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ABSTRACT OF THE THESIS 

Engineering 2D and 3D Human Skeletal Muscle Models 

By 

Jinal Patel 

Master of Science in Biomedical Engineering 

University of California Irvine, 2021 

Professor Anna Grosberg, Chair 

Advancing 2D and 3D in vitro human skeletal muscle model designs that are simple and reproducible would 

provide a valuable method to extract relevant structural and functional data for use in disease modeling and 

drug therapy development. Such models could offer a method to investigate the initiation mechanisms 

behind Facioscapulohumeral Muscular Dystrophy (FSHD), an incurable genetic disorder that results in total 

loss of functional motility. This thesis describes the approach taken to create an in vitro model in 2D and 

3D. The role of the substrate and extra cellular matrix are considered key in the 2D patterning of skeletal 

myoblasts, while the development of the hydrogel matrix for growing elongated myobundles is perfected 

in 3D. Attempts to optimize these models for the study of human skeletal muscles in vitro so they are 

consistently replicable have been made.  
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Chapter 1: INTRODUCTION 

 Healthy skeletal muscles make up the most abundant and regenerative tissue in the human body 

[1]. However, defects in muscle function and development caused by dystrophic disorders, traumatic 

injuries, or aging often lead to clinical abnormalities and can be fatal [2]. One such disorder is called 

Facioscapulohumeral Muscular Dystrophy (FSHD), which affects the muscles in the face, shoulder 

blades, and upper arms, and is the third most common muscular dystrophy [3]. For normal skeletal 

muscle function, copies of the D4Z4 repeat contain a single copy of an unexpressed DUX4 gene in 

chromosome 4q [3]. For FSHD to occur, all 3 of the following criteria must be met: First, at least one 

D4Z4 repeat is present in the chromosome [3]. Second, contraction of the D4Z4 repeat array occurs, 

causing a decrease in methylation and a possible increase in DUX4 gene expression [3]. Third, there has 

to be a chromosome carrying a pLAM1 polyadenylation site (A variant) [3]. When all three criteria are 

met, there occurs transcription and ultimately the expression of the DUX4 gene, leading to pathologies 

that encompass FSHD [3]. FSHD is currently managed through the use of steroids and physical therapy; 

however, it is an incurable disease that results, over time, in total loss of functional motility [3]. As there 

is no cure for FSHD, more studies of the disease mechanisms and progression are warranted.  

 Traditionally, studies to understand muscle biology and pathology have been done on animal 

muscle models using rodents, zebrafish, or drosophila [4]. However, animal models do not replicate the 

severity of human diseases or predict drug responses accurately [4]. The use of muscle biopsies from 

healthy and diseased humans is limited by tissue availability and other ethical considerations [4]. 

Working with immortalized cell lines offers a solution for such issues, as they are capable of proliferating 

indefinitely under the proper conditions, which makes this method cost-effective and simple to use [4,5]. 

For example, immortalized cell lines from the Yokomori group allow for culturing with consistent cells 

and provide a comparable control for investigating the mechanisms involved in FSHD [6]. The 

integration of these cell lines into a reproducible in vitro model would allow for the examination of both 

physiologically relevant skeletal muscle structural and functional properties. 

 In order to have an in vitro model with myotubes that are aligned, organized, and show mature 

contraction, further studies are warranted [1]. Such factors are influenced by their microenvironment of 

which the Extracellular Matrix (ECM) and Basement Membrane (BM) are some of the most important 

[7]. Skeletal muscle cells naturally produce and adhere to the ECM, which provides chemical and 

mechanical structures essential for the cells’ development [7]. The BM makes up a thin layer of the ECM, 

which influence the proliferation, differentiation, and migration ability of cells [7]. The BM is made up of 

a variety of proteins: collagens (dominated by collagen IV), laminins, fibronectin, and proteoglycans 

(formed by glycosaminoglycans) [7]. A form of the BM (e.g., Geltrex, Matrigel) composed of these 

proteins is available to purchase and is used to simulate the cell’s native environment when culturing cells 

for  in vitro models [7]. Three common approaches to culturing aligned myotubes include electrospinning, 
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bioprinting, and micropatterning [8]. Electrospinning applications use electrostatic forces to generate 

nanofiber-hydrogel scaffolds for cells to grow on, as demonstrated by Kim et al. with graphene [9]. 

Bioprinting techniques generate scaffolds with a thermo-responsive polymer to induce myotube 

formation, as shown by Du et al.[10]. The simplest technique uses ECM coated PDMS stamps to transfer 

micro-patterns onto substrates to grow myotubes in a specified direction, as displayed by Duffy et al. 

[11]. The studies that use these methods confirm the importance of geometrical cues along with the ECM 

for engineering mature myotubes in 2D, however previous work has found these approaches can produce 

immature myotubes that often delaminate before the end of differentiation. Models with such issues 

provide data with limited physiological relevance [8,12]. By further optimizing the design to best promote 

cell growth and differentiation so that spontaneous or induced twitching in mature myoblasts can occur, a 

muscular thin film approach can be utilized to obtain relevant force measurements [13]. 

 Even with updates to the microenvironment, relatively stiff 2D substrates do not completely 

mimic the complex 3D environment of native muscles [1]. Further, 2D cultures confine cells to a planar 

environment and restrict more complex morphologies seen in vivo [14,15]. Instead, a 3D system provides 

a better representation of normal cell behavior with longer culture times and the ability to recreate 

physiological composition in terms of size, protein content, and spontaneous twitching [1,16]. Therefore, 

in recent years tissue engineering strategies have been developed to create optimal environments for the 

generation of 3D in vitro cultures that promote fusion and maturation of myoblasts into myotubes. 

Previous models have tried natural and synthetic materials like fibrin [16], alginate [17], or 

polycaprolactone (PCL)-based polymers [18] to create hydrogels in combination with nanofibers, 

anchors, or chemical surface patterns. Moreover, hydrogels with specific stiffness, electrical conductivity, 

polymeric compositions, and soluble factors have been developed to improve cell differentiation [19]. 

However, the majority of the studies done to engineer in vitro skeletal muscles use rodent skeletal muscle 

cells and even fewer use primary myogenic human cells [1, 20]. Furthermore, tuning the material 

properties of hydrogels has proven difficult, as they degrade and contract rapidly, and often have large 

variability between each set [14]. Mannhardt et. al. has created a technique that relies on the assembly of 

a hydrogel containing cardiomyocytes between elastic polydimethylsiloxane (PDMS) posts in a 24-well 

plate format to culture myobundles which can be maintained under tension for weeks [21].This method is 

reproducible and easily replicable and has proven to work well in creating force-generating in vitro heart 

tissues [21]. But it is not known if this strip format can be implemented for skeletal myoblasts to form 

myobundles. If possible, 3D muscle bundle could be used to measure force for the evaluation of 

functional performance in response to therapeutic treatments [22].  

 This thesis will share the progress made in advancing 2D and 3D in vitro skeletal muscle model 

designs using immortalized human skeletal muscle cells. These models play an important role in disease 

modeling and drug therapy development. In the following chapters we will discuss the approach taken to 
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culture aligned skeletal myotubes in 2D and grow mature myobundles in 3D to extract relevant structural 

and functional data as it relates to FSHD. 

Chapter 2: 2D MODELING 

COMMON METHODS 

Silicon Wafer Preparation 

Stamp patterns were created on Adobe Illustrator (Adobe Systems Inc.) and were etched into 5 in. X 5 in. 

chrome with sodalime glass masks by a third-party vendor (FrontRange Photo Mask Co., Palmer Lake, 

CO). Silicon wafers were made through the SU-8 deposition using the glass masks in the Bio-Organic 

Nanofabrication Facility at UCI [23]. 

Seeding and Culture  

Cardiomyocytes 

Neonatal rat ventricular cardiomyocytes were obtained from harvest. Cardiomyocytes were cultured in 

MEM, 2% FBS, and 1% AB. After harvest, cardiomyocytes were either seeded directly onto patterned and 

isotropic stamps or used for the creation of 3D hydrogel bundles [24]. 

Skeletal Myocytes 

Expressions of hTERTwith p16INK4a -resistant R24C mutant CDK4 and cyclin D1 were induced in human 

myogenic cells. Combined expression of the three genes efficiently immortalized normal human myogenic 

cells.  Cells were confirmed to have an efficient differentiation into myotubes, with 2 clones going as far 

as showing spontaneous twitching after 7-14 days [25]. Myoblasts were grown and differentiated as 

described previously [6]. To summarize, cells were grown with growth media which consisted of 

(Dulbecco’s Modified Eagle Media (DMEM (Gibco)) with 20% Fetal bovine Serum supplement (FBS 

(Omega, Scientific, Inc.)), 1% Pen-Strep (Gibco) and 2% Ultrasor G (Crescent Chemical Co.)). 

Differentiation was induced using differentiation media which consisted of high glucose DMEM 

supplemented with 2% FBS and ITS supplement (insulin 0.1%, 0.000067% sodium selenite, 0.055% 

transferrin, 51300044 Invitrogen). Myocytes were either seeded directly onto patterned and isotropic 

stamps or used for the creation of 3D hydrogel bundles. Cells were provided for experimentation by the 

Yokomori lab [6]. 

2D METHODS 

Creating Stamps 

Polydimethylsiloxane((PDMS), Sylgard 184, Dow Corning) was prepared in a 1:10 curing agent to 

elastomer base ratio. Stamps were made by pouring PDMS onto a wafer in a petri dish until the desired 

thickness was reached. Stamps used for the 2D model were ~ 0.3 cm in thickness. The petri dish is placed 

uncovered in a vacuum desiccator to remove any air bubbles from the PDMS. Once air bubbles are 
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removed, the petri dish is left at 65°C overnight to allow the PDMS to cure. The next day, the cured PDMS 

was carefully peeled from the wafer and cut into stamps. 

Isotropic stamps were created in a similar fashion, PDMS was poured directly into a petri dish without a 

wafer. Once the air bubbles were removed and it was cured overnight, the PDMS was cut into 1.5 cm X 1.5 

cm sized squares.  

Seeding on PDMS micro-grooved surfaces 

To generate aligned myotubes on our PDMS substrate, Geltrex (ThermoFisher) was used for the ECM. 

Geltrex was removed from the -20°C freezer and placed in the 4°C refrigerator for one hour prior to use. 

Cold Geltrex was mixed with cold DMEM to a selected ratio and gently mixed by pipetting up and down 

in sterile conditions. This solution is kept in an ice bath until use. From past research, 1:40 ratio was found 

to be the optimal concentration for prolonged patterned culture and 1:129 ratio was found to be the 

minimum required for prolonged isotropic culture [26]. PDMS stamps with 100µm lines separated by 20 

µm gaps (100X20), 50 µm lines separated by 20 µm gaps (50X20), and no pattern (isotropic) were sonicated 

in 95% ethanol for 30 minutes. Stamps were dried using the nitrogen gun and placed pattern side up on a 

petri dish. Stamps were then ultraviolet-ozone (UVO) treated for 8 minutes. 250 µl of the Geltrex mixture 

was pipetted on to the surface of the patterned side of the stamp or in the case of isotropic one side of the 

stamp. Stamps were covered and left at room temperature to incubate for 90 minutes. Then, excess mixture 

was removed, and a nitrogen gun was used to dry the stamps. Forceps were used for handling the stamps. 

The coated PDMS stamps are placed in a well plate and rinsed with Phosphate Buffered Saline (PBS, 

ThermoFisher) three times. On the third wash, stamps were submerged in PBS and stored in 4°C until cell 

seeding. Stamps can be stored for up to 2 days. Myocytes were seeded directly onto patterned and isotropic 

stamps at a seeding density of ~2.5X105 cells/ml in 2 mL of growth medium. After 12-16 hours, cells were 

switched to differentiation media. Media was switched daily. Refer to Figure 1A. 

Fixing and Immunostaining 

Fixing freezes intracellular structures in place and permeabilizes cell membranes to allow antibodies access 

during staging which can then be visualized through immunofluorescence [27]. The stamps were washed 

with warm PBS 3 times. A solution of warm 4% paraformaldehyde (PFA, VWR) mixed with 0.0005% 

Triton X-100 (Sigma-Aldrich) was added to each stamp and incubated for 10 minutes at room temperature. 

4,6-Diamindino-2-Phenylindole Dihydrochloride (DAPI (ThermoFisher)), AlexaFluor 488 Phalloidin 

(ThermoFisher), and Mouse monoclonal anti-alpha-actinin (Sigma Aldrich Inc.) were used as primary 

antibodies for nuclei, actin, and sarcomeric alpha-actinin, respectively. The fixed cell side of the stamps 

were placed in a solution of the stain and PBS for 1 hour at room temperature. The stamps were washed 

with PBS 3 times to reduce background staining before being stained with the secondary antibody solution 

for 1 hour at room temperature. Goat anti-mouse IgG secondary antibodies (Alexa Fluor 633 
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(ThermoFisher)) were used as the secondary for the alpha-actinin primary antibody. Then the coverslips 

were washed with PBS 3 times once again before mounting. 

Mounting  

Microscope Slide 

A small drop of Prolong Gold Antifade Mountant (ThermoFisher) was placed onto the microscope glass 

slide. Then the cell side of the stamp was placed onto the drop of the prolong gold. Each side of the stamp 

was coated with clear nail polish to ensure they adhere to the microscope slide and left covered overnight 

to dry at room temperature. The next day, the microscope slides are moved to a slide box to be stored in the 

-20°C freezer. Refer to Figure 1B for visual. 

Coverslip 

A small drop of Prolong Gold Antifade Mountant (ThermoFisher) was placed onto a glass coverslip. Then 

the cell side of the stamp was placed onto the drop of the prolong gold. The unpatterned side of the stamp 

was placed on to the microscope slide. Each side of the stamp was coated with clear nail polish to ensure 

they adhere to the microscope slide and left covered overnight to dry at room temperature. The next day, 

the microscope slides are moved to a slide box to be stored in the -20°C freezer. Refer to Figure 1B for 

visual.  

Figure 1: 2D Model Design. (A) Schematic of the method used for seeding cells onto PDMS substrates with an ECM. 

(B) Different method for mounting PDMS stamps onto microscope slides for imaging purposes, (i) Stamp is imaged 

directly through microscope slide, (ii) Stamp is imaged though a glass coverslip 

B 

A 
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Imaging 

Immunostained stamps were imaged on the IX-83 inverted motorized microscope ((Olympus 

America, Center Valley, PA) (Dreamscope)) and under a confocal microscope by the collaborator. 

2D RESULTS 

A 2D model can be used to examine cellular structure, alignment, and functionality of skeletal 

muscles [4]. However, to achieve this, a robust and confluent monolayer is essential. Previous work found 

that using Geltrex yielded the highest confluency compared to some other ECMs on PDMS coated glass 

coverslips [26]. Yet attempts at differentiating myoblasts into myotubes was met with delamination issues 

early on in the culturing process (Figure 2A) [26].  

A 

B 

C 

Figure 2: Immunostained myocytes seeded on patterned or unpatterned PDMS substrates. Stained for alpha-actinin (red), 

actin (green), nuclei (blue). (A)  Myocytes seeded and differentiated into myotubes onto PDMS coated glass coverslips until Day 

8. (B) Myocytes seeded and differentiated into myotubes on micro-grooved PDMS stamps until Day 8. Seen at 4X magnification. 

(C) Magnified view of Immunostained myotubes. 
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Indeed, during the course of differentiation, the myotube population were greatly diminished by Day 4 of 

the culture time (Figure 2A). At this point, it was unclear if the detachment was caused by (1) incorrect 

Geltrex density or (2) if under the current patterned conditions, myotubes were becoming too strong and 

Geltrex was no longer sufficient to keep them attached. To better understand this issue, cells were seeded 

directly onto PDMS patterned stamps, creating a physical micro-groove pattern.  

Myocytes were seeded onto 50X20 micro-grooved PDMS surfaces, 100X20 micro-grooved PDMS 

surfaces, or isotropic flat surfaced PDMS surfaces coated with Geltrex (Figure 2B). The myocytes 

underwent the differentiation protocol and were observed for 14 days before being fixed and stained. PDMS 

patterned surfaces were stained for alpha-actinin (red), actin (green), and nuclei (blue). It was observed that 

the difference in pattern width did not show any difference in the amount, length, or direction of the 

myotubes that were present. From the staining, it is clear that the myotubes did grow in the direction of the 

pattern, whereas they were isotropic in the absence of patterning.  

Procuring a clear image of the stamps on the Dreamscope proved to be difficult, especially at 40X 

magnification precluding images of striated tissues. The second mounting option—in which imaging the 

stamp directly through a coverslip rather than a microscope slide—was done in hopes of resolving technical 

issues and providing a clearer image of the myotubes. While this did resolve some of the technical 

challenges that were faced as seen on Figure 2C of a 40X magnification with oil on the Dreamscope, issues 

with background staining still prevented clean images. Images from the Dreamscope did show diffuse 

sarcromeric alpha-actinin staining, however striations were not seen. 

Images of the cells growing on the grooves of patterned and unpatterned PDMS stamps were also 

taken with the confocal microscope by our collaborators (Figure 3). Results confirmed the myotubes grown 

on PDMS had overall less detachment over the course of differentiation compared to what was observed 

on the patterned and unpatterned PDMS spin coated coverslips (Figure 2A). Myoblasts appeared to be 

spreading, elongating, and aligning according to the pattern, as expected. Alpha-actinin was not able to be 

seen on these images, so the formation of mature myotubes remained unclear. However, this was a positive 

step forward in our attempt to grow skeletal muscles in a confluent monolayer. 

Figure 3: Immunostained myotubes imaged under the confocal microscope. Stained for actin (green), nuclei (blue). 
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2D DISCUSSION AND FUTURE WORK 

Robust and durable in vitro 2D models designed to identify mechanisms of skeletal muscle 

development, degeneration, and disease are needed [12]. However, skeletal myotubes delaminate from 

ECM coated substrates after one week of culture [12,26]. Delamination issues prevent the use of engineered 

constructs for long term studies of skeletal muscle development as well as their use in measuring force. In 

our study, we saw significant improvement in maintaining aligned skeletal myotubes for 2 weeks by 

utilizing micro-grooved PDMS surfaces coated in Geltrex as culture substrates. While there was less 

detachment and better elongation of the myotubes using this method, the issues were not completely 

alleviated. There was still delamination present and no twitching was seen, implying the myotubes were 

not mature. These results suggest that both, the substrate, and ECM play an important factor in the ability 

of the cells to grow confluently. 

Previous work by Engler et al. showed myotube striation is dependent on substrate stiffness, 

whereas fusion into myotubes occurred independent of substrate flexibility [28]. Indeed, cells patterned on 

stiffness between 8 kPa and 11 kPa was found to be the optimal substrate modulus for forming striated 

myotubes [28]. Subsequently, native elastic modulus of native skeletal muscle has been reported within an 

elastic modulus of 10–50 kPa [12]. In our case, our PDMS micro-grooved surfaces are estimated to have a 

stiffness of ~2503 kPa [12] while glass coverslips have an estimated stiffness of ~72,900 MPa [29]. As this 

is quite different than what is suggested as the optimal condition, this could be a potential explanation to 

why we are able to see improved adhesion on the PDMS surfaces rather than glass surfaces yet are still 

unable to see any striations on the myotube. In the future, growing cells on varying PDMS stiffness could 

be tried. Because there is already an improvement seen with attachment, a softer substrate could provide a 

more ideal environment for the myocytes to differentiate on. This could potentially resolve any remaining 

issues with detachment and allow for mature myotubes to develop.  

The second part to improving myoblast growth and differentiation in our 2D model would be to 

explore different ECM options. We know the ECM plays a critical role in the proliferation, differentiation, 

and migration of cells [7]. Due to lack of integrin adhesion sites and the hydrophobicity of PDMS, cells 

adhesion to PDMS alone is low [12]. Our previous findings proved using Geltrex as the Basement 

Membrane Matrix instead of Fibronectin provided better attachment on glass coverslips, and this was even 

further improved on PDMS micro-grooved surfaces [26]. The next step could be using Genipin as a 

crosslinker between Geltrex and PDMS. Genipin, is derived from the extract of Gardenia jasminoides Ellis 

fruit and has been shown to have low cytotoxicity and high compatibility for engineering skeletal muscles 

[30]. Gattazzi et al. have demonstrated cells cultured on PDMS substrates with Gelatin and Genipin 

substrates had a stiffness of 13 kPa and maintained confluency for 7 days [30]. Adapting this method of 

using Geltrex and GP simultaneously onto micro-grooved surfaces or glass coverslips has potential to retain 

the alignment, elongation, and fusion of myoblasts for a longer period of time. 
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Chapter 3: 3D MODELING 

3D METHODS 

Post and rack 

Post racks and spacers used to generate 3D bundles were purchased from EHT Technologies GmbH [31]. 

The post racks are made from Sylgard 184 silicone elastomer (Dow Corning) and contain 4 pairs of posts 

that fit into a 24 well plate. The spacers are made from Polytetrafluoroethylene (PTFE) and are used to 

produce casting molds. Prior to use, posts and racks are boiled in water for 30 minutes and autoclaved for 

sterilization.  Images and dimensions for both can be found in Table 1. 

Material Dimensions Measurements 

Rack 

 

Rack Length 79.0 mm 

Rack Width 18.5 mm 

Post Length 12.0 mm 

Post Diameter 1.0 mm 

Distance       

(center to center) 
8.5 mm 

Spacers 

 

Length 12.0 mm 

Width 3.0 mm 

Height 13.5 mm 

Table 1: Images and Dimensions of Post Racks and Spacers. (A) Racks with PDMS posts to grow hydrogel bundles between. 

(B) Teflon Spacers to form Agarose molds. 

Generation of hydrogels 3D bundles 

Prior to experiment day, pipette tip-boxes were chilled in the 4°C refrigerator overnight. A solution 

of 2% agarose dissolved in PBS and stored in the oven overnight. On experiment day, Matrigel (Corning) 

and Thrombin (Sigma-Aldrich) aliquots were removed from the -20°C freezer and placed in the 4°C 

refrigerator. Ice is added to two Ziplock bags to make two “ice packs''. The larger ice pack keeps the 24-

well plate cold. The smaller ice pack keeps the Matrigel, Thrombin, and Eppendorf tubes cold. From the 

specifications, Corning Matrigel matrix gels at 37°C but remains a liquid at 4°C. Therefore, Matrigel is 

kept in the smaller ice pack to avoid premature gelling. Similarly, all hydrogel mixtures are kept cold, to 

avoid gelling before getting placed between the agarose slots. Using a Ziplock bag maintains sterility and 

avoids any contamination that occurs from direct contact with ice.  

Casting molds were prepared by placing 1.6 mL warm agarose to a sterile 24-well plate and adding 

the Teflon spacer. This was covered and kept on top of the ice pack as mentioned above to allow the plate 

to stay cold and speed up the gelling process during the rest of the set up. Agarose was gelled when it turned 
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opaque from translucent. The spacer was removed slowly, pulling straight up to ensure agarose slots were 

not disrupted.  

To generate hydrogel bundles, a solution of fresh 50 mg/mL Fibrinogen (Sigma Aldrich) with 25 

mg/mL Aprotinin dissolved in 0.9% NaCl (Sigma Aldrich) was made and kept at room temperature. Cells 

are counted and adjusted to obtain the desired quantity of myoblasts per 44.2 µL of growth media. 

Additional growth media and PBS was also needed for the hydrogel mixture and kept at room 

temperature.  The mixture was prepared in separate Eppendorf tubes for each bundle. This consisted of 

adding 44.2 µL cell solution, 26 µL Fibrinogen, 14.3 µL PBS, and 14.3 µL additional growth media to each 

Eppendorf tube. Ratio of each components in the hydrogel was determined by work done by Madden et al. 

[16]. The Eppendorf tubes are placed on ice to cool. 26 µL Matrigel was added to all cool Eppendorf tubes. 

5.2 µL of Thrombin was added to each tube last, and the mixture is mixed slowly to avoid warming. When 

thrombin is mixed with fibrinogen, it forms a fibrin mesh that we can use to polymerize our hydrogel [32]. 

130 µL of the hydrogel mixture was pipetted into the agarose slots for each bundle. Before the post rack 

was placed into each hydrogel mixture, Fibrinogen was added to each post edge to help with hydrogel 

adhesion. Once all post racks were in the hydrogel mixtures, the well plate was kept in incubator for 4 

hours. At the 2-hour point, 300 µL of growth media was added to each well before placing it back into the 

incubator. At 4 hours, the rack posts were removed from the agarose slots slowly. The hydrogel bundles 

should have formed between the two posts. The racks were transferred to a new 24-well plate with ~1.5 ml 

fresh growth media for each bundle. 

 After 4 days of culturing with growth media, differentiation media was used for at least 14 days, 

with media changes every other day. 10.1 µL/mL of 1% fresh ITS supplement and 33 µg/mL of Aprotinin 

was added to the differentiation media prior to media change each time.  

Fixing and Immunostaining 

The hydrogel bundles were washed with warm PBS 3 times. A solution of warm 4% 

paraformaldehyde (PFA, VWR) mixed with 0.0005% Triton X-100 (Sigma-Aldrich) was added to each 

bundle and incubated overnight. Bundles are washed with PBS 3 times prior to staining. 

 4,6-Diamindino-2-Phenylindole Dihydrochloride (DAPI (ThermoFisher)), AlexaFluor 488 

Phalloidin (ThermoFisher), and Mouse monoclonal anti-alpha-actinin (Sigma Aldrich Inc.) were used as 

primary antibodies for nuclei, actin, and sarcromeric alpha-actinin, respectively. Agarose molds were made 

in 24-well plates and a staining solution consisting of the stains and PBS was added to each mold. The 

bundles were kept inside each mold for 1 hours at room temperature. Having the mold helped to fully 

submerge the bundle around the stain. The hydrogel bundles were washed with PBS 3 times to reduce 

background staining before being stained with the secondary antibodies solution for 1 hour at room 

temperature. Goat anti-mouse IgG secondary antibodies (Alexa Fluor 633 (ThermoFisher)) were used as 
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the secondary for the alpha-actinin primary antibody. Then the bundles were washed with PBS 3 times once 

again before mounting onto a microscope slide or looked at under the confocal directly. 

3D RESULTS 

Bundles were first created with and without cells using the original hydrogel concentrations used 

for Velcro bundles (Figure 4). This technique had initial issues with (1) bundles not attaching after 

incubating for 2 hours on one or both ends of the posts or (2) the bundles that had attached originally, 

detached from the posts with prolonged cultures time. 

Experiments done to improve these issues focused on the manner in which the hydrogel bundles 

were formed and the components of the hydrogel itself. Specifically, premature gelling was improved by 

preparing each hydrogel bundle mixture individually in Eppendorf tubes, all materials were chilled, the 

pipettor was not pipetted all the way down to avoid introducing air bubbles to the hydrogel, the post rack 

was placed into the hydrogel mixture, incubation time and total hydrogel volume was increased, and 

Figure 5: Hydrogel Bundles grown and differentiated between two posts. Hydrogel bundles created  (A) without cells or (B) 

with cells showed initial or prolonged attachment issues. (C) Formed bundles seen inside well plate that did not attach to posts, 

circled in Black. 

 

 Figure 4: Hydrogel bundles grown and differentiated between PDMS posts during culture time. Hydrogel bundles were 

created with Matrigel, Fibrinogen, PBS, B041 or D011T cells, cell culture media, and Thrombin. Left: 2 out of the 2 bundles 

created stay attached Posts had fibrinogen. Right: 2 out of the 4 bundles created stayed fully attached. Posts did not have 

fibrinogen. 
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fibrinogen was added along the post edges for better attachment. Detailed explanation of experiments done 

and changes that were implemented can be found in the Appendix A.  

Figure 5 shows bundles formed after incorporating these changes. Two out of the two hydrogel 

bundles attempted with the B041 cells formed and stayed attached through the entire differentiation period. 

Four out of the four hydrogel bundles attempted with the D011T cells formed. However, these bundles 

started falling off the posts towards the end of the differentiation. This was attributed to the fact that  

fibrinogen was not used on the post edges on this particular rack. From the experiments, it seemed that 

without some sort of ECM coating on flexible PDMS posts, the hydrogel bundles would not adhere well.  

Hydrogel bundles created with cells no longer had initial attachment issues and formed between 

the posts with multiple replicates. As cells began to grow and spread, they remodel the hydrogel matrix. As 

seen in Figure 6A, the hydrogel bundles formed with cells had shown distinct narrowing of bundles with 

culture time. Figure 6B shows images of the D011T cell bundles under 20X and 40 X magnification. The 

hydrogel bundles were made with ~44,000 cells in each bundle. A confluent layer of cells was not seen in 

the hydrogel at Day 13 of differentiation which could have contributed to the lack of spontaneous twitching. 

Figure 6: Microscope Images of myobundles observed during the culture time. (A) Bundles show narrowing of the hydrogel 

during culture. Arrows point to air bubbles (B)  Magnified view of myobundles shows myoblasts forming elongated tube-like structures 

(C) Immunostained image of bundle, showing cells starting at the surface and going deeper into the hydrogel. Z axis 160 µm. 

Immunostained with DAPI (nuclei) and actin (green).  

B

 

C
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Further evidence of lack of confluency was seen on Images of the bundles stained for actin and DAPI 

(Figure 6C). Cells showed a reduction in cell density deeper in the hydrogel bundle whereas the surface of 

the bundle showed better fusion and elongation of the myocytes. 

After increasing number of cells per bundle from ~44,000  to ~230,000 (~5 times the amount), 

spontaneous twitching was observed on Day 11 of culture time (Figure 7). However, on Day 11 and Day 

12  most of the hydrogel bundles degraded and were no longer attached to the posts or even present in the 

well. The spontaneously twitching bundle was seen to be barely hanging on, and when the post rack was 

picked up for the media change it was no longer attached. As there was no longer any hydrogel bundle 

present, the full differentiation day was never reached, and bundles could not be fixed or stained for further 

analysis.  

 Increasing the number of cells that were included in the hydrogel bundle from ~230,000 to 

~820,000 (~3.5 time the amount) in the D011T cell line, the cells overtook the space in the hydrogel. Under 

the microscope the cells could not be seen like usual, instead only the outline of the hydrogel could be seen 

(Figure 8). However, by Day 9 the bundles detached from the post without any twitching observed. Using 

the B041 cell line, there were ~330,000 cells in each bundle. Under the microscope these bundles could be 

observed to show cells growing and spreading throughout the culture time. By Day 10, light twitching was 

observed but there were gaps forming in the hydrogel where the bundle would eventually come off.  

Figure 7: Microscope Images of myobundles that showed spontaneous twitching.  Microscope images at different 

magnifications showing bundles during different days of culture. Day 11 was bundle during spontaneous twitching. 
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 It is unclear if the hydrogel detachment was caused by the lack of attachment to the PDMS posts 

or rather the cells were ripping the hydrogel in places of highest stress (areas near the post). To better 

understand this, hydrogel bundles were created with Genipin or Fibrinogen coated on the PDMS posts with 

~ 250,000 cells per bundle. Each bundle was kept in either growth media for all of the culture time or 

switched to differentiation media after the fourth day of culture (Figure 9). The hydrogel bundles that used 

Genipin had a slight blue tint. On Day 9, the bundle attached with Genipin and switched to differentiation 

media started showing breakage in the hydrogel near the post attachment site and completely unattached 

on Day 10. The bundles attached with Genipin or Fibrinogen and kept in only growth media did not show 

any sign of detachment. The bundle attached with Fibrinogen and switched to differentiation media 

(control) also stayed attached the entire culture time but showed no sign of spontaneous twitching.  

Figure 8: Microscope Images of hydrogel bundles made with increased cell density (~820,000 cells). With 

increased cell concentration, bundle detail could not be seen under microscope.  By Day 9 hydrogel bundle was no 

longer attached between both posts.  

Figure 9: Hydrogel bundles attached with Fibrinogen or Genipin cultured in Growth media or Growth media and 

differentiation media. Bundles cultured with differentiation media and Genipin broke off before full culture period but all other 

hydrogels remained intact. 
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3D DISSCUSION AND FUTURE WORK 

Previous attempts to create a reproducible 3D model design involved a Velcro channel and frame 

that would be used to grow myobundles. The hydrogel would be seeded into the channel and then removed 

after four days, so that only the myobundle was left attached to both sides of the frame. However, this 

design was cumbersome to reproduce since it involved manually cutting pieces of Velcro and sticking them 

into the frame so that it would sit tightly. To resolve this issue, racks and spacers were purchased from EHT 

technologies. Each rack had a pair of flexible posts that were equally spaced to fit in a 24-well plate, so that 

4 bundles could be made in a row. Because the racks were reusable, this helped to solve the issue of 

reproducibility that was faced when using the Velcro design and allowed for consistent bundle formation. 

However, the EHT technologies post and racks were originally designed to be used to create in vitro heart 

tissues. We tried to adapt its usage for growing skeletal muscle tissues with a modified Velcro protocol as 

a basis for the hydrogel mixture. With improvements made to the methodology, we were able to repeatedly 

make hydrogel bundles that attached initially and stay attached over the course of differentiation. Some 

experiments even led to spontaneous twitching being seen. However, there is still work to be done so that 

the cells produce fully differentiated and mature myobundles. 

 According to Madden et al.—whose protocol was adapted for the Velcro bundles protocol—

1.34X106 skeletal muscle cells per 34.4 µl growth media is required. If we followed this ratio, each of the 

hydrogels would require 1.74X106 cells per 44.2 µL. As a result, cell amount was gradually increased 

during bundle experiments, from  ~44,000 to ~230,000 to ~820,000 cells in each. At the lower cell seeding 

density, bundles were able to stay between the posts for the full differentiation period, but no spontaneous 

twitching was observed. Moreover, the immunostained images showed that the bundles were not fully 

differentiated, especially inside the hydrogel (Figure 6C). At the higher cell seeding density, it was 

impossible to see anything in the bundle, only the outline of the hydrogel could be observed. Additionally, 

the bundles broke off from the posts by Day 9. However, bundles formed with ~230,000 - ~330,000 cells, 

showed spontaneous twitching but also broke off of the posts or became extremely thin before the full 

differentiation period. Further analysis on the hydrogel structure must be done.  

From the degradation seen by the hydrogel bundles, it was unclear if the issue had to do with the 

hydrogel not being attracted to the PDMS post or if the hydrogel was tearing in areas of higher stress as a 

result of contractile forces produced by the cells. To test the first idea, Fibrinogen and Genipin was added 

to the post during bundle creation to help the hydrogel better stick between the two posts. As mentioned 

previously in the 2D section, cell adhesion directly to PDMS is low due to the lack in integrin adhesion 

sites so using an additional substrate could help with attachment. Bundles grown in Fibrinogen or Genipin 

and cultured in growth media stayed attached to the posts for the full 14 days of culture, but the bundle that 

used Genipin and was cultured in differentiation media started to tear on Day 9 of culture. The bundle that 

was attached with Fibrinogen and cultured with differentiation media stay attached for the full 14 days but 
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did not show any spontaneous twitching. These findings suggest that the issue might not be with the 

attachment to the PDMS posts itself, as the hydrogel remained attached in cases with growth media only. 

Instead, the contractile forces in the hydrogel might me placing higher stress on the areas closest to the 

posts which could be attributed to the breakage seen.  

Another explanation to the hydrogel breakdown that was seen could be attributed to Matrix 

metalloproteinase (MMPs). Different MMPs are cell-secreted enzymes that degrade ECM molecules and 

release codes for biological activities essential for cellular processes [33]. Findings by Player et al. showed 

an increase in MMP-9 levels in 3D tissue-engineered skeletal muscles that had a mechanical load applied 

[33]. In our model, myobundles are grown under uniaxial tension between the two PDMS posts which could 

attribute to an uncontrolled amount of MMPs being released by cells. This could act as an explanation as 

to why the hydrogel is degrading over the culture time. However, further investigation into this possibility 

would need to be done to confirm this hypothesis.  

Currently, Aprotinin was added to the media to help stabilize the hydrogel at a concentration of 33 

µg/ml [22]. Aprotinin has been shown to inhibit the natural degradation of fibrin, however since there are 

still issues, future studies looking into increasing the concentration of Aprotinin would be beneficial [22]. 

Furthermore, looking into a different substance that can be added to the hydrogel itself to increase the 

stabilization would be useful. 

Once hydrogel degradation issues are alleviated and bundle are properly contracting, forces can be 

measured manually through the movement of the posts. Force (F) generated by the myobundle is calculated 

using the equation F= 3πEa4δ/4L3, where E is the elastic modulus of the posts (2.6 kPa), L is the length of 

the posts, a is the radius of the posts, and δ is the deflection of the posts [34,35]. 

Chapter 4: CONCLUSION 

This thesis discusses the work done to create an accurate and reproducible 2D and 3D in vitro skeletal 

muscle models. In 2D, we have seen an improvement in maintaining aligned skeletal myotubes for up to 2 

weeks of culture on PDMS micro-grooved surfaces. In 3D, we have created a replicable method for 

growing hydrogel bundles that form between 2 PDMS flexible posts. Once the models have been 

optimized, they can be used to investigate functional and structural properties of human skeletal muscles.  
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Appendix A: Detailed Updates to 3D Hydrogel Bundles 
Premature Gelling 

 Previously, the entire volume hydrogel mixture needed for every bundle was mixed into one 

conical tube and kept on ice to ensure materials were uniformly mixed and remained liquid. However, 

when this was done the entire mixture gelled up too quickly and became un-pipetable. To fix this issue, 

each bundle mixture was made in separate Eppendorf tubes to avoid rapid gelling and wasting material in 

further experimentation.  
Air Bubbles 
Air bubbles forming around the edge of the posts may have contributed to the lack of attachment 

to the posts. When the mixture was added into the agarose slots the pipette tip was not pushed down all 

the way so that excess air would not be introduced to the hydrogel. 
 Post Rack Placement 

EHT technologies recommended that the post racks already be sitting in the agarose slots at room 

temperature and then the cold hydrogel mixture be pipetted into the slots, so that it gels around the posts. 

However, because of the hydrogel attachment issue to the posts that we were seeing,  pipetting the 

hydrogel into the agarose slots first and then adding in the post was tried. It was thought that this new 

technique could help the hydrogel to better form around each post and therefore adhere better. 
Chilling Well-Plate 
 We also hypothesized keeping the 24-well plate and the agarose slots cold would ensure that the 

hydrogel mixture would not gel up before all the slots had the hydrogel pipetted and the post rack could 

be introduced. To test this, the 24-well plates would be chilled on ice after the spacers were added to the 

agarose. Based on initial attachment, bundles repeatedly formed better when the post was added to the 

slots after the hydrogel mixture was already pipetted in. It is important to note that all ice used during the 

creation of hydrogel bundles should be placed in a Ziplock bag, and then kept in an ice bucket. There 

were issues with contaminations that occurred previously, likely from the well-plate directly touching the 

ice that were resolved once the Ziplock bag was introduced.  
Incubation Time 
The previously worked on Velcro bundles had stayed adhered to the channel for 4 days before 

being removed however this would not be possible for us, since the agarose would get contaminated in 

the incubator. Instead, the incubation time was changed to 4 hours, with the addition of growth media to 

each well at the 2 hours point to keep the cells alive.  
Bundle Volume 
Because of the attachment issues that were faced, or the detachment of the bundle with culture 

time, the volume of the hydrogel was changed from 100 µl to 130 ul. An experiment done by EHT 

technologies had a hydrogel volume to be 150 µl so we knew that the posts could withstand a larger 

volume.  
ECM to Posts 
Adding Fibrinogen or Genipin (~4ul) to the post head and body was hypothesized to act as a 

“glue” for better attachment.  

 

 

  



 

21 
 

Appendix B: 2D Design Protocol 
Prepare Thin Stamps 

1. Pour 30-40 grams Slygard 184 elastomer base and 3-4 grams curing agent into cup 

2. Degas PDMS 

3. Pour PDMS onto silicon wafer with desired pattern 

4. Degas in vacuum dessicator 

5. Bake (4 hours min),  

6. Cut out of petri dish, cut out each stamps 
Prepare stamp with Geltrex 

1. Remove Geltrex from -20C and defrost in 4C overnight 

2. Place Geltrex on beaker of ice for one hour 

3. Sonicate the stamps (95% EtOH) for 30 minutes 

4. Geltrex was mixed with DMEM to the desired ratio. Pipette mixture up and down gently. Place in 

ice. Mohamed did 1:40 (650 ug/ml) for patterned and isotropic (Geltrex: DMEM ratio). Kirby did 

1:40 for patterned and 1:129 (200 ug/mL) isotropic 

5. Place all stamps on petri dish patterned side up 

6. Place stamps in UVO machine on petri dish 

7. Move petri dish into hood 

8. Move stamps to a well plate 

9. 250uL of Geltrex mixture placed directly on top of stamp  

10. Wrap in petri dish with parafilm, wait 60 min in 37C for incubate 

11. Remove excess Geltrex and dry with nitrogen gun 

12. Wash with PBS 3 times 

13. Seed immediately after or store in 4C refrigerator up to 2 day 

Prepare stamps with Fibronectin 
1. Dilute with water to get 1:40. 250 µl of fib and 750 µl water plus an additional 9 mL of water.  

Fixing and Immunostaining 
1. Wash with warm PBS 3 times 

2. Mix 4% PFA VWR with 0.0005% TX100 solution and warm 

3. Submerge stamps with solution 10 min 

4. Wash wells with PBS 3 times wait 10 min before each wash 

5. Primary antibodies ( DAPI, Phalloidin, Mouse monoclonal anti-alpha actinin) for ( nuclei, actin, 

and sarcomeric alpha-actinin) 

6. Place primary antibody solutions with PBS on stamp for 1 hr 

7. Wash PBS 3 times 

8. Secondary antibody- Goat anti-mouse igG for secondary alpha actinin primary antibody with PBS 

for 1 hr 

9. Wash PBS 3 times 

10. Mount onto coverslips with prolong gold 

11. If seeding Fibroblasts stain for Fibronectin no alpha-actinin since no sarcomeres present 
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Appendix C: 3D Design Protocol 
Preparation- Day before experiment 

1. Chill pipette tips in fridge 

2. Make  2% Agarose  

• You will use 1.6- 2 mL in each well. If you need 8 bundles you will make 8 * 2 mL = 16 mL, 

but make extra for a total of 20 mL. Weigh out 400 mg in a small beaker, and add 20 mL 

PBS. Microwave until bubbling. Stop every 10 seconds to swirl.  

• Cover top with Aluminum foil, and store in the oven until ready to use. 

• Do not leave sitting out, it will solidify 

3. Wash and Autoclave racks and spacers 

Day of experiment 
1. Set up hood 

2. Wipe down hood with ethanol 

3. Keep everything cold. Grab Ziplock bags to fill with ice and Tupperware. Wipe down and place 

in hood 

4. Bring fibrinogen, thrombin, and Matrigel from the freezer 

• Keep Fib. at room temperature along with media 

• Keep Matrigel, Thrombin, and if using Eppendorf tubes, in small Tupperware so they stay 

cool. NOTE: Matrigel must remain cold. If it gels up, keep it in ice until it liquifies again. 

5. Bring the autoclaved racks and spacers and 24 well plat 

6. Grab the agarose from the oven and spray into hood.  

7. Use a serological pipette to add 1.6 mL agarose into 24 well plates. Then place the spacer into the 

agarose. Cover the 24 well plate with lid and put the entire plate inside the medium sized ice box. 

When the agarose is cloudy, it has gelled. This will take about 5-7 minutes. Keep the plate in ice 

so it stays cool while making your mixture 

8. If cells are already counted skip this step. If not, count cells, and adjust accordingly.  

9. Make each bundle mixture in an Eppendorf tube. Add, fibrinogen, cells, Matrigel, and thrombin 

right before you are ready to palace the solution into the slot.  

 

 

 

 

 

 

 

 

10. Remove the spacer from agarose slots. You should see a rectangular square where you will add in 

the media. Make sure the 24 well plate is still on ice, so it remains cold while you are working 

11. Grab the solution with pipette, and slowly place into the slot to avoid bubbles. Do not go down all 

the way. 

12. Repeat this for all bundles in the row. Adding thrombin as you go. Thrombin starts the gelling 

cascade. 

13. Once done with the row, take the posts, and palace into the slots gently. The posts are flexible so 

may not go in correctly. Make sure each post in the slot. 

14. Repeat until you have done all the bundles you want to make 

15. Place the 24 well plate in the incubator for 4 hours.  

• Remove bundles after 2 hours in incubator. Add 300 µl media to each well with a bundle. 

• Place well plate back into the incubator 

While plate is in incubator 
1. Clean up hood 

2. Remove everything except media and new 24 well plate 

3. Add media to each well that you will have a bundle 

Fibrinogen 26 µl 

Cells + Growth Media 44.2 µl 

Additional Growth Media 14.3 µl 

PBS 14.3 µl 

Matrigel 26 µl 

Thrombin 5.2 µl 

TOTAL 130 µl 
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After 4 hours in incubator 
1. Remove the plate from incubator and spray into hood 

2. Remove the rack from spacer carefully 

3. Rack should have bundles between posts. 

4. Place the rack in the new 24 well plate with fresh media 

5. Change growth media every other day. 4 days growth media, and 14 days differentiation media 

 




