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Abstract  
Background: Damage to muscles through various means can cause major disruption and a drastic 

decrease in muscle function. The current treatment options for these injuries are insufficient. Recent 

approaches consisting of transplantation of decellularized organ extracellular matrix (ECM) are also 

not without challenges. In vitro studies of human adipose derived stem cells (hASC) ECM have 

shown a promise for skeletal muscle regeneration with fiber alignment being a key factor for their 

differentiation. It is therefore of interest to investigate the effect on aligned hASC derived ECM’s 

effect on skeletal muscle differentiation.  

Methods: hASC were induced to deposit ECM on substrates consisting of either isotropic (aligned) 

or anisotropic (random) electrospun fibrous scaffolds. By qPCR, the transcriptional activity of ECM 

related genes collagen I, VI, fibronectin, and decorin was investigated. After decellularization, a 

colorimetric assay was used to determine the collagen content on the decellularized scaffolds. The 

expression of ECM proteins was examined by indirect immunofluorescent staining. C2C12 my-

oblasts were cultured on the decellularized scaffolds, and differentiation was assessed by colorimet-

ric and immunofluorescent staining. On a pilot scale, human skeletal muscle myoblasts (hSkMM) 

were cultured and differentiated on the ECM scaffolds 

Results: Alignment of the ECM with the underlying substrate was evident in the aligned scaffold. 

However, colorimetric assessment showed a marked decrease in collagen content in the aligned and 

random scaffolds. Indirect immunofluorescence showed a significant decrease in collagen I, VI, and 

fibronectin in both scaffold types. In addition, qPCR analysis showed a significant decrease in the 

expression of collagen I, VI, fibronectin and decorin at day 1, which persisted for collagen I and 

decorin at day 3. While a significant alignment of the myotubes was observed in the aligned scaf-

folds, the thickness, length, and abundance of myotubes decreased significantly in both scaffold 

types. Indirect immunofluorescence and Giemsa staining hSKMMs appear also to grow and differ-

entiate favorably on ECM. 

Conclusions: There is evidence that C2C12 differentiation is slightly better on ECM than without 

ECM. The alignment of both ECM and myotubes has been documented. However, it appears that 

the use of an ECM-coated aligned scaffold has no better effect on the differentiation of C2C12 my-

oblasts than ECM on a flat substrate. The promising results obtained with hSkMM differentiation 

may point to a new direction for future studies on the effect of hASC-derived ECM on skeletal mus-

cle differentiation.  



6 

 

1 Introduction  

1.1 Background 
Damage to muscles exerted either through crushing forces, extreme cold, or toxins are called trau-

matic skeletal muscle injuries (TMI). These can cause major damage to the effected muscle area 

and thus causing a drastic decrease in muscle function (1). Some causes for TMI could be high en-

ergy trauma stemming from car-accidents, combat related injuries such as blast trauma, surgical in-

terventions, or during various sports activities. In the US alone the cost of muscle injuries reaches 

790 billion USD in annual healthcare spending (2). In sports specifically, up to 55% of all acquired 

injuries have damage on the myofiber level (3). In general, a loss of more than 20% of a muscles’ 

mass is known to lead to reduced function and impaired muscle regeneration (4). In these serious 

cases the proliferation of fibroblasts can become excessive and therefore a deposition of scar tissue 

at the injury site can partially or fully obstruct muscle fiber regeneration (5). Moreover, scar tissue 

can limit the patient’s ability to recover their pre- injury capabilities by causing inhibition of axonal 

ingrowth into the damaged area and thus reducing the contractile strength of the affected muscle 

(6). This delayed or even impairment of reinnervation can lead to severe atrophy of myofibers 

which can prevent future muscle reinnervation (7). TMI requires a surgical procedure to reconstruct 

the injured tissues, which is usually achieved using autologous muscle pedicle flap transplant into 

the affected area, although, in some severe cases of trauma the amputation of the injured limb may 

be warranted (8,9). This current medical intervention is not optimal since it is not always a possibil-

ity to acquire fitting grafts, while complications associated with transplantation make this treatment 

option challenging (9). There has therefore been an increased interest in using various natural or 

synthetic biomaterials to promote muscle regeneration. For these materials to properly support mus-

cle differentiation there are some requirements that are provided in literature, such as various me-

chanical requirements and biological requirements. One of the most studied, and central biological 

requirements with a beneficial effect on muscle differentiation and thereby regeneration is the effect 

of alignment of a given scaffold (10–14). One of the currently used materials for skeletal muscle 

regeneration is decellularized tissues known as decellularized extracellular matrix (dECM). These 

require a donor of animal or human origin for the muscle material (15,16). These approaches are not 

without challenges, and problematic topics such as possible adverse immunologic response to im-

plants still remain to be completely resolved (17). dECM can also be synthesized by the more easily 

obtainable human adipose derived stem cells (hASC). These cells are typically harvested during a 

liposuction (18) that could limit some of the challenges seen with decellularized organs. Therefore, 
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Fig. 1: Schematic illustration of some of the key anatomical structures of the skeletal 

muscle (67). 

the aim of this study is to test the biological properties of ECM scaffolds derived from hASC to as-

sess its suitability for skeletal muscle cell growth and differentiation in vitro.  

1.2 Anatomy and Physiology of Skeletal Muscles  
In the human body, skeletal muscles are a major component that make up approximately 40% of its 

total mass (12). The most well-known function of skeletal muscles is their ability to provide a me-

chanical force at the expense of chemical energy (ATP), however muscles are also known as con-

tributors to metabolism serving as a storage for carbohydrates (sugars), various amino acids and 

maintaining the body’s temperature. The mechanical force generates by the muscles can then be 

transmitted through the tendons and into the skeletal system where it can be translated into move-

ment and maintenance of posture, which allows an individual to complete everyday activities and 

grants them a degree of autonomy. The muscle’s structure can be seen as a series of parallel fibers 

organized as in a series of tubular bundles of decreasing size separated from each other by connec-

tive tissue; the epi-, peri- and endomysium, some containing blood vessels and nerves as seen in fig-

ure 1.  

 

 

 

 

 

 

 

 

The functional unit of the skeletal muscle is the approximately 100µm thick multinucleated myofi-

ber that consists of many bundles of myofibrils, themselves consisting of primarily myosin and ac-

tin, that are responsible for the contractile process. In brief, the contractile process is initiated after 

neuronal simulation of the myofiber causes a release of calcium ions from the sarcoplasmic reticu-

lum. Due to the presence of calcium the protein troponin allows the dissociation of tropomyosin, 

and thereby exposing the myosin binding sites on the actin filament. This allows for attachment and 

sliding of the two filaments towards each other, leading to a contraction of the whole muscle in 
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unison. This force is transmitted into the tendon into the bone, that make e.g., the movement of an 

arm possible (12,19). When the homeostasis of the muscle is disrupted during various traumatic sit-

uations, certain important events take place to initiate regeneration of the affected area.  

1.3 Skeletal Muscle Injury and Treatment 
Traumatic muscle injuries can as be mentioned before stem from a variety of sources from traffic 

accidents to blast traumas. These injuries can be divided into three distinct categories (grade I-III) 

ranging from mild to most severe. Grade I comprise minor injuries such as bruises and sprains, 

these types of injuries do not cause any significant reduction of function. Grade II is considered 

moderate injury to the muscle where there is a noticeable loss of contractile force, and a formation 

of a local hematoma. The recovery period lasts form weeks to a month. Grade III is the most severe 

type of injury, where damage can extend to the whole section of the muscle and larger tears are of-

ten present. Recovery and rehabilitation for this grade takes months (20). For treatment options of 

grade, I-II in the acute treatment is typically the PRICE (Protection, Rest, Ice, Compression and El-

evation) approach combined with the use of various nonsteroidal anti-inflammatory drugs (5). For 

grade III surgical interventions are typically needed to restore the muscle function. Furthermore, in 

these cases, volumetric muscle loss (VML) may be present which results in irrecoverable damage to 

the affected area due to a total loss of crucial elements such as the basal lamina and satellite cells 

and causes persistent inflammation and severe fibrosis at the injury site (21). VML is known for 

significant long-term disability in patients with high treatment costs and reduced quality of life (22). 

Treatment for VML usually involves autologous muscle transplant, but this option has limitations in 

terms of donor availability and transplant integration often preventing the employment of this treat-

ment  (21). Attempts to alleviate these issues have been made with the use of decellurized organ tis-

sues of animal origin, which were theorized to be beneficial. This approach, however, proved not to 

be fully sufficient as challenges such as adverse immune reactions remain (17).  
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1.4 Skeletal Muscle Regeneration  
From a microscopic perspective, when a muscle through, e.g., external force, suffers mechanical 

damage and the myofiber membrane is disrupted, it allows the flow of calcium inside of the cell re-

sulting in cell lysis. With the release of intracellular components in the extracellular space, and gen-

eral tissue damage at the injury site, inflammation is initiated, and an accumulation of circulating 

neutrophils into the damages tissues occurs within minutes. The neutrophils enhance the inflamma-

tory response by the release of pro-inflammatory cytokines, such as tumor Necrosis Factor alpha 

(TNF-a) and Interleukin 6 (IL-6) that are then, in turn, able to recruit circulating monocytes and ac-

tivate residual macrophages, while themselves able to phagocyte damaged cells and debris (23). 

Within the first 24 hours after injury many components of the local Extracellular matrix are de-

graded by protases and satellite cells, that are closely associated with the myofibers, become acti-

vated due to, e.g., the presence of various damaged-myofiber-derived factors (DMDFs) such as 

metabolic enzymes, and presence of cytokines such as IL6 (23–25). This activation causes a rapid 

increase in satellite cell proliferation, where some of these activated cells differentiate into my-

oblasts that migrate into the site of injury, while others remain and proliferate in their current from 

(23). The first steps of muscle regeneration begin around day 2-3 where myoblasts cell proliferation 

is reduced, and differentiation is increased after which myoblasts differentiate into myocytes and 

begin to fuse into myotubes aligning themselves according to architecture at the injury site.  An 

overview of the differenti-

ation process, together 

with myogenic marker ex-

pression, is presented in 

figure 2.  

At around one week after 

injury, the regenerating 

muscle segments start to 

fuse with conserved tissue 

segments, thereby com-

pleting myofiber regener-

ation. To allow for muscle regeneration a suitable environment needs to be present, one of the 

known prerequisites are the cells’ interaction with various molecules situated in the ECM designat-

ing it as a crucial factor for muscle regeneration (23). 

Fig. 2: (a) Illustration of the skeletal muscle differentiation process form satel-

lite cells to myofiber together with (b) the associated key myogenic markers 

(68). 
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1.5 The Structure of ECM in Skeletal Muscles and its Role in their Regeneration  
In general, ECM is a multi-layered, three-dimensional material consisting of many different compo-

nents, such as collagens, proteoglycans, polysaccharides, glycosaminoglycans and various growth 

factors in a highly interconnecting and dynamic environment. The ECM also allows the attachment 

of cells, gives tissue strength, stability, and plays an important role in tissue regeneration (26). In 

skeletal muscles, the ECM is highly aligned, which has proven to have an important positive effect 

on muscle differentiation, and regeneration (21,27,28). The skeletal muscle ECM is divided into 

different but interconnected layers with each surrounding different parts of the muscle structure, 

namely, epimysium, perimysium, and endomysium as described before. The brief overview of some 

of the individual proteins/molecules present in each layer can be seen on table 1. 

 Location 

Epimysium Perimysium Endomysium 

 

Components  

Collagen I Collagen I, II, V, VI Collagen I, II, IV, V 

Tenascin Proteoglycans Proteoglycans  

Fibronectin  Fibronectin  Fibronectin 

 Here the focus will be on only some ECM components primarily situated the endomysium as it is 

the layers that surrounds and supports the individual myofibers since its integrity dictates regenera-

tion of a damaged muscle fiber and includes the stem cell niche (29). The ECM consists of two 

main classes of components, namely, fibrous proteins and proteoglycans. The most abundant fi-

brous proteins are collagens, elastins, fibronectins and laminins (26). Collagens be further catego-

rized into different subtypes depending on their morphology, namely fibrillar (e.g. Collagen I, II, 

and III) or network forming (e.g. Collagen IV and VI) amongst others (29). The general structure of 

the fibrillar collagen consists of a triple helix made up of linked polypeptide chains. They can pro-

vide tensile strength, and aid in adhesion of cells. The most abundant collagen in muscle tissue is 

Collagen I that is important not only for its structural support of the ECM material, but also for its 

ability to promote migration and differentiation of myoblasts (30,31). An important network form-

ing collagen is Collagen VI that has been shown to be a crucial component of the satellite cell niche 

since it regulates and maintains muscle regeneration (32). Its expression is very limited in myo-

cytes, and therefore its deposition is dependent on the supporting MSC’s and the surrounding ECM 

Table 1: The presence of some of the ECM components according to their location in skeletal muscle 

ECM  (29).  
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(29). Fibronectin is a short fibrillar protein that is deposited as disulphide-bonded dimers. It helps to 

align and fuse the myoblasts into myotubes during differentiation and also participates in cell adhe-

sion and migration. Furthermore, the expression level of fibronectin can have an effect on activation 

and proliferation of satellite cells (26,29,33).  

Decorin is a small proteoglycan that is present in all collagen containing tissues. It plays a critical 

role in the assembly of collagen fibers and is able to reduce muscle fibrosis by inhibiting TGF-β ac-

tivity, and thereby plays a key role in both ECM assembly and muscle regeneration. The exact role 

of decorin in muscle differentiation is still under investigation (34). Apart from its various compo-

nents the ECM is also able to release various cytokines as FGF2, HGF, and SDF-1 that are able to 

positively affect the proliferation of myogenic progenitor cells, by the induction of the transcription 

of among others MyoD and Myogenin genes in the progenitor cells (35). To deposit the ECM mate-

rial, mesenchymal stem cells may be used, one of them being the hASC’s which possess this poten-

tial for ECM synthesis (36).  
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1.6 Adipose Derived Stem Cells  

Human adipose derived stem cells (hASC) are a subset of mesenchymal stem (MSC) cells with the 

ability to differentiate into the various cell linages, and thus able to differentiate into cells such as 

keratinocytes, endothelial cells, and fibroblasts while possessing similar regenerative properties as 

other MSC’s. Due their abundant presence in the human body inside white adipose tissue, their ex-

traction can easily be conducted with the use of the minimally invasive liposuction procedure and 

can therefore be used in autologous transplantation (37). These cells have yet not been ascribed as 

specific surface marker making them a heterogeneous population (36). The hASC’s are capable of 

the secretion of various ECM components such as collagen I, VI and fibronectin (fig. 4) that can 

provide a combination of enhanced proliferation, migration, and differentiation capacity of muscle 

myoblasts (18,29–33,38). In wound healing the hASC derived ECM plays an important role in the 

reduction of fibrosis and thereby tissue scarring (39). In other areas such as bone and cardiac tissue 

engineering ECM has also shown a positive effect on regeneration, and cell differentiation (40,41). 

As described, the ECM plays and important role in muscle regeneration, and to enhance its deposi-

tion, the use of macromolecular crowder will be employed. The effect of the macromolecular 

crowder ficoll has shown to increase ECM deposition by accelerating biochemical reactions, such 

as the synthesis of ECM components in the culture environment (42,43).  

  

Fig. 4: Illustration of some of hASC’s ECM production capacity including Collagen I, VI 

and fibronectin.  
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1.7 Aim and hypothesis   
The use of ECM has the potential to be favorable for muscle regeneration due to the presence of 

various beneficial components. One of the key factors with important influence on muscle regenera-

tion apart from the ECM itself is the alignment of the substrate. Therefore, the aim of this study is 

to investigate the effects of aligned or randomly oriented ECM derived from hASC on the growth 

and differentiation capacity of the C2C12 cell line. Based on the previously presented literature we 

hypothesize that anisotropic ECM scaffolds have a positive effect on muscle differentiation due to 

their influence on cell alignment and maturation.  
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2. Methods  

2.1 Culture Environment and Cell Seeding  

The human adipose derived stem cells (hASC) used in this project were sourced and isolated from a 

voluntary donor while undergoing elective liposuction. The details and ethical approval for this pro-

cedure has been described previously (18). The C2C12 murine myoblast cells were purchased form 

ATCC, while the HSMC were acquired from Cook MyoSite. The cryopreserved cells were thawed 

in a water bath at (37 °C), hereafter the solution was transferred to a centrifuge tube and resus-

pended with culture medium. The tube was centrifuged for 5 min at 1200 RPM (Hettich Rotina48 

R) at room temperature for pellet formation. After decanting and counting, the cells were trans-

ferred to a T175 flask for culture. The hASC’s and C2C12 cells were cultured in Dulbecco's Modi-

fied Eagle Medium (DMEM) (DMEM - high glucose, no pyruvates, Gibco supplemented with 10% 

Fetal Calf serum (FCS) and 1% streptomycin/penicillin solution (100 IU/ml penicillin, 0.1mg/ml 

streptomycin Thermo Fisher). The primary human skeletal muscle cells (HSMC) were cultured in 

Ham’s F12 medium (Ham's F-12 Nutrient Mix, Gibco) supplemented with the following: 0.1% hu-

man insulin (10mg/ml, Sigma Aldrich), 0.1% dexamethasone (0.4 mg/ml, Sigma Aldrich), 10% 

FCS, 1% penicillin/ streptomycin (100 IU/ml penicillin, 0.1mg/ml streptomycin, Thermo Fisher) 

and 0.5% gentamycin (10mg/ml, Invitrogen). Additionally, immediately before use the F12 medium 

was supplemented with 0.1% EGF (human, recombinant, 10µg/ml, Sigma) and 0.01% FGF-β (hu-

man, recombinant 10µg/ml, Gibco). 

To maintain the culture, the medium was replaced, in a class II LAF-bench (Holten Laminair), with 

fresh, warm (37 °C) growth medium every other day. The cells were stored in the incubator (Steri-

Cycle CO2 Incubator, Thermo Scientific) at 37 °C and 5% CO2.  

For culture passaging, the media was first removed and then the surface washed with PBS. Next 

TrypLE (Gibco) was added, and the flask incubated for five min until the cells were visibly floating 

in suspension when observed under a microscope. After the detachment, the flasks surface was 

washed multiple times with media to ensure complete cell removal. The cell suspension was then 

centrifuged for 5 min at 1200 RPM at room temperature. The cell pellet was resuspended in culture 

media.  

 

 

 



15 

 

2.1.1 Optimization of hASC Seeding Density  

Presto blue (Invitrogen) was used to assess the optimal seeding density for hASC’s. In brief, Presto 

Blue contains resazurin that is reduced to resorufin a highly fluorescent molecule, while also pro-

ducing a pronounced color change in the media proportional to the cell population/ metabolic activ-

ity. The evaluated cell concentrations were 2.000, 4.000, 6.000 and 8.000 cells/ cm2. One tenth of 

the well’s media volume was added in form of the Presto Blue reagent. The cells were incubated for 

10 min in an incubator at 37 °C. The solution was transferred to a clear 96 well plate (Corning) in 

duplicates. Hereafter the absorbance at 570 nm was measured with a multiplate reader (EnSpire 

Multimode Plate Reader, PerkinElmer) at 24, 48 and 36 hours after seeding.  

2.2 Culture Plate Coating and ECM Production  

The culture plates consisted of three groups: a group made up of smooth bottom 24 well plates 

(Corning) (control), 24 well plates with aligned surfaces (aligned group) (Nanofiber Solutions) and 

24 well plates with randomly orientated surfaces (random group) (Nanofiber Solutions) were all 

coated with poly-dopamine to ensure an optimal attachment surface as described below. To each 

well a 50mM NaOH solution was added and incubated for 10 min. Hereafter the solution was re-

moved and the wells were incubated for 10 min with MES buffer (9.76% MES-free acid (Merck) in 

water adjusted to pH 6 with NaOH) and washed with sterile MiliQ water. Next, 1mg/ml dopamine 

hydrochloride (Sigma Aldrich) in TRIS base buffer (12% TRIS base (Merck) in water adjusted to 

pH 8.5 with HCL) was filtered through a 0.22µm syringe filter. This solution was added to each 

well and incubated for one hour at room temperature. Lastly the poly-dopamine solution was re-

moved, the wells washed with sterile MiliQ water and were let to airdry overnight. After 24 hours 

of culture the cells were induced for ECM production with DMEM supplemented with 20 mM ster-

ile Ascorbic acid solution (Sigma) (1:100) and 9% Ficoll solution (Ficoll 70 (Cytiva): 18.75 mg/ml 

and Ficoll 400 (Cytiva): 12.50 mg/ml). The ECM was produced for 10 days.  
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2.3 ECM Structure Assessment 

2.3.1 Qualitative and Quantitative Collagen Fiber Assessment 

To assess the capability of ECM production by the hASC the Sirius Red fast green dye (Chondrex) 

kit was used to visualize the collagenous (stained red) and non-collagenous fibers (stained green) 

for microscopy and assessment of collagen concentration. Before staining the growth media was re-

moved and the wells were washed with PBS. Pre-heated (37 °C) extraction buffer (1% Triton X-

100 and 20mM ammonium hydroxide in PBS) was added to each well, and incubated for 5 min in a 

heat chamber at 37 °C.  The buffer was removed, and the wells were washed with PBS before being 

transferred to a horizontal shaker (IKA HS 50) for 20 min at room temperature. Next, Khale fixate 

(60% distilled water, 28% ethanol (95%), 10% formaldehyde (37%), 2% glacial acidic acid) was 

added to each well and incubated for 10 min at room temperature. After fixation the fixative was 

removed, and each well was washed with PBS. For the staining, the PBS was removed, and staining 

solution added. The samples were incubated at room temperature for 30 min. Hereafter the solution 

removed, and the wells washed thoroughly with demineralized water whereafter the plates were ob-

served under an inverted microscope (Primovert, Carl Zeiss).  Hereafter 1 ml of extraction buffer 

was added, and each well was washed with it until no color was visible in the sample. This liquid 

was then transferred into a black, clear bottom 96 well plate (Corning) and the optical density (OD) 

at 540 nm and 605 nm was read on the spectrophotometer (EnSpire Multimode Plate Reader, Perki-

nElmer). The calculation of the collagen amount in each well was performed according to the man-

ufacturer’s instructions (Chondrex). In summary: To calculate the concentration of collagen in each 

well, it is necessary to correct for the contribution of fast green to OD 540 value of collagen. This is 

done by subtracting 29.1% of the OD 605 value from it and then dividing by 0.0378 which is the 

color equivalence (OD values/μg protein) for collagen resulting in the following formula: 

𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 (𝜇𝑔/ 𝑤𝑒𝑙𝑙) =
𝑂𝐷 540 𝑣𝑎𝑙𝑢𝑒 − (𝑂𝐷 605 𝑣𝑎𝑙𝑢𝑒 ∙ 0.291)

0.0378
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2.3.2 Assessment of Specific ECM Constituents 

Indirect immunofluorescent standing was chosen to specifically visualize three components of the 

ECM, namely Collagen I, Collagen VI, and fibronectin. 

The cells were fixated with a 4% formaldehyde solution for 15 min. Hereafter a blocking solution 

consisting of 1% bovine serum albumin in PBS (BSA- PBS) was added and incubated on samples 

for 30 min. The blocking solution was removed and a BSA-PBS solution with primary antibodies 

was added. The primary antibodies were diluted 1:200 in BSA-PBS consisted of the following:  

anti-Collagen Type I antibody produced in mouse (C2456, Sigma-Aldrich), anti-fibronectin anti-

body produced in rabbit (F3648, Sigma Aldrich) and anti-collagen VI Antibody produced in rabbit 

(SD83-03, Invitrogen). The antibodies were incubated overnight at 4°C. After the incubation the 

primary antibody was removed and the secondary antibodies were diluted 1:500 in BSA-PBS con-

sisted of the following: Alexa Fluor 488 donkey anti-mouse (A21202, Invitrogen) and Alexa Fluor 

555 goat anti-rabbit (A21428, Invitrogen) for the control samples, while for the aligned and random 

groups the secondary antibodies were Cy5 goat anti mouse (124S, Chemicon) and Cy5 goat anti 

rabbit (132S Chemicon). The images were captured using a Axio observer Z1 (Carl Ziess) inverted 

microscope with a digital camera (Hamamatsu Orca Flash 4.0) 

2.4 Skeletal Muscle Cell Seeding and Differentiation  

Before seeding, the ECM was DNase treated by diluting DNase 25 stock solution (100UI/ml in 

PBS) (Sigma Aldrich) 1:10 in sterile DNase working solution (5% 0.1M MgCl, 0.65% CaCl2 in 

PBS). The solution was incubated for 30 min at 37 °C, washed with PBS and left overnight on an 

orbital shaker (The Belly Dancer, Stovall Life Science) at low RPM. 

The treated decellularized plates were hereafter UV sterilized (UV Stratalinker 1800, Stratagene) 

for 5 min with lids on to ensure a suitable culture environment. Whereafter C2C12 cells and HSMC 

were seeded onto the plates at 20.000 cells/cm2. The C2C12 cells were grown in DMEM and the 

HSMC were cultured in Ham’s F12 medium as described previously. Both cell groups were cul-

tured until a high confluence was reached whereafter differentiation would be induced. For both cell 

lines the differentiation media consisted of DMEM supplemented with 2% FCS 1% penicillin/ 

streptomycin and 0.5% streptomycin. The cells would be allowed to differentiate for seven days.  
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2.5 Assessment of Skeletal Muscle Differentiation 

2.5.1 Immunofluorescence  

For the indirect immunofluorescent staining of the muscle cells the same protocol was employed as 

described in section 2.3.2 however with the following changes:  

The cells were permeabilized using a 0.3% triton X-100 in PBS solution (Sigma Aldrich) for 10 

min after the fixation step. The primary antibody was anti myosin heavy chain (skeletal) produced 

in mouse (M1570, Sigma Aldrich), while the secondary antibody was Cy5 goat anti mouse (124S, 

Chemicon). To visualize the nuclei of the cells Hoechst 33342 (Invitrogen) was used as described in 

the following: The Hoechst staining solution was diluted 1:2000 in PBS and added to empty wells. 

The samples would be incubated for 10 min in the dark, whereafter the staining solution would be 

removed, and the wells washed with PBS.  

The samples would be observed using the same equipment as the ECM in section 2.3.2.  

2.5.2 Giemsa staining  

To visualize the gross structure of the myotubes, Giemsa staining was performed. The Giemsa dye 

stains basophilic cytoplasm blue and nuclei purple.  

The Giemsa staining solution was prepared by diluting the Giemsa stock solution (Sigma Aldrich) 

1:20 in a 10mM phosphate buffer (0.2 M Na2HPO4 and 0.2 M NaH2PO4 in water). The differenti-

ation media was removed, and the cells fixated with cold (-20°C) methanol (100%) for 5 min after 

which the fixative was removed, and the wells were air dried for 10 min. Giemsa solution was 

added to the wells and incubated for 45 min at room temperature. After the incubation, the surplus 

solution was washed with distilled water and observed under the microscope (Primovert, Carl 

Ziess).  
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2.6 Assessment of the Expression of Target ECM Genes  

2.6.1 RNA extraction 

Firstly, all media was removed from the wells and washed with PBS. Hereafter the wells were thor-

oughly rinsed with 350 μL of RNA lysis solution (Bio-Rad). Liquid form each well was then trans-

ferred to a separate 1.5 ml Eppendorf tube together with 350 μL of 70% ethanol. The samples were 

stored at -80°C. 

2.6.2 RNA Isolation  

The RNA purification was performed Aurum Total RNA Mini Kit (Bio-Rad). After thawing the 

samples were transferred into RNA-binding columns situated in 2ml capless tubes. All the samples 

were centrifuged for 1 min at 12,000g. The filtrate was discarded and 700 μl of low stringency solu-

tion was added and the samples centrifuged as before. Next, 700 μl high stringency solution was 

added to each column and centrifuged. One more time, the low stringency solution was added to 

each column followed by centrifugation for first 1 min, and after the removal of the filtrate centri-

fuged for 2 additional min. Hereafter the columns were transferred to 1.5 ml capped tubes and 40 μl 

of preheated elution solution (70°C) was added to the columns filter stack and incubated for 2 min 

at room temperature before being centrifuged for 2 min. The columns where hereafter discarded, 

and the purity and quantity of the isolated RNA was assessed with the use of a nanodrop spectro-

photometer (DS-11 FX,  DeNovix) and then stored at -80°C. 

2.6.3 cDNA synthesis  

The cDNA synthesis was conducted using the iScript cDNA Synthesis Kit (Bio-Rad). All the sam-

ples were firstly normalized to the lowest concentration of RNA in given samples. Then, a master 

mix made up of 4 μl of 5X iSCRIPT reaction mix and 1 μl of iSCRIPT reverse transcriptase was 

added to each of the samples. These were hereafter transferred to a thermal cycler (T100 Thermal 

Cycler, Bio-Rad). The cDNA synthesis protocol was as follows: 25℃ for 5 min, 42℃ for 30 min, 

85℃ for 5 min, and lastly at 4℃ until sample collection. The cDNA samples were stored at - 80℃. 
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2.6.4 Primer Optimization 

Multiple primers for Collagen I alpha 1 and decorin (Biosearch Technologies) were optimized to 

find the most suitable annealing temperature. In brief, each primer Cq was measured at different an-

nealing temperatures ranging from 59-65 ℃ together with negative controls for each temperature. 

The primer pair with the lowest Cq value in the temperature range 60-62 ℃, with uniform melt 

curves were chosen for sample analysis.  

2.6.5 Quantitative Polymerase Chain Reaction Procedure  

All the samples were firstly diluted 1:100 with RNAse-free water and vortexed. For each gene ana-

lyzed, a mastermix consisting of forward primer, reverse primer, and SYBR green (iTaqTM Univer-

sal SYBR Green Supermix, Bio-Rad). Sample and master mix was loaded into a hard-shell 96 well 

plate (Bio-Rad) in duplicates together with standards and no template controls. Henceforth, the 

plate was sealed using an optical clear film (Bio-Rad). Next, the plate was centrifuged at 1,200 

RPM  for five min before the transfer to the qPCR instrument (CFX-connect, BioRad). The qPCR 

for all the samples were as follows: activation step at 95℃ for 5 min, followed by 40 cycles of de-

naturation at 95℃ for 15 sec and an annealing step, with annealing temperatures and primer se-

quences presented in table 2, for 30 sec. The melt curves were run from annealing temperature to 

95℃.  

Gene 

Symbol 

Gene 

Description  

Primer sequence (5’-3’)  

Forward primer Reverse primer  Annealing 

temperature 

COL1A1 Collagen I alpha 1 CTTGGATGCCAAAGTCT AATCCATCGGTCATGCTCTC 62 ℃ 

COL6A1 Collagen VI alpha 1 CGTGGACCTGTTCTTTGTGC GTTTCGGTCACAGCGGTAGT 62 ℃ 

Fn Fibronectin ACCTACGGATGACTCGTG 

CTTTGACAAAGC 

CAAAGCCTAAGCACTGGC 

ACAACA 

62 ℃ 

DCN Decorin  CTTTCCACACCTGCAAACTCT GAGGATGATAGTGGCCTTCA 62 ℃ 

PPIA Peptidylprolyl Iso-

merase A 

TCCTGGCATCTTCTCCATG CCATCCAACCACTCAGTCTTG 62 ℃ 

 

  
Table 2: List of primers sequences used for the qPCR procedure: Collagen I alpha 1, Collagen VI alpha 

1, Fibronectin, Decorin and Peptidylprolyl Isomerase A with their respective annealing temperatures. 
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2.7 Statistics 

All data were assumed to be normally distributed, therefore parametric tests were used to analyze 

the data. Nonparametric tests have a lower power and using them to analyze normally distributed 

data would lead to a larger p-value and thereby misleading interpretation.  

A One-Way ANOVA was used to compare the quantitative results from eluded dyes in the Sirius 

Red/Fast Green assay and to compare differences between groups in the semi-quantitative reverse 

transcriptase qPCR (RT-qPCR) procedure. The relative gene expression for RT-qPCR data was cal-

culated using the Pffaffl method to determine the gene expression in the test and control samples. 

Error bars indicate standard deviation. All statistical analysis was performed using IBM Statistics 

SPSS 27 software with the significance level set to 95%.  
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3 Results 

3.1 Evaluation of ECM  

3.1.1 Optimization of hASC Seeding Density  

Presto Blue was used to evaluate the optimal seeding density, while Sirius Red/ Fast Green was 

used to qualitatively evaluate the presence of collagenous fibers (fig. 5 a-b). Sirius Red binds to the 

helical structure of various collagens staining the fibers red while Fast Green binds to non-collagen-

ous fibers.   

 

 

 

The doubling times for all groups were analyzed. The groups had the following doubling times: 

2000 cells/cm2: [15 (1)], 4000 cells/cm2: [20 (3)], 6000 cells/cm2: [23 (0.5)] and 6000 cells/cm2: [23 

(0.6)] hours. The presence of collagenous fibers was assessed qualitatively in the different seeding 

densities.  Here it can be seen that the 6000 cells/cm2 group appears to have more collagenous fibers 

when compared to the other groups. Based on the above, a 6000 cells/cm2 seeding density has been 

used for hASC seeding, a compromise between proliferation rate and collagenous fiber production. 

 

Fig. 5: (a) Illustration of cell proliferation over three days with regression equations shown and (b) col-

lagenous fiber evaluation for four cell seeding densities: 2000, 4000, 6000 and 8000 cells/cm2. Bar: 200 

µm. 

b 

a 
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3.1.2 Qualitative and quantitative assessment of ECM collagen presence 

 

 

 

The ECM on the aligned substrate show more lightly stained areas. It also appears that there are 

more patches with insufficient ECM coverage compared to the control (Fig. 6.a). The fiber orienta-

tion seems to follow the underlying substrate (yellow arrows). Lastly, the ECM in random orien-

tated substrate group appears to be the least prominent when compared to the other two groups with 

a very thin layer of ECM observed. However, in this group, a larger presence of non-collagenous 

aggregates is observed. The fiber orientation of this group cannot be fully assed but are assumed to 

be randomly oriented. Fig. 6.b illustrates the quantitative analysis of the eluted Red/Fast Green dye 

representing the measured collagen concentration per well in the three. A statistically significant de-

crease in the concentration of collagen is noted between the control group and both the aligned 

[0.095 (0.018)] μg/well vs. [0.144 (0.025)] μg/well and randomly orientated [0.085 (0.007)] μg/well 

vs. [0.144 (0.025) μg/well] substrate.   

Figure 6: Results of the Sirius Red/ Fast Green staining on ECM  at 40x magnification for the three groups 

(a)  and the subsequent qualitative analysis of collagenous fibers (μg/well) (b) . *: significant versus con-

trol. Yellow arrows indicate alignment. Bar: 200 µm. 

a 

b 
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3.1.3 Targeted visualization of ECM components 

 

When analyzing figure 7 it can be said that generally, the presence of the targeted ECM molecules 

appears to be reduced in both groups, when compared to control. The aligned group seems to pos-

sess aligned ECM fibers in contrast to the other groups. Further elaboration below.  

Looking at the aligned group it can be observed that the overall presence of collagen I, VI and fi-

bronectin appears overall reduced, and their coverage of the surface is patchier in nature The fibers 

themselves appear thinner and more finely branched than the control. However, all the protein fi-

bers in the aligned group seem to follow in parallel to the underlying scaffold material creating an 

Fig. 7:  Illustration of the immunofluorescent staining for collagen I, collagen VI, and fibronectin in the three 

groups: control, aligned and randomly orientated at 200x magnification. Bar: 100 µm 
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aligned pattern.  The most intense signal comes from the aligned fibronectin which appears to cover 

more of the underlying substrate compared to collagen I and VI. The random group expresses simi-

lar differences regarding in fiber amount, thickness, and coverage. However, the fibers lack the 

alignment as observed in the previous group. Fibronectin is also well distributed and prevalent, but 

collagen I appears to be the least prevalent when compared to both the control and aligned group.  

3.1.4 Transcriptional activity of ECM genes  

Looking at figure 8 it is apparent that in general all ECM genes have a statistically significantly re-

duced expression at day 1 while collagen I and fibronectin also have a significant reduction in ECM 

expression at day 3 when compared to control. Generally, there is a significant increase in expres-

sion in some of the selected genes between day 1 and 3 in the aligned and random groups. Complete 

analysis follows.  

Collagen I: In the random group there was a significant increase in the expression of the gene be-

tween day 1 and day 3 [0.166 (0.022)] vs [0.357 (0.060)]. However, their expression was signifi-

cantly lower than of both control day 1 and day 3. For the aligned group there was a significant 

Figure 8: the normalized relative gene expression of target genes (collagen I, collagen VI, fibronectin and 

decorin) in the control and experimental groups at day 1 and 3. †: Significance vs control day 1, ‡: Signifi-

cance vs. control day 3, *: significance between target groups.  
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increase of gene expression between day one and day three [0.110 (0.052)] vs [0.601 (0.111)]. 

There was also a significant increase in gene expression between day 3 in the random group and 

day 3 in the aligned group [0.357 (0.060)] vs [0.601 (0.111)].  

Collagen VI: For the random group there was a significant increase in the expression of the gene 

between day 1 and day 3 [0.557 (0.128)] vs [1.807 (0.263)]. For the aligned group there was a sig-

nificant increase of gene expression between day 1 and day 3 [0.545 (0.200)] vs [1.721 (0.374)]. 

Fibronectin: in the random group there was a significant increase in the expression of the gene be-

tween day 1 and day 3 [0.222 (0.024)] vs [0.789 (0.159)]. The expression at day 1 in the random 

group was also significantly lower than the expression in the day 1 control group. For the aligned 

group there was a significant increase of gene expression between day 1 and day 3 [0.186 (0.081)] 

vs [0.860 (0.183)].  

Decorin: For the random group there was a significant increase in the expression of the gene be-

tween day 1 and day 3 [0.182 (0.032)] vs [0.620 (0.105)] the expression at day 1 and 3 in the ran-

dom group was also significantly lower than the expression in the day 1 and 3 control group. For 

the aligned group there was a significant increase of gene expression between day 1 and day 3 

[0.146 (0.056)] vs [0.853 (0.105)].  
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3.2 Evaluation of Muscle Differentiation 

3.2.1 Visualization of Myotube Structure of the C2C12 Cells 

 

 

 

 

Fig. 9: Illustration of the Giemsa staining on myotubes of C2C12 present in the different 

control and experimental groups: ECM control, Aligned and random organized substrates 

at 40x and 100x magnification. Arrows indicate alignment. Bar: 100µm 



28 

 

Looking at the aligned group  and comparing it to the control ECM and no ECM groups (fig.9)  it 

can be observed that the myotubes are in general thinner, shorter and posses fewer fused nuclei, but 

appear slightly more stained. They seem to be aligning themselvs in parallel with the underlying 

substrate (yellow arrows). 

When assessing the myotubes in the random orientated group compared to the two control groups, it 

is apparent that the presence of myotubes is reduced, and the myotubes observed are sporadic and 

noticibly thinner.  

3.2.2 Targeted Visualization of C2C12 Differentiation 

 

 

Looking at the aligned ECM group versus the no ECM group and ECM control group (fig. 10) the 

myotubes appear much fewer in number, and thickness compared to both groups. Furthermore, the 

number of nuclei in the myotubes is visibly lower than the other two. The myotubes in the random 

aligned group similarly to the aligned group have thinner, fewer, and less nucleated myotubes when 

compared to both the no ECM group and the ECM control group with the difference that here they 

appear to be randomly orientated. The red color indicating presence of MyoH is present in all the 

groups which suggests that the cells are differentiated.  

 

  

Fig. 10: Illustration of the immunofluorescent staining for myosin heavy chain (red) and nuclei (blue) in 

the control ECM, Aligned, ECM control, ECM on aligned substrate, ECM on Random orientated sub-

strate and No ECM groups. Arrows indicate alignment. 200x magnification. Bar: 100 µm 
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3.3 Pilot study: Assessment of hSKMM Differentiation on ECM  

To elucidate the differentiation of another cell type on ECM a conducted a pilot study was con-

ducted. Here the differentiation of primary hSKMMs on ECM was analyzed. 

 

 

 

It appears that the hSKMMs grown on ECM are well differentiated with long multinucleated myo-

tubes present. The myotube density appears to be high (fig.7).  

  

 

 

 

 

 

 

 

 

 

On Figure 12 the HSMCs appear to be elongated, and multinucleated myotubes indicates differenti-

ation. The high presence of myoH further supports differentiation.  

  

Fig. 12: Illustration of the immunofluorescent staining for myosin heavy chain (red) and nuclei (blue) in 

the control ECM and hkSMMs on ECM group. 200x magnification. Bar: 100 µm 

Fig. 11: Illustration of the Giemsa staining on myotubes of hSKMMs on ECM at 40x and 

100x magnification. Bar: 100 µm 
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4. Discussion  
The efficacy of hASC derived ECM on muscle regeneration has been studied only to a limited ex-

tent in the literature. Therefore, the purpose of this study was to investigate the influence of ECM 

on skeletal muscle cell differentiation and to assess the effect of an aligned substrate on this differ-

entiation. Furthermore, the ECM was analyzed for the presence, morphology, and gene expression 

of certain key ECM components. Finding the optimal cell seeding density is important since it is 

described by Harris et al that the cells density should be determined empirically for each cell type 

(44). Furthermore, Concaro et al., has shown that cell density influences collagen content produced 

by cells (45).  

The optimization therefore allowed the production of a scaffold with the most favorable ECM. 

Alignment of ECM fibers were achieved in the aligned group, which is also supported by other 

studies by Bourget et al and Rubi-Sans et al, where both cells and ECM tend to align with the un-

derlying substrate and therefore hold a potential for muscle regeneration (46,47). This cell migra-

tion and alignment occurs as a response to environmental cues such as substrate topography, called 

contact guidance, allowing the cells to move in accordance with the underlying surface and guide 

the cells through interaction with their cytoplasmic filopodia and focal adhesions (48–51).   

 

The qualitative and quantitative assessment of collagenous components showed a noticeable de-

crease in both test groups when compared to the controls, which was further supported by the sig-

nificant decrease in collagenous components reported by the quantitative analysis. There could be 

several explanations on why the deposition of ECM was reduced on the nanofibrous scaffolds. It is 

known that Polycaprolactone (PCL) is a hydrophobic material, and to enhance its surface properties 

and make it suitable for ECM attachment a fiber coating is needed (52). Therefore, polydopamine 

coating protocol was used to functionalize the fibers since it has a proved effect on the adhesion to 

PCL (53). In literature there is a degree of variability when it comes to concentration and incubation 

time of the polydopamine, which could affect the strength of ECM adhesion (53,54). Extensive 

evaluation of different substrate treatments on ECM deposition and attachment could not be con-

ducted. This, in turn, could have resulted in a sub-optimal ECM adhesion in the test groups, and 

therefore could explain the reduced ECM presence. It can be hypothesized that different pre-treat-

ment protocols such as plasma coating used by Miroshnichenko et al. or different coating molecule 

such as polynorepinephrine as described by Y. Liu et al., could result in a different ECM attachment 

environment. However these methods require more complex procedures (52,55).  
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In regard to ECM gene expression, it can be said that most target genes were either significantly 

downregulated at both timepoints or not significantly different from control at day 3. This is con-

trary to some data in the literature, such as the work from Bhattacharjee and colleagues which de-

scribed that substrate alignment causes a significant increase in the expression of collagen I and 

decorin (56). However, in their study the smallest groove size analyzed was 5 µm with 5 µm wide 

plateau, whereas our scaffolds fibers were approximately 0.7 µm wide with an unknown fiber den-

sity (57), which could influence cell behavior. Furthermore, their qPCR procedure was conducted 

much later than in our study, namely after 21 days, which could allow the cells much longer time to 

adapt to their environment compared to just after 3 days from seeding. The difference in the cell 

type could also play a role in the gene expression, as corneal stem cells are situated in a highly 

aligned environment compared to hASC’s and could therefore benefit more from the aligned sub-

strate (58,59).  For fibronectin and collagen VI, even though the initial expression was significantly 

reduced. At day 3 there was no statistically significant difference between both test groups and con-

trol. For fibronectin, this is supported by previous research by Almonacid et al., where ECM syn-

thesized by human primary myoblasts showed no significant difference in fibronectin expression 

between a flat and an aligned substrate (60). However, given the different cell type it might not 

truly indicative as the protein deposition of e.g., fibronectin expression is generally lower compared 

to the hASCs (60). For collagen VI it was not possible compare our results to other research since 

the effect of alignment on collagen VI gene expression has so far not been elucidated in literature 

and we will here rely on the indirect immunofluorescent staining to determine its presence and dis-

cuss the findings. In literature, collagen VI has been shown to be not only a crucial component of 

the stem cell niche but also is central in satellite cell maintenance and muscle regeneration (32). Ad-

ditionally, transplantation of collagen VI producing MSC in dystrophic mice showed improved 

muscle regeneration (61). Therefore, evidence suggests that collagen VI could be a vital yet over-

looked component when assessing scaffolds for skeletal muscle regeneration.  
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For the Assessment of protein expression, it is indicative that the presence of all targeted ECM 

components was lower in the test groups compared to the control. However, an alignment of all tar-

geted molecules was confirmed, which is also supported previously in the collagenous staining. 

This is in line with the findings of Wu et al., where the immunofluorescence imaging showed that 

both the ECM derived from corneal stroma cells and its subcomponents, like collagen I and VI, 

were confirmed to align themselves parallel with the underlying substrate (62). Even if there was a 

different cell type used compared to our study, it is assumed that ECM to substrate alignment is uni-

versal, as described by Rubi-Sans et al., and does not depend on cell type (46). This finding seems 

to suggest our scaffolds potential for skeletal muscle regeneration as substrate alignment is reported 

by Chen et al. and Zhao et al. amongst others to have increased muscle differentiation (63,64).  

 

While myotube alignment was found in the aligned group, the ability of the ECM deposited on the 

scaffolds to promote muscle differentiation appears to be reduced in both test groups. Some of these 

results are at odds with literature, as reported by Smoak et al., where the aligned electrospun ECM 

scaffold significantly improved muscle differentiation and supported myotube alignment (65).  The 

lower presence of myotubes could be explained by the significantly lower amount of ECM in the 

test groups. Still the ECM might influence muscle differentiation since the group without ECM con-

tained slightly fewer myotubes than the ECM control group, possibly indicating a small positive ef-

fect on differentiation. This could indicate that hASC derived ECM is perhaps not the optimal sub-

strate for differentiation of C2C12 myoblasts. Signs of unusual myoblast behavior were observed as 

early as 24 hours after seeding i.e., before differentiation on the ECM, where the cells became visi-

bly elongated (appendix fig. 1), and growth appeared to be reduced in contrast to their normal 

slightly oval phenotype. Furthermore, the C2C12 appeared to exhibit some sort of ECM degrada-

tion mechanism, where the cells kept detaching the ECM after some time, causing an interruption of 

the experiment (appendix fig. 2). Our pilot study indicated a different cell behavior in regard to their 

interactions with ECM. The differences between the two groups could be explained by the differ-

ence in the cell behavior between the C2C12 cells and hSKMMs. As discussed by Langelaan et al., 

there were some proposed differences between the C2C12 and muscle progenitor cells which in-

cludes the hSKMMs. Indeed, the C2C12 is a long-lasting cell line while the hSKMMs are primary 

cells, designated for skeletal muscle regeneration. Genetic differences can result in a better more 

rapid maturation of hSKMMs myotubes (66). This could be a vital point to explore in further stud-

ies.   
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4.1 Limitations and Considerations 

The timeframe for this project was limited, and due to the relative novelty of the experimental setup 

there were a lot of time-consuming challenges before proper data acquisition was possible, which 

influenced the scope of the projects. Furthermore, logistical challenges due to the COVID 19 pan-

demic drastically increased delivery times for certain key items. In particular, the extended acquisi-

tion time of the aligned and random well plates which were used in most of our experiments, caused 

substantial delays and thereby an exclusion of a planned glucose amino glycan assay and qPCR pro-

cedure for muscle differentiation which could have provided additional insights. We strongly rec-

ommend continuing to investigate the differential capacity of hSKMMs on ECM, as our pilot study 

shows potentially positive results.  

5 Conclusions  
In this study the effect of ECM orientation on skeletal muscle differentiation was assessed. While 

ECM fiber alignment was achieved, the expression of ECM components in the test groups was sig-

nificantly lower than the control. A statistically significant reduction in expression of ECM genes 

was apparent at day 1 in both test groups, which persisted at day three for the expression of collagen 

I and decorin. Muscle differentiation was reduced in both test groups, with visually thinner and 

shorter myotubes, that like the ECM aligned themselves to the substrate’s topography. The pilot ex-

amination of hSKMMs differentiation on ECM showed some promising results that could warrant 

further investigation on the ECM’s effect on skeletal muscle differentiation. Therefore, we cannot 

accept our hypothesis that anisotropic ECM scaffolds have a positive effect on muscle differentia-

tion due to their influence on cell alignment and maturation. To further clarify this hypothesis, more 

studies are needed to study the potential of aligned ECM for skeletal muscle regeneration. 
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7 Appendix 

Figure 1 

 

 

 

Fig. 1. Illustration of the unusually elongated C2C12 cells on ECM control. Captured 24 hours 

after seeding. 40x magnification. Bar 200µm  
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 2. Illustration of ECM detachment influenced by C2C12 cells. 40x magnification. Bar 

200µm  
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