expression of Itgb1 expressed in C2C12 cells relative to PGSA-1STN control (muscle stiffness in its entirety; no zonal stiffness regions). (B) Relative
mRNA expression of Tln1 expressed in C2C12 cells relative to PGSA-1STN control. (C) Relative mRNA expression of Col1a1 expressed in C2C12 cells
relative to PGSA-1STN control. (D) Relative mRNA expression of Itgb1 expressed in NIH/3T3 cells relative to PGSA-1STN control. (E) Relative mRNA
expression of Tln1 expressed in NIH/3T3 cells relative to PGSA-1STN control. (F) Relative mRNA expression of Col1a1 expressed in NIH/3T3 cells rela-
tive to PGSA-1STN control. N = 3 biological replicates and n = 3 technical replicates for each condition. P-Values were calculated using one-way
ANOVAwith Sidak post hoc test. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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PGSA-3STN scaffolds compared to those seeded on PGSA-1STN
and PGSA-2STN (Fig. 9A). Among NIH/3T3 cells, the same
trend in Itgb1 expression was also observed (Fig. 9D), whereby
Itgb1 was significantly upregulated in PGSA-3STN compared to
PGSA-1STN and PGSA-2STN (p < 0.0001). These results could
suggest that the presence of MTJ-matching stiffness at the
scaffold junction that served as the transitional stiffness
region between the softer muscle side and stiffer tendon side
of the scaffold may contribute to the upregulation of junction
proteins such as Itgb1 as opposed to having a scaffold with
just one stiffness value throughout or having a scaffold with
two discrete stiffness regions (high stiffness region on one end
and low stiffness region on the other end).

An increasing trend in the expression of Tln1, another MTJ-
related protein, was also observed in C2C12 cells (Fig. 9B) and
NIH/3T3 cells (Fig. 9E) cultured on PGSA-2STN and
PGSA-3STN scaffolds, whereby the expression of Tln1
increased from PGSA-1STN to PGSA-2STN to PGSA-3STN, in an
increasing order.

Among C2C12 cells, a reduction in the expression of col-
lagen I was observed as the number of zonal stiffness regions
possessing mechanical heterogeneity increases (Fig. 9C).
Collagen I expression decreased from PGSA1-STN to
PGSA-2STN to PGSA-3STN, in a decreasing order. The previous
literature has shown that collagen type I mRNA expression
decreases over the course of skeletal muscle differentiation.10

These results could suggest that the presence of zonal stiffness
regions in 3D-printed PGSA scaffolds may affect skeletal
muscle differentiation.

Among NIH/3T3 cells, significant increase in collagen I
expression was observed for NIH/3T3 fibroblasts seeded on
PGSA-3STN scaffolds compared to that for those seeded on
PGSA-2STN scaffolds (p < 0.05) and that for those seeded on
PGSA-1STN (p < 0.01). These results suggest that the presence
of transitional zonal stiffness regions present in PGSA
scaffolds with stiffness regions matching those of native
muscle, MTJ, and tendon could help stimulate an increase in
the production of the MTJ-related ECM protein such as col-
lagen I in fibroblasts.

4. Conclusion

In this study, the local mechanical properties of native rat
muscle, MTJ, and tendon were investigated using nanoinden-
tation, which allows one to precisely measure the local
stiffness of biological tissue on a microscale. In addition, the
morphology of native rat Achilles tendon with muscle proximal
and tendon distal to the site was investigated using SEM and
TEM imaging. By combining the mechanical data of native rat
tissue with its morphological imaging data, we have developed
a DLP-based 3D printing platform to model the muscle–
tendon unit in vitro by fabricating a controllable, repeatable
tissue-engineered PGSA-based elastomeric muscle–tendon
scaffold with geometries and heterogeneous mechanical pro-
perties matching that of native muscle–tendon tissue with the

help of machine learning tools to accurately predict the print-
ing parameters needed to generate scaffolds with user-defined
stiffness. The 3D-printed PGSA-based muscle–tendon scaffolds
with tissue-informed material properties support high cell via-
bility and expression of MTJ-related genes such as Itgb1, Tln1,
and collagen I. In addition, PGSA-based muscle–tendon con-
structs also support cellular alignment characteristics of a
stable MTJ. Further work in this domain may include the util-
ization of native human muscle–tendon tissue for mechanical
characterization and the utilization of human-derived primary
skeletal muscle and tenocytes instead of using mouse cell
lines such as C2C12 cells and NIH/3T3 fibroblasts. By utilizing
primary human cells, more MTJ-related genes and proteins
that are relevant to human muscle–tendon tissue may be inves-
tigated to help increase the actual impact of this platform.
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