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Abstract

In this study, we used a recently developed approach of coating the cells with fibronectin-gelatin 

nanofilms to build 3D skeletal muscle tissue models. We constructed the microtissues from C2C12 

myoblasts and subsequently differentiated them to form muscle-like tissue. The thickness of the 

constructs could be successfully controlled by altering the number of seeded cells. We were able to 

build up to ~ 76 µm thick 3D constructs that formed multinucleated myotubes. We also found that 

Rho-kinase inhibitor Y27632 improved myotube formation in thick constructs. Our approach 

makes it possible to rapidly form 3D muscle tissues and is promising for the in vitro construction 

of physiologically relevant human skeletal muscle tissue models.
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Introduction

Tissue engineering consists in combining stem cells and biomaterials to create tissues and 

organs in vitro, to improve the biological functions of damaged tissues or to replace them 

[1]. Development and regeneration of tissues is known to be strongly dependent on the cell 

microenvironment, especially on the signals that the cells receive from the extracellular 

matrix (ECM) and from neighbouring cells [2]. ECM induces stem cells to differentiate into 

mature tissue cells, provides structural support to the cells and determines tissue architecture 

and function [3].

The process of muscle formation requires that muscle precursor cells (myoblasts) 

proliferate, differentiate and fuse together to form multinucleated myotubes. Mature skeletal 

muscle has a complex three-dimensional (3D) organization of aligned muscle fibers 

surrounded by ECM [4] containing collagen, laminin and fibronectin [5,6,7].
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One of the current challenges in muscle tissue engineering is to recreate functional 3D 

muscle tissues. Such engineered tissues may be used for the replacement of muscle after an 

injury, for drug screening, and for fundamental studies of muscle development and function. 

Many studies on skeletal muscle are carried out using 2D models. However, such models do 

not reproduce the complexity of 3D organization of the skeletal muscle in vivo. In addition, 

behavior of muscle progenitors, as well as differentiation, differ depending on whether they 

take place in 2D or 3D environment [8].

The most commonly used method for 3D muscle tissue construction consists in myoblast 

association to polymeric scaffolds. Some scaffolds made of synthetic polymers have been 

developed [9,10,11]. However, natural matrices such as collagen gels [12], matrigel [13,14] 

or fibrin gels [15] present advantages in view of their numerous interactions with muscle 

cells via specific receptors (such as integrins) and their capacity to bind specifically growth 

factors that are important for cell growth and differentiation [16]. Another method to create 

3D muscle constructs is cell sheet-based tissue engineering. A thermoresponsive polymer, 

grafted on a cell culture substrate, allows confluent cells to be detached as a single cell sheet 

and to create scaffold-free 3D tissues by layering multiple cell sheets [17,18].

A new technology allowing fast and relatively simple construction of thick 3D tissues has 

recently been developed by our group. The method called “cell-accumulation technique” 

consists in coating the cells in a layer-by-layer manner [19] with fibronectin-gelatin (FN/G) 

films, before depositing on a substrate, onto which they spontaneously self-assemble to form 

tissue-like structures [20]. These ~10 nm thin (FN/G) coatings [21] provide the cells with an 

“artificial ECM” and enable cells to self-organize into 3D constructs. This was already 

applied successfully to construct ~ 35 µm thick human dermal fibroblasts 3D tissues, 8 

layers of cells being formed after only one day of incubation [20], and to mesenchymal stem 

cells [22].

In this work, our aim was to build 3D muscle tissues using FN/G nanofilms and to 

characterize their morphology and differentiation state. Skeletal muscle ECM contains both 

FN and collagen (G being a collagen derivative) that interact with integrins and other 

adhesion receptors, thus playing important roles during skeletal muscle development and 

function [23,24]. We evaluated the morphological and histological characteristics of the 3D 

constructs obtained from C2C12 myoblasts, and analyzed the expression of myogenic 

markers in the microtissues cultured in myogenic differentiation medium.

Materials and Methods

Materials

C2C12 cells were purchased from ATCC. Dulbecco’s modified Eagle medium (DMEM), 

10% formalin solution (4% formaldehyde in water containing methanol), Tris 

(hydroxymethyl) aminomethane hydrochloride (Tris–HCl) and gelatin (G) were obtained 

from Wako Pure Chemical Industries (Osaka, Japan). Fetal bovine serum (FBS) was 

purchased from Biowest (Miami, USA). Horse serum was obtained from Gibco (New 

Zealand).The antibiotics were purchased from Nacalai Tesque (Kyoto, Japan). Bovine 

plasma fibronectin (FN) was purchased from Sigma–Aldrich (St. Louis, USA). Y27632 and 
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blebbistatin were obtained from Calbiochem. Primary antibodies: rabbit anti-myogenin 

(1:50) (Tebu-Bio, M225-sc576), mouse anti-troponin T (1:50) (Sigma, T6277) and rabbit 

anti-fibronectin (1:100) (Sigma, F3648). Secondary antibodies: goat anti-mouse Alexa-Fluor 

488- and Alexa-Fluor 568-conjugated antibodies and goat anti-rabbit Alexa-Fluor 488-

conjugated antibodies (Invitrogen, A11001, A11004 and A11008) were used at 1:1000. 

Phalloidin-TRITC was obtained from Sigma (P1951) and Hoechst 33342 from Invitrogen 

(H3570).

Cell culture

C2C12 cells (used at passages 5-15) were cultured in growth medium (GM) composed of 

Dulbecco’s modified Eagle’s medium (DMEM) medium supplemented with 10% fetal 

bovine serum containing 10 U/mL of penicillin G and 10 µg/mL of streptomycin. Cells were 

subcultured prior to reaching 60–70% confluence (approximately every 2 days). Cells were 

differentiated in a differentiation medium (DM) composed of DMEM supplemented with 

2% horse serum and antibiotics.

Construction of microtissues

The microtissues were constructed by the cell-accumulation technique using the inserts with 

porous bottom to provide two-sided medium supply to thick multilayers (Fig 1A). Briefly, 

the cells were detached from culture dishes using trypsin 0,25% EDTA 0,02% and washed 

twice with the GM. After resuspending the cells in Tris-HCl buffer (Tris-HCl 50 mM pH 

7,4), the cells were subsequently incubated for 1 min using a Microtube Rotater (MTR-103, 

AS ONE, Japan) with 0,04 mg/mL FN or G solutions in Tris-HCl buffer, then centrifuged at 

200 g for 1 min, and the supernatant was gently removed by pipetting. After each FN or G 

deposition step the cells were rinsed in Tris-HCl buffer for 1 min using a Microtube Rotater, 

followed by centrifugation. When (FN/G)4FN nanofilms were formed, the cells were 

resuspended in GM and 300 µL of cell suspension was prepared at increasing cell number 

(105, 5 x 105 , 106 and 2 x 106 cells per inset). For more clarity, the constructs will be named 

hereafter “1x”, “5x”, “10x” and “20x” (where x=105). The cells were deposited into 24-well 

inserts with a FN-precoated semipermeable membrane (Corning 3470, 0,4 µm pore size), 

which enables medium supply from the top and from the bottom (Fig 1B). FN pre-coating 

was depositing 100 µL of 0,04 mg/mL FN solution for 30 min at 37°C, then rinsing once 

with Tris-HCl buffer. 1 mL of GM was added in 24-well plate, respectively, outside the 

inserts. The cells were incubated for 2 h at 37°C, then another 1 mL of GM was added to 24-

well plate to connect the media between the inside and the outside of the insert (Fig 1A). For 

the buildup of microtissues from non-coated (NC) cells considered here as a control, the 

cells were detached and seeded as described above, but the coating step was omitted. 

Hereafter, the constructs prepared from (FN/G)4FN-coated cells will be named “FN/G-

coated” (or “FN/G”) constructs and those obtained from non-coated cells will be named 

“NC” constructs.

Histological analysis

The tissues were rinsed with phosphate buffered saline (PBS) solution, then incubated in 

10% formaldehyde solution at room temperature for 30 min. The samples were then 

maintained in PBS solution before being mounted in paraffin-embedded blocks. These 

Gribova et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 September 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



paraffin-embedded blocks containing layered tissues were cut into 3–4 μm thick sections. 

The specimens were then stained with hematoxylin and eosin.

LIVE/DEAD viability assay inside the multilayered structures

The living and dead cells inside FN/G-coated and non-coated constructs were fluorescently 

labeled using a LIVE/DEAD viability assay kit accordingly to previously described 

procedure [25]. Briefly, calcein AM labels the living cells and ethidium homodimer-1 

(EthD-1) labels the dead cells. Confocal laser scanning microscopy (CLSM) observations 

were performed using a FV10i (Olympus, Japan). For each 10x construct, the images were 

taken at three different levels, indicated as bottom: about 15 µm from the membrane, middle: 

30µm and top: 45 µm.

Differentiation assays

Cells were differentiated in a differentiation medium (DM) composed of DMEM 

supplemented with 2% horse serum and antibiotics. Cells were then grown for 1 day in GM 

and then switched to DM. The medium was changed every 4 days. For differentiation assays 

in presence of Y27632 and blebbistatin, the cells were allowed to grow for 24 h in GM, then 

switched to DM supplemented with 5 µM Y2762 or blebbistatin. The fresh drugs were 

added every 2 days. Differentiation was characterized by the fusion index, which is the ratio 

of nuclei contained in myotubes to total number of nuclei [26].

Immunofluorescence analysis

Microtissues were first rinsed in PBS and fixed in 4% formaldehyde for 30 min at room 

temperature before being permeabilized in 0.5% Triton X-100 for 20 min. After rinsing with 

PBS, the samples were incubated for 3 h in 1% bovine serum albumin (BSA) in TRIS-

buffered saline (TBS, 50 mM TRIS, 150 mM NaCl, 0.1% NaN3, pH 7.4). Actin was labeled 

with phalloidin-TRITC (1:800) and cell nuclei were stained with 5 µg/ml Hoechst 33342 for 

30 min. For immuno-staining, the tissues were incubated with the primary antibodies diluted 

in 1% BSA in TBS overnight at RT. The cells were washed three times with TBS and 

incubated for 3h at RT with the secondary antibodies. Fluorescent imaging of the obtained 

tissues was performed by CLSM with 10x and 60x objectives (FLUOVIEW FV10i, 

Olympus, Japan).

Statistics

Data are reported as means ± standard deviation. Box plot representations indicate the 25%, 

50% and 75% of the values with lower and upper boundaries being 10 and 90%. 

Experiments were reproduced in duplicate or triplicate. Statistical comparisons were 

performed using SigmaPlot Version 11.0 software and based on an analysis of variance 

(ANOVA) followed by an appropriate pairwise comparison, or on Student’s test. (P < 0.05) 

was considered significant. Statistically different values are reported on the figures.
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Results

Construction of microtissues from C2C12 myoblasts

The 3D microtissues were formed by coating the surface of C2C12 myoblasts with (FN/

G)4FN nanofilms and then seeding an increasing cell number (from 1x to 20x, where x=105) 

in 24-well porous inserts (Fig 1A). Fibronectin labeling after 24h of culture in GM revealed 

fibrillar network surrounding the cells in FN/G-coated 10x constructs (Fig 1B). FN coating 

was also previously visualized on single coated cells [27].

Histological characterization of microtissues and thickness quantification

Next, we studied the influence of the number of seeded cells on tissue formation and 

thickness. We performed analysis of the histological cross-sections in Z after 24h in GM 

(Fig 2A) and quantified tissue thickness (Fig 2B). As expected, the thickness increased with 

the initial cell number. The thickness of 1x, 5x and 10x tissues after 24h of culture in GM 

was 8±3 µm, 29.2±1.2 µm and 63.4±7 µm for FN/G-coated constructs as compared to 

8.3±1.4 µm, 22.2±2 µm and 41.9±6 µm for NC constructs (Fig 2B). The 20x constructs were 

discarded from the subsequent studies because they formed cell aggregates and detached 

(Fig 2C).

As showed our cell viability assays (Fig 2D and Table 1), there was no big difference of cell 

viability between FN/G-coated and non-coated constructs. However, live/dead cell ratio was 

decreased in the lower side of the constructs compared to the upper side (Fig S1A). As it 

was also shown that only very few cells proliferated in thick FN/G-coated constructs (Fig 

S1B), higher thickness of FN/G-constructs is probably due to a higher adhesion between the 

cells provided by FN/G-coating rather than by a higher cell proliferation.

Myogenic differentiation of microtissues is impaired in thick constructs

C2C12 myoblasts are a well-known model for the in vitro study of myogenic differentiation 

due to their ability to reproduce processes that take place during in vivo differentiation of 

skeletal muscle progenitors [28,29]. For the construction of functional 3D skeletal muscle 

tissue models in vitro, the formation of myotubes by fusion of myoblasts is a crucial step. 

We induced the differentiation of 10x FN/G-coated and non-coated constructs by culturing 

them in differentiation medium (DM), then stained them for myogenin, which is an early 

marker of myogenic differentiation, and troponin T, which is a part of troponin-tropomyosin 

complex involved in muscle contraction.

The analysis of expression of myogenin (Fig 3A) showed no big difference of its expression 

at Day 2 of differentiation between FN/G-coated and non-coated constructs. However, the 

expression was very low for both 10x constructs, with only few myogenin-positive nuclei 

(Fig 3B). Nevertheless, non-coated 10x constructs were still able to undergo myogenic 

differentiation, as troponin T positive myotubes were visible in non-coated 10x constructs 

after 4 days in DM (Fig 3C). FN/G-coated 10x constructs presented some troponin T 

staining, but almost no myotubes could be observed.
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Rho-kinase inhibition improves myogenic differentiation in thick constructs

In addition to lower differentiation, partial detachment at the periphery of thick FN/G-coated 

constructs cultured in DM could be observed (Fig 4A). We hypothetized that this 

detachment could be due to high cell contractility in thick constructs. To decrease the 

cellular tension, we selected two contractility inhibitors: blebbistatin, which inhibits myosin 

II [30] and Y27632 (Y27), a Rho kinase (ROCK) inhibitor [31], thus preventing the 

contraction. Blebbistatin was found to prevent detachment but also to negatively affect 

myogenic differentiation (data not shown) and was discarded from the study. In contrast, 

Y27 not only prevented cell detachment (Fig 4A), but, surprisingly, improved myogenic 

differentiation (Fig 4B), increasing the fusion index from 2.04 ± 1.40% to 9.93 ± 3.45% (Fig 

4C). Also, expression of a late myogenic marker skeletal myosin increased in FN/G-coated 

and Y27-treated constructs compared to FN/G-coated non-treated (Fig S2).

In addition, Y27-treated 10x FN/G-coated constructs appeared to be about two times thicker 

than non-coated: 76.5 ± 18.0 and 35.0 ± 5.0 µm, respectively, and thicker that FN/G-coated 

construct non treated with Y27 (55.1 ± 9.8) (Fig 4D and E).

Thus, treatment with the ROCK inhibitor Y27 allowed to increase the thickness of FN/G-

coated constructs up to 76 µm and improve their differentiation. The analysis of thickness 

also revealed an advantage of the FN/G coating for the formation of thicker 3D skeletal 

muscle tissue models, compared to non-coated constructs.

Discussion

One of the current challenges in muscle tissue engineering is to construct physiologically 

relevant 3D muscle tissues. In this work, we built 3D skeletal muscle tissues by a simple and 

rapid self-assembly technique using FN/G pre-coated C2C12 myoblasts. We defined the 

conditions for optimal 3D muscle tissue formation by this technique, i.e. a tissue that does 

not detach and can be maintained until myotube formation and expression of a 

differentiation marker, troponin T. We studied the influence of the number of cells initially 

seeded and found that tissues could be formed in a certain range (up to 106 cells), whereas a 

too high number of cells (2 x 106) led to heterogeneous and non-cohesive tissues. This 

phenomenon of aggregation might be related to lack of nutrient supply inside such thick 

constructs and may be overcome by creating a vascular network within the constructs. 

Indeed, an important challenge in tissue engineering field consists in vascularizing 

engineered 3D tissues, since blood supply is necessary to bring nutritive elements and 

oxygen to the cells in thick constructs [32]. The cell-accumulation technique may allow such 

vascularization by including endothelial cells in the architecture, as was recently shown for a 

fibroblast/endothelial cell tissue prepared by alternate deposits of coated cells in a layer-by-

layer manner [20,22].

As expected, the thickness of microtissues increased with increasing cell number. These data 

are in agreement with the previous study [20]. The ROCK inhibitor was found to help 3D 

tissue formation by preventing tissue detachment from the underlying substrate. These 

results confirmed the important role of cell contractility in the formation and maintenance of 

differentiated 3D muscle tissues.
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The effect of Y27 on myotube formation may be related to the importance of ROCK in 

myoblast differentiation. Indeed, it is known that ROCK inhibition occurs naturally during 

myogenic differentiation [33,34], so using Y27 may help to mimic a physiological situation. 

To our knowledge, in 3D, the effect of Y27 on myoblast differentiation has never been 

described so far.

Stress fiber formation is closely related to the stiffness of the cell environment [35,36], and it 

is now acknowledged that mechanical properties of the 2D substrate can affect muscle cell 

adhesion, spreading, proliferation and differentiation [37,38,39,40]. In 3D myogenic 

differentiation was studied using alginate gels of various degradability [8], fibrin gels [15] or 

polymer scaffold composed of poly-(L-lactic acid)/poly(lactic-glycolic) acid [41]. However, 

the results vary depending on the type of the scaffold, and different steps of myogenic 

differentiation in 3D require further investigation using physiological models of muscle 

tissues. In this context, muscle constructs fabricated by cell-accumulation method can 

become a useful model system to study myogenic differentiation in 3D.

The cell-accumulation technique opens new perspectives for creating more complex and 

more physiological tissue models. Because in vivo muscle environment can vary in matrix 

composition depending on muscle type, location and individual variability, cell coating may 

be adjusted to better mimic specific muscle ECM. Different cell types, such as endothelial 

cells for vascularization or fibroblasts for ECM production may be co-cultured with 

myoblasts using derivatives of the cell-accumulation method, e.g. sandwich culture. Finally, 

the technique does not require complex cell manipulation and may be used by a wide range 

of researchers.
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Fig 1. Construction of skeletal muscle microtissues by cell-accumulation technique.
(A) Scheme of the cell coating by (FN/G)4FN nanofilms and self-assembly of coated cells in 

multilayered tissues, once introduced in 24-well inserts that enables medium supply by both 

sides (top and bottom of the cellular tissue). (B) Visualization of FN matrix: confocal 

microscopy images of fibronectin (green), actin (red) and nuclei (blue) staining of FN/G-

coated and non-coated 10x constructs after 24 h of culture in GM. Scale bar: 50 µm.
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Fig 2. Histological characterization and thickness quantification of skeletal muscle microtissues.
(A) Histological analysis of FN/G-coated and non-coated constructs: phase contrast 

microscopy observations of hematoxylin-eosin stained cross-sections in Z of 1x, 5x and 10x 

constructs after 24 h of culture in GM. Scale bar: 50 µm. (B) Quantification of the thickness 

after 24 h of culture in GM (n=3, *p<0.05). (C) Hematoxylin-eosin stained cross-sections of 

20x construct after 24 h of culture in GM. (D) Live (green)/Dead (red) staining. Bottom: 

about 15 µm from the membrane, middle: 30µm and top: 45 µm. Scale bar: 50 µm.
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Fig 3. Myogenic differentiation of skeletal muscle microtissues.
(A) Nuclei (red) and myogenin (green) labelling of 10x constructs at Day 2 of 

differentiation. Scale bar: 50 µm. (B) Quantification of myogenin-positive nuclei in 10x 

constructs at Day 2 of differentiation (n=3). (C) Confocal microscopy images of troponin T 

(green) and nuclei (red) staining of 10x constructs after 4 days in differentiation medium. 

Scale bar: 100 µm.
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Fig 4. Rho-kinase inhibitor improves myogenic differentiation in FN/G-coated thick constructs.
(A) Effects of the Rho-kinase inhibitor Y27632 (Y27) on myogenic differentiation: 

observation of the insert periphery after 5 days of differentiation. Scale bar: 100 µm. (B) 

Confocal microscopy images of troponin T (green) and nuclei (red) staining of C2C12 cell 

constructs after 5 days in differentiation medium supplemented or not with 5 µM Y27632. 

Scale bar: 50 µm. (C) Fusion index of 10x FN/G-coated constructs at Day 5 of 

differentiation (n=2, *p<0.05 compared to all other conditions). (D) Phase contrast 

microscopy observations of hematoxylin-eosin stained cross-sections in Z of FN/G-coated 

and non-coated constructs after 4 days of culture in DM. Scale bar: 50 µm. (E) 
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Quantification of the thickness from histological cross-sections after 4 days of culture in DM 

(n=2, *p<0.05).
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Table 1
Cell viability of FN/G-coated and non-coated constructs after 1 day in GM (n=3).

The cell viability has been evaluated by Trypan blue staining.

Control

FN/G NC

1x 95.7 ± 1.2 % 91.7 ± 1.5 %

5x 96.3 ± 2.5 % 91.0 ± 1.0 %

10x 97.3 ± 1.2 % 93.7 ± 1.2 %
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