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Abstract

Skeletal muscle diseases have led to an increasing need for a range of physiologically 

relevant organ-on-a-chip and three-dimensional (3D) culture platforms owing to their clinical 

significance and ongoing efforts to develop effective therapeutics.

However, conventional fabrication approaches still face limitations—such as low throughput, 

complex fabrication steps, and prolonged production times—making them difficult to apply to 

efficient drug discovery and development for muscle-related diseases.

Here, we present a high-throughput 3D skeletal muscle tissue platform fabricated via a 

streamlined 3D cell-printing process integrated with a commercially available multi-well plate. 

Combined with automated 3D printing, the 96-well format enables efficient, rapid, and 

reproducible fabrication, while significantly reducing processing time and ensuring high tissue 

uniformity across all wells.

To maximize production efficiency, optimized anchor structures and an amphiphilic coating 

were employed to enhance tissue stability and alignment. In addition, systematic optimization 

of tissue geometry and 3D bioprinter-based fabrication parameters enabled consistent 

production of functional and mature 3D skeletal muscle tissues.

Overall, this platform integrates 3D bioprinting, optimized anchor design, and controlled 

tissue geometry to enable a rapid, high-throughput, automation-compatible, and error-

minimizing fabrication process. These results demonstrate that the proposed platform can serve 

as a useful tool for diverse biomedical applications, including the development of effective 

therapeutics for muscle-related diseases.
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Introduction

Skeletal muscle is the contractile tissue responsible for generating body movements and 

accounts for approximately 40% of total body mass.1 It is a multifunctional organ that plays 

essential roles in locomotion, thermoregulation, joint stabilization, and metabolic homeostasis. 

2–4 Given these diverse physiological functions, numerous disorders are associated with skeletal 

muscle. Skeletal muscle can be affected by a wide range of pathological conditions arising 

from genetic, metabolic, or structural abnormalities, leading to disorders such as myopathies 

and musculoskeletal diseases.1 Moreover, many severe conditions, including Duchenne 

muscular dystrophy (DMD) and amyotrophic lateral sclerosis (ALS), currently lack effective 

therapeutic options.5,6 Although the underlying mechanisms and secondary symptoms vary 

among muscle disorders, progressive muscle atrophy, weakness, and degeneration commonly 

occur.7 Consequently, the development of effective therapeutics for muscle diseases remains 

an urgent and critical challenge in biomedical research.

However, the development of new therapeutics requires not only extensive screening of 

candidate drugs and compounds but also rigorous validation of their efficacy. Preclinical 

evaluation typically relies on in vitro models and animal models to assess safety and 

pharmacological activity prior to clinical translation.8,9 Conventional 2D culture systems, 

however, fail to replicate the three-dimensional complexity and native microarchitecture of 

skeletal muscle tissue.10 Although animal models provide valuable physiological context, they 

are often costly, time-consuming, and limited in their ability to accurately recapitulate human-

specific drug responses.11–17

To overcome these limitations while enabling more efficient and accurate therapeutic 

development, 3D tissues and organ-on-a-chip platforms have emerged as powerful tools in 

biomedical research. These systems can reproduce both the structural and functional 
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characteristics of cellular and tissue microenvironments, and they have been applied across a 

wide range of biomedical applications.18,19 Among various approaches for developing 3D 

tissues, 3D cell-printing technology is particularly advantageous, as it allows the construction 

of complex 3D biological architectures that mimic the native tissue microenvironment with 

high precision and reproducibility.20

Currently, to fabricate 3D platforms for muscle cell culture, molds are typically designed 

using computer-aided modeling and fabricated either with polydimethylsiloxane (PDMS) 

molding or through 3D printing. However, these conventional fabrication methods require long 

processing times and multiple complex steps to produce a single platform, thereby limiting 

scalability and accessibility.7,21–23

To address these challenges, we previously developed an in vitro platform that integrates 3D 

bioprinting technology with commercially available multi-well plates for biomimetic, high-

throughput tissue modeling.24 Building upon this concept, the present study employed a 

universally accessible and commercially available 96-well plate to simplify fabrication and 

enhance user accessibility. By combining the automation and precision of 3D bioprinting, we 

successfully established a streamlined fabrication process capable of producing high-

throughput skeletal muscle (SKM) tissue platforms within a single day.

Collagen, a hydrogel widely used in tissue engineering, was utilized to encapsulate muscle 

cells25–27, and multiple optimization strategies were implemented to improve the accuracy, 

stability, and efficiency of the fabricated platform. Furthermore, drug testing conducted using 

the optimized 3D SKM platform demonstrated its feasibility as an efficient high-throughput 

drug screening system.
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Finally, drug testing performed on the optimized skeletal muscle platform validated its 

applicability for efficient drug screening. This approach not only broadens the range of tissues 

that can be engineered but also provides a strong foundation for accelerating therapeutic 

development by improving fabrication efficiency and reducing cost and time requirements.
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Materials and Methods

Cell culture

C2C12 mouse myoblast cells were cultured in a growth medium (GM) composed of high-

glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) containing 10% fetal bovine 

serum (FBS, Hyclone), 1% penicillin streptomycin (P/S, Hyclone) at 37 °C in a humidified 5% 

CO2 incubator. The culture medium was changed every two days. Extended cultures were 

conducted until the cells reached 90% confluency. Before hydrogel embedding, both cell types 

were harvested by treatment with 0.25% trypsin in EDTA (Promocell) for 3 minutes, followed 

by centrifugation at 1,200 r.p.m. for 3 minutes. After discarding the supernatant, the cells were 

either subcultured or used for this study. For this study, cells between passages 3 and 8 were 

used.

Bioink preparation

To prepare the bioink, type I collagen (Atellocollagen, Dalim Tissen) was used as the 

primary component. Collagen was dissolved in 0.01N hydrochloric acid (HCl, Biosesang, 

Korea) at 4 °C for at least 48 hours. During this period, the mixture was vortexed at least twice, 

resulting in the formation of a pre-gel solution. Once the collagen was completely dissolved, 

the solution was neutralized using 1N sodium hydroxide (NaOH, Biosesang), followed by the 

addition of 10× phosphate-buffered saline (PBS, Biosesang) to maintain osmotic balance. The 

final volume was adjusted with distilled water. The resulting collagen-based bioink had a final 

concentration of 0.5 wt% with the pH adjusted to 7.0 and was stored at 4 °C until use.

Fabrication of AnchorPlate96

To fabricate the high-throughput platform, a commercially available non-treated 96-well cell 

culture plate (SPL Life Sciences, Korea) was utilized. Initially, anchors were printed using a 

multi-head 3D bioprinter (3DX Bioprinter, T&R Biofab, Korea). Printing was performed at 
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room temperature using a double-thread screwed plastic needle (DPN-22G-2, Musashi 

Engineering, Japan) under pneumatic pressure ranging from 140 to 170 kPa. For the anchor 

material, Silicone 1700 (Dow Corning) was mixed with a catalyst prior to printing using a 

thinky mixer (THINKY, Japan) and centrifuged to remove any bubbles. To prevent the skeletal 

muscle (SKM) tissue from detaching and floating away from the anchor, a deliberate printing 

delay was introduced to form mushroom-shaped pin anchors. The total printing time for 

anchors in the 96-well plate was approximately 25 minutes. Following printing, the anchor-

printed plates were cured overnight in a 60 °C oven. This process resulted in the fabrication of 

the AnchorPlate96. The anchor printing code used in this study is provided in the 

Supplementary Source Code.

3D muscle cell printing

Before bioprinting, the AnchorPlate96 was wiped with 70% ethanol and exposed under UV 

light for 30 min in a clean bench. After sterilization, 4% Pluronic® F-127 (PF-127, Sigma-

Aldrich) was used to coat the surface of the well for 30minutes and the wells were washed 

three times with 1× PBS to remove any excess PF-127 solution22. For bioink preparation, 

C2C12 myoblasts were trypsinized and resuspended at a density of 1.0 × 10^7 cells/mL in 

0.5wt% collagen solution at 4°C using a positive displacement pipette.

The bioink was loaded into sterile 3mL or 10mL disposable syringes (KOVAX) and printed 

into the precoated 96-well plates using the 3D bioprinter. Printing was conducted with a plastic 

needle (PN-27D-B, Musashi Engineering, Japan) at 15 °C under various pneumatic pressures 

of 8-16 kPa, depending upon desired muscle bundle thickness. In this study, pneumatic 

pressures in the range of 10–15 kPa were used. Based on our previous studies, bioink printing 

using a 3D bioprinter did not result in any noticeable difference in cell viability before and after 

the printing process.28,29 The bioink printing code used in this study is also provided in the 
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Supplementary Source Code. After printing, the constructs were incubated for 1 h to allow 

gelation of bioink. GM was added on the same day. From day 2, when SKM tissue has fully 

compacted, the medium was replaced with differentiation medium (DM) consisting of 2% 

horse serum (HS, Gibco), 1% penicillin streptomycin (P/S, Hyclone), and 50 ng mL⁻¹ insulin-

like growth factor-1 (IGF-1, Sigma-Aldrich). The culture medium was changed every 24 h.

Cell viability assay

After treatment of the fabricated muscle constructs with paclitaxel, cisplatin, dexamethasone, 

or IGF-1, cell viability was evaluated on days 1, 3, and 5 using the Cell Counting Kit-8 (CCK-

8, Dojindo, Japan). Prior to each assay, the constructs were washed with 1× PBS. The culture 

medium was then mixed with the CCK-8 solution at a 1:10 ratio, and 150 μL of the mixture 

was added to each well. After incubation for 30 min, the medium containing the CCK-8 reagent 

was collected, and the absorbance was measured at 450 nm using a microplate reader.

Immunofluorescence

3D SKM tissues were stained with anti-Fast Myosin Skeletal Heavy chain antibody (MHC, 

Abcam), α-actinin (Sigma-Aldrich), F-actin (phalloidin, Sigma-Aldrich), and 4′,6-diamidino-

2-phenylindole (DAPI) at days 7 and 14 after printing on the platform. First, tissues were fixed 

in 4% paraformaldehyde (Biosesang) for 30 min, followed by permeabilization with 0.2% 

Triton X-100 (Biosesang) for 10 min at room temperature. The tissues were then blocked with 

5% Bovine Serum Albumin (BSA, GenDEPOT) for 15 min. For SKM tissue fluorescence 

imaging, primary antibodies against MHC and α-actinin (1:200) were applied and incubated 

overnight at 4 °C. Prior to each subsequent step, tissues were washed three times with 1× PBS. 

After overnight, tissues were washed three times and then incubated for 2 h with secondary 

antibodies conjugated with fluorophores (Alexa Fluor 594 and Alexa Fluor 488 (Invitrogen)) 
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together with DAPI and phalloidin conjugated to Alexa Fluor 594 (1:200) to stain filamentous 

actin (F-actin). Secondary antibodies and DAPI were diluted at 1:500 and 1:200, respectively. 

After three final washes, samples were imaged using confocal and fluorescence microscopy 

(ZEISS) and analyzed with ImageJ (NIH). After three additional washes, the samples were 

imaged and analyzed as described above.

Image Analysis

Myotubes were defined as multinucleated fibers containing at least three nuclei. Myotubes 

aligned within ±10° of the major axis of the construct were classified as aligned myotubes.20 

Muscle bundle thickness was measured by dividing each tissue into four distinct areas and 

calculating the average thickness for each area. In addition, myotube length was measured by 

selecting muscle fibers containing at least three nuclei, as defined above. The fusion index was 

calculated as the ratio of the number of nuclei within myotubes to the total number of nuclei.20 

The CoV was calculated as the standard deviation of muscle bundle thickness divided by the 

mean thickness30. To compare the CoV between the two groups, samples were obtained from 

three whole plates per group. The sample size corresponds to the number of wells with 

successfully formed tissues. All image analysis graphs were generated based on images 

obtained by selecting multiple regions from each sample. All image analysis graphs were 

generated using images obtained from multiple regions selected within each sample. A 

minimum of three independent samples were analyzed (n ≥ 3), and all image analyses were 

performed using ImageJ software. Detailed methods for all image analyses are described in 

Figure S3.

Statistical Analysis

All quantitative data are presented as the mean ± standard deviation. Statistical significance 
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was assessed using an unpaired Student’s t-test or one-way ANOVA followed by Dunnett’s 

multiple comparison test, with a minimum of three independent samples per condition (n ≥ 3). 

Normality was assessed using the Shapiro–Wilk test (α = 0.05). When normality was not 

satisfied (p < 0.05), statistical comparisons were performed using the Mann–Whitney U test 

(two-group) or the Kruskal–Wallis test (multi-groups), as appropriate. Statistical analyses and 

graphs were generated using Microsoft Excel and GraphPad Prism. Statistical significance was 

indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.

Results and Discussion

1. Fabrication of a 3D Skeletal Muscle Tissue Platform Using a 3D Bioprinter on a Commercial 

96-Well Plate

In 2D culture systems, standardized well plates confer advantages for both users and 

manufacturers. They obviate custom modifications and allow a broad range of laboratory ware 

to be used alongside various automated instruments such as microplate equipment, ensuring 

compatibility with fully automated systems like liquid handlers and robotic arms. However, as 

the generation of three-dimensional tissues within these standardized multiwell plates has not 

been demonstrated to date, we established a fabrication approach that leverages the automation 

capabilities of 3D bioprinting in combination with standard multiwell plates to maximize the 

reproducibility of the developed 3D tissues and minimize the possibility of error. This is 

important because it enables in situ, non-destructive, high-throughput readouts without moving 

or detaching the tissues. This platform required three essential components: a commercially 

available non-treated 96-well plate, a silicone-based anchor ink for anchor printing, and a 

muscle cell–laden bioink for tissue construction (Figure 1A).

Anchors were printed into each well of the plate using silicone ink with detailed printing 
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procedures, associated videos, and dimensional information provided in Figure S1 and Video 

S1. Subsequently, C2C12 myoblasts were encapsulated within neutralized 0.5 wt% collagen 

and bioprinted along the inner circumference of each well to form circular constructs. The 

corresponding bioprinting process is shown in Video S2. Following printing, the constructs 

were cultured until mature muscle bundles were formed (Figure 1B).

To improve reproducibility and throughput of 3D skeletal muscle (SKM) constructs, three 

optimization strategies were implemented: (i) optimization of anchor geometry, (ii) modulation 

of SKM construct shape, and (iii) optimization of the 3D SKM fabrication process (Figure 1C). 

Collectively, these advances enabled a robust, reproducible high-throughput 3D SKM platform, 

which was subsequently validated for its applicability in drug screening (Figure 1D).

2. Comparison of 3D Skeletal Muscle Tissue Morphology and Stability According to Anchor 

Geometry

The anchor is an essential component that maintains the overall shape of the skeletal muscle 

(SKM) tissue and supports cell alignment and rapid contraction during 3D SKM culture. In 

particular, the anchor is widely recognized as a key element in 3D muscle tissue engineering, 

as it forms a tendon-like structure that provides uniaxial tension necessary for muscle 

microtissue formation, compaction, and maturation21,31. Depending on the research objectives, 

various types of anchors have been employed in muscle tissue engineering20,32,33.

However, the design selection and integration of anchors within different platforms require 

careful optimization. For instance, previous studies have reported the use of anchors within 

microfluidic chips, in which a single PDMS-based chip containing anchors was fabricated, and 

cell-laden hydrogels were injected into enclosed microchambers, leading to the formation of 

muscle tissue through gradual compaction over time22,34. Although this enclosed platform 
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provided a stable environment that effectively maintained muscle tissue, it posed a risk of tissue 

damage during retrieval, limiting its applicability for downstream analyses to evaluate muscle 

function and physiology. Conversely, in open-top systems, tissues are highly prone to 

deformation because they are not physically restrained against floating or distortion during 

culture. One study reported the use of inclined anchors to stabilize the muscle structure during 

culture; however, this approach required a high level of technical handling, involved multiple 

molding steps, and was time-consuming to prepare the entire muscle tissue platform21.

To overcome these limitations in anchor fabrication and platform integration, we utilized the 

rapid prototyping capability of 3D printing to introduce a mushroom-shaped pin anchor by 

incorporating a brief printing delay during the layer-stacking process. Although anchors 

fabricated with printing delays of 1.0 s and 1.5 s appeared to form cap-like structures in 

representative images, muscle tissue formation experiments using anchors fabricated with a 1.0 

s time delay revealed the presence of wells in which failure tissues were generated. In contrast, 

anchors fabricated with a 1.5 s time delay enabled successful muscle tissue formation in all 12 

wells. However, during fabrication across an entire 96-well plate, time-dependent changes in 

the rheological properties of the silicone ink resulted in a gradual increase in viscosity, leading 

to reduced extrusion volume even under identical pneumatic pressure. As printing the full plate 

requires approximately 20 min, this time-dependent viscosity increase caused inconsistent 

anchor geometries between the first and last wells, particularly due to insufficient material 

extrusion in later wells, which could compromise reliable formation of the cap-shaped structure.

Therefore, a printing delay of 2 s was selected to ensure stable and uniform fabrication of 

mushroom-type pin anchors across all wells of the 96-well plate. Under this condition, the ratio 

of pillar width to cap width was maintained at approximately 1:1.35–1:1.5. This transient 

printing delay generated a cap-shaped structure at the tip of the anchor, providing a mechanical 
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interlocking effect that enhanced tissue retention and structural stability (Figure 2B). The 

optimization process of the cap-shaped anchor size by adjusting the printing time delay is 

provided in Figure S2. 

When SKM tissues were cultured using conventional straight-type pin anchors (Figure 2A), 

excessive contraction often led to tissue slippage and detachment from the anchor tips, 

producing distorted and fragmented constructs (Figure 2C, 2E). Such deformation not only 

disrupted tissue uniformity but also impaired alignment and functional maturation. By contrast, 

the use of the newly developed mushroom-type pin anchors effectively prevented detachment 

throughout the culture period. All printed tissues maintained intact morphology and high 

structural stability, resulting in reproducible and mechanically robust 3D SKM constructs 

(Figure 2D, 2F).

The fabrication of mushroom-type pin anchors was highly efficient, requiring only ~20 

minutes to fabricate a single AnchorPlate96 (one 96-well plate). This rapid and scalable process 

enables the production of large numbers of mechanically stable and morphologically uniform 

SKM tissues, demonstrating its suitability for high-throughput applications in tissue 

engineering and drug screening.

3. Enhancement of Morphological and Functional Properties of 3D Muscle Tissues through 

Amphiphilic Coating and Construct Shape Optimization

Before muscle tissue culture, an amphiphilic coating (A.C.) using 4% Pluronic F-127 was 

applied to the wells to prevent cell adhesion to the polystyrene surface. This treatment 

promoted cell alignment and facilitated rapid contraction and the formation of mature muscle 

bundles23,35. It is noteworthy that, despite the use of non-treated 96-well plates to minimize 

excessive adhesion, both cells and ECM could still adhere to the polystyrene surface—the 
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primary material of the plate—which can hinder effective cell-mediated compaction. To 

evaluate the effect of A.C. coating, the contraction rate of tissues was compared with that of 

the uncoated control. As expected, constructs cultured with amphiphilic coating exhibited an 

accelerated contraction rate compared to the uncoated control (Figure 3A, 3B). In addition to 

faster tissue compaction, A.C. significantly enhanced cell alignment along the myotube axis 

induced by uniaxial tension, whereas randomly distributed myoblasts were observed in the 

control group during culture. The images and quantitative graphs demonstrated that the A.C. 

group exhibited improved myotube alignment (Figure 3C, 3D).

To further investigate the morphological determinants of cell alignment, bioink containing 

C2C12 cells was manually pipetted into 96-well plates equipped with printed anchors. 

Although the same amount of hydrogel was dispensed into each well, manual pipetting led to 

operator-dependent variability, producing constructs with heterogeneous geometries such as 

strip- and ring-shaped structures. The alignment characteristics between these two geometries 

were then compared. In the region near the edge (ROI 1), both strip- and ring-shaped tissues 

showed well-aligned myotubes in one direction. However, in the central region (ROI 2), strip-

shaped tissues exhibited irregular, random alignment rather than consistent unidirectional 

orientation (Figure 3E). While both groups appeared similar near the edge, a clear difference 

was observed when comparing the middle regions, indicating lower structural uniformity in 

the strip-shaped group.

Based on these findings, the ring-shaped structure was selected for subsequent experiments, 

as it exhibited higher internal uniformity within a single tissue and more consistent 

unidirectional myotube alignment (Figure S5). Therefore, the combination of amphiphilic 

coating and optimized construct geometry provides an effective strategy to enhance the 

morphological integrity of 3D skeletal muscle tissues, thereby improving their reliability for 
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downstream applications.

4. Comparison of Embedding Methods for Muscle Cell–Laden Bioink in 96-Well Plates

Prior to comparing the pipetting- and bioprinting-based embedding approaches, the optimal 

bioink volume was determined. Bioink volumes of 20–25 μL, corresponding to pneumatic 

pressures of 10–15 kPa, were identified as optimal conditions for stable tissue fabrication. 

When smaller volumes below 25 μL (≤10 kPa) were used, even with repetitive tapping to 

promote spreading, the bioink was not uniformly distributed across the well bottom, often 

resulting in incomplete tissue formation or excessively thin tissues that were prone to breakage 

during culture. In contrast, when larger volumes exceeding 25 μL (≥20 kPa) were applied, 

excessive bioink deposition frequently resulted in unintended strip-shaped constructs, 

accompanied by the absence of muscle contraction and impaired cell alignment. Therefore, a 

bioink volume of 20–25 μL was selected as the optimal condition and applied consistently to 

both the pipetting-based and bioprinting-based groups.

As demonstrated in the previous results, manual bioink injection via pipetting inevitably 

introduces multiple sources of variability, including pipetting errors, bubble formation, 

operator-to-operator variability, and differences in technical skill (Figure S4).

To overcome these limitations, a 3D bioprinter was employed to inject bioink containing 

muscle cells. In previous studies, manual pipetting was frequently used for bioink dispensing; 

however, when embedding was performed across the entire 96-well plate using this approach, 

the tissues within each well exhibited inconsistent geometries due to unintended post-

dispensing states of the bioink (Figure S4). Even though repetitive tapping was applied to 

distribute the bioink evenly at the bottom of the wells, as observed across three whole plates, 

bioink that appeared uniform to the naked eye frequently resulted in failed tissues exhibiting 

Page 15 of 37 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
11

:2
9:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LC01040C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01040c


- 16 -

slipping-off, floating-off, or strip-shaped morphologies during culture. Consistent with this 

observation, a comparison of red- and green-colored wells revealed a markedly higher 

proportion of red-colored wells in this group (Figure 4A), indicating failed and successful 

tissues, respectively.

In contrast, as observed across three whole plates, the bioprinting-based approach 

consistently generated tissues that maintained the intended ring-shaped geometry throughout 

the culture period, preserving stable tissue structures. Furthermore, comparison of red- and 

green-colored wells revealed that all wells, except for a single well, were green-colored in this 

group, indicating successful tissue formation (Figure 4B).

Taken together, these findings indicate that platforms fabricated via manual pipetting tend 

to produce undesired and non-uniform tissues, limiting their suitability for true high-throughput 

applications. Conversely, 3D bioprinting-based embedding enables reproducible fabrication of 

tissues with well-defined geometrical consistency across most wells, demonstrating its 

suitability for the reliable establishment of a high-throughput skeletal muscle tissue platform.

5. Uniformity of 3D Muscle Tissues Depending on the Embedding Method of Muscle Cell–

Laden Bioink

The morphology of tissues generated in each well of the 3D SKM tissue platform varied 

depending on the embedding method employed. Constructs exhibiting a strip-shaped tissue 

morphology, tissues that failed to remain positioned on the bottom of the well due to slipping-

off or floating-off, as well as tissues in which a complete ring-shaped structure was not properly 

formed, were collectively defined as failure tissues (Figure 5A(i–iv)). In contrast, constructs 

that consistently retained a well-defined ring shape and exhibited uniform morphology were 

classified as success tissues (Figure 5A(v–vii)).
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Across three pipetting-based plates, the success rate of tissue formation was markedly lower 

than that observed in the bioprinting-based plates. In contrast, across three bioprinting-based 

plates, nearly all wells generated successful tissues, demonstrating a notable improvement in 

reproducibility and structural stability (Figure 5B).

As shown in the CoV distribution plot, a wider horizontal spread indicates a higher density 

of values within the corresponding range. Comparison between the two groups demonstrates 

that embedding via 3D bioprinting markedly improves construct uniformity compared with 

manual pipetting (Figure 5C). Furthermore, the 3D bioprinter-based embedding method 

allowed researchers to fabricate muscle bundles with diverse thicknesses by modulating 

pneumatic pressure during printing, providing an additional advantage for producing constructs 

with controlled morphological characteristics tailored to experimental requirements (Figure 5D, 

5E).

Taken together, these findings demonstrate that 3D bioprinter–assisted embedding not only 

improves the reproducibility and uniformity of muscle tissue formation but also enables precise 

control over construct morphology, thereby enhancing the utility and scalability of the platform 

for high-throughput applications.

6. Morphological and Molecular Maturation of 3D Muscle Tissues

C2C12 cells mixed with hydrogel to prepare the bioink underwent proliferation and 

compaction, followed by differentiation, during which cells fused to form myotubes (Figure 

6A)36. Using optimized fabrication conditions established through the three strategies 

described above, the resulting 3D SKM tissues exhibited high uniformity and developed 

physiologically relevant alignment of myotubes upon completion of differentiation (Figure 6B).

Furthermore, confocal immunofluorescence imaging revealed progressively enhanced 
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alignment and multinucleated myotube formation over time, indicating continuous maturation 

(Figure 6C). The emergence of mature muscle bundles was further supported by increases in 

both myotube length and the fusion index (Figure 6D, 6E).

Collectively, these results indicate that the optimized fabrication strategy enables the 

generation of 3D skeletal muscle tissues exhibiting morphological features and molecular 

markers associated with myogenic maturation, thereby establishing a robust and reproducible 

platform for functional muscle studies.

7. Proof-of-Concept Application of the Fabricated High-Throughput 3D Skeletal Muscle 

Tissue Plate

Using the stable and mature 3D SKM tissues produced in this study, we performed drug 

testing to validate the functionality and applicability of the high-throughput platform21,37,38. 

Four drugs known to exert negative or positive effects on muscle physiology were selected: 

paclitaxel39,40, cisplatin41,42, and dexamethasone21,43,44 (which induce muscle atrophy and 

functional decline), and insulin-like growth factor-1 (IGF-1)21,44, which promotes myotube 

maturation and myofiber development. It is well established that off-target effects of 

chemotherapeutic drugs can lead to skeletal muscle loss45,46. Among various chemotherapeutic 

agents, paclitaxel and cisplatin were selected in this study. Paclitaxel has been reported to 

inhibit myotube differentiation and to shorten elongated myotubes40. To investigate whether 

these two drugs also induce skeletal muscle loss, they were applied as model chemotherapeutic 

agents to the 3D skeletal muscle platform developed in this study. The selected drug 

concentrations were based on previously reported studies and were chosen to remain below the 

IC₅₀ values42,47. In addition, the effects of dexamethasone and IGF-1 on skeletal muscle have 

been well documented in prior studies, and the concentrations used in this study were likewise 

selected based on previously reported concentrations or values below the IC₅₀21,44. All four 
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drugs were tested simultaneously at three different concentrations along with a control group. 

To support the applicability of this platform for drug screening, experiments were conducted 

to evaluate the cytotoxic effects of each drug on muscle tissues. Cell viability of drug-treated 

tissues (n=12 per group) was assessed on day 1 for paclitaxel and cisplatin, on day 3 for 

dexamethasone, and on day 5 for IGF-1 (Figure 7B). The drug treatment experiments were 

conducted according to the timeline shown in Figure 7A.

To assess drug responses using our fabricated high-throughput system plate, tissues were 

stained for MHC and DAPI, and myotube morphology was examined by confocal microscopy. 

For paclitaxel, higher concentrations yielded an increased number of rounded cells rather than 

elongated, laterally aligned myotubes, accompanied by a decrease in multinucleated fibers 

(Figure 7C(i)). For cisplatin, although visually less striking than the paclitaxel and 

dexamethasone groups, a dose-dependent reduction in the number of multinucleated myotubes 

was observed, and myotubes appeared as separated structures with a single nucleus rather than 

aligned multinucleated fibers (Figure 7C(ii)). In the dexamethasone group, increasing 

concentration led to thinner myotubes, a decrease in multinucleated myotubes, and a reduction 

in unidirectionally aligned myotubes, which appeared more separated (Figure 7C(iii)). Overall, 

groups treated with negatively acting drugs commonly exhibited detrimental effects on 

multinucleated myotube formation, thickness, and alignment.

By contrast, samples treated with IGF-1 showed a dose-dependent increase in myotube 

thickness compared with the control. Alignment between myotubes also improved, and long, 

laterally oriented, mature multinucleated myotubes were observed (Figure 7C(iv)).

Collectively, four drugs were tested across four groups per drug (n = 5 per group; total = 80 

samples), demonstrating that the high-throughput system developed in this study enables 

simultaneous, single-run screening of a large number of samples and compounds. Furthermore, 
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these results confirm that the high-throughput 3D SKM tissue platform successfully 

recapitulates differential drug responses, validating its utility as a proof-of-concept system for 

drug screening and establishing a robust foundation for future therapeutic development 

targeting muscle-related diseases.

The fabrication strategy that integrates 3D cell printing using a 3D bioprinter with 

commercially available multi-well plates effectively overcomes the limitations of conventional 

PDMS- or mold-based platforms, which typically require considerable time and multiple 

complex fabrication steps to produce a single chip. Moreover, we developed a collaborative 

approach that combines 3D bioprinting technology with three optimization strategies, enabling 

the reproducible fabrication of skeletal muscle tissues with high uniformity, accuracy, and 

efficiency. Unlike PDMS-based chips, the use of multi-well plates provides direct 

compatibility with high-throughput imaging systems, allowing evaluation of the physiological 

quality of all skeletal muscle tissues across an entire plate rather than a single sample. In 

addition, this platform can be adapted to various multi-well plate formats, enabling the 

simultaneous acquisition of large-scale experimental datasets within a single run.

Furthermore, the platform can be applied to various multi-well formats beyond the 96-well 

plate, allowing scalable production of skeletal muscle tissues with different dimensions and 

increased sample throughput.

Looking forward, integration with automated systems such as robotic arms for routine 

operations—including media exchange and sample washing—could establish a fully 

automated high-throughput workflow, further enhancing the efficiency, productivity, and 

simplicity of skeletal muscle tissue fabrication.48 However, the current multi-well plates made 

of polystyrene may impose certain limitations on achieving high-resolution imaging due to 

their optical properties. To address this, employing glass-bottom multi-well plates for platform 
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fabrication could yield higher-quality images and enable more precise analysis of muscle tissue 

morphology and function.49 In addition, the 3D skeletal muscle (SKM) tissues fabricated in 

this study exhibited morphological and molecular features associated with myogenic 

maturation, including increased myotube length and fusion index. However, direct functional 

assessment of tissue contractility was not performed. In future studies, the proposed platform 

may be extended to evaluate muscle contractile activity by measuring calcium transients and 

quantifying ΔF/F₀.21,50

Beyond these immediate improvements, the high-throughput platform developed in this 

study—driven by the combination of multiple optimization strategies and 3D bioprinting 

technology—holds broad potential for diverse biomedical applications. These include 

accelerating drug discovery, providing physiologically relevant models for muscle disease 

research, and serving as advanced in vitro testing systems that can complement or even replace 

conventional preclinical assays.

Conclusions

In this study, we established a streamlined 3D cell-printing strategy using a 3D bioprinter, 

which reduced fabrication time by minimizing process steps and improved accessibility 

through the use of a commercially available multi-well plate. While the straight-type pin 

anchors exhibited low success rates in tissue fabrication, the mushroom-type pin anchors 

produced with a one-second printing delay achieved ~100% fabrication success, yielding 

constructs with intact morphology. Furthermore, amphiphilic coating combined with ring-

shaped constructs provided optimized conditions for generating highly aligned and matured 

myotubes, thereby enhancing the physiological relevance of engineered skeletal muscle tissues.

In addition, 3D bioprinting enhanced uniformity not only within individual wells but also 
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across entire plates, ensuring consistent muscle bundle thickness and morphology. Taken 

together, the integration of 3D bioprinting with the aforementioned optimization strategies 

demonstrates that the high-throughput 3D skeletal muscle tissue platform developed here 

represents a robust and scalable tool with significant potential for drug screening and the 

development of personalized therapeutics for muscle-related diseases.
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Figure 1. Schematic overview.

(A) Main system used for the fabrication of the high-throughput 3D muscle tissue platform. 

(B) Workflow of the 3D muscle tissue fabrication process. (C) Three optimization strategies 

were employed to improve the reproducibility and productivity of the constructs. (D) Proof-of-

concept validation of the fabricated platform through drug testing.
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Figure 2. Effect of Anchor Geometry on 3D Muscle Tissue Stability

(A) Conventional straight-type pin anchor. (B) Mushroom-type pin anchor designed using a 

3D modeling program and its corresponding printed structure. (C) Representative image of 

distorted tissue generated with straight-type pin anchors. (D) Representative image of intact 

tissue generated with mushroom-type pin anchors. (E) Tissue retention at day 1 when cultured 

using straight-type pin anchors. (F) Tissue retention at day 1 when cultured using mushroom-

type pin anchors.
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Figure 3. Optimization of 3D Muscle Tissues via Coating and Shape Control

(A) Time-dependent contraction process of tissues subjected to amphiphilic coating (A.C.) 

using PF-127. (B) Comparison of compaction (%) between control and A.C. groups (n=3). (C) 

Representative fluorescence images showing cellular alignment in each group. (D) 

Quantitative comparison of cellular alignment between the two groups (n=3). (E) Phase-

contrast images showing the overall tissue shape and fluorescence images illustrating the cell 

alignment at the edge and middle regions according to the 3D muscle tissue shape. All data are 

expressed as mean ± SD (*p < 0.05, **p < 0.01)
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Figure 4. Comparison of Bioprinting and Pipetting for Bioink Embedding (Day 3)

Images of three plates with wells containing failure tissue (red) and success tissue (green).

(A) Bioink embedding using manual pipetting. (B) Bioink embedding using a 3D bioprinter.
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Figure 5. Uniformity Comparison of 3D Muscle Constructs: Pipetting vs 3D Bioprinting

(A) Representative images of muscle tissue morphologies formed by each method (failure vs. 

success tissue). (B) Success rate of 3D muscle tissue plate fabrication using each embedding 

method. (C) Coefficient of variation (CoV) graphs were used to evaluate the uniformity of 

tissues classified as success tissue across three plates for each group (pipetting, n = 161; 

bioprinting, n = 287). (D, E) Representative images and corresponding graphs demonstrating 

the feasibility of fabricating optimized 3D muscle tissues with varying bundle thicknesses 

Page 29 of 37 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
11

:2
9:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LC01040C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01040c


- 30 -

using the 3D bioprinter. All data are expressed as mean ± SD (****p < 0.0001, ns: not 

significant)
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Figure 6. Physiological maturation of 3D muscle tissues.

(A) Illustration of the maturation process of 3D muscle tissues. (B) Confocal image of the 

whole 3D muscle tissue at day 7. (C) Confocal images of myotubes within 3D muscle tissues 

at days 7 and 14. (D) Comparison graph of myotube length between day 7 and day 14 (n=3). 

(E) Fusion index of 3D muscle tissues at days 7 and 14 (n=3). All data are expressed as mean 

± SD (**P< 0.01, ***P < 0.001).
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Figure 7. Drug Testing on the High-Throughput 3D Skeletal Muscle Tissue Platform

(A) Experimental timeline for drug testing. (B) Cell viability measured by CCK-8 assay after 

treatment with different concentrations of each drug (n=12). Cell viability was evaluated based 

on absorbance at 450 nm (OD450). (C) Representative myotube images from each group 

following treatment with four different drugs (n=5). Tissues were treated with paclitaxel (5, 

10, and 20 μg/mL; solvent control: DMSO), cisplatin (0.25, 0.5, and 1 μM; solvent control: 0.9% 

NaCl), dexamethasone (10, 50, and 100 nM; solvent control: DMSO), and IGF-1 (10, 30, and 

50 ng/mL; solvent control: 1× PBS). Myosin heavy chain (MHC) is shown in green, nuclei 
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(DAPI) in blue. Scale bars indicate 20 μm. All data are expressed as mean ± SD (*p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant)
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