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The robust capacity of skeletal muscle stem cells (SkMSCs, or satellite cells) to regenerate into new muscles in vivo 
has offered promising therapeutic options for the treatment of degenerative muscle diseases. However, the practical 
use of SkMSCs to treat muscle diseases is limited, owing to their inability to expand in vitro under defined cultivation 
conditions without loss of engraftment efficiency. To develop an optimal cultivation condition for SkMSCs, we inves-
tigated the behavior of SkMSCs on synthetic maltose-binding protein (MBP)-fibroblast growth factor 2 (FGF2)-immobi-
lized matrix in vitro. We found that the chemically well-defined, xeno-free MBP-FGF2-immobilized matrix effectively 
supports SkMSC growth without reducing their differentiation potential in vitro. Our data highlights the possible appli-
cation of the MBP-FGF2 matrix for SkMSC expansion in vitro.
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Introduction 

  Skeletal muscle stem cells (SkMSCs), called as satellite 
cells, are the undifferentiated cells residing between the 
basal lamina and the plasma membrane of myofibers. 
These cells play significant roles in the regeneration of the 
damaged muscle or maintenance of skeletal muscle ho-

meostasis (1, 2). Under normal physiological conditions, 
SkMSCs remain in a quiescent state; however, these cells 
undergo vigorous proliferation in response to muscle in-
jury or under degenerative pathological condition through 
the stimulation of multiple mitogenic factors and differ-
entiate into myocytes, which may fuse to the pre-existing 
myofibers or form nascent myofibers (3, 4).
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  The robust proliferative capacity and myogenic differ-
entiation potential of SkMSCs have gathered interest 
among researchers to develop cell-based therapeutics for 
the treatment of degenerative muscle diseases (5). Despite 
significant progress in the understanding of the major sig-
naling mechanisms to control cell proliferation and differ-
entiation, SkMSCs show limited in vivo engraftment effi-
ciency upon in vitro expansion (6). Furthermore, in vitro 
culture condition to promote initial adhesion and growth 
of SkMSCs require the use of Matrigel, a chemically un-
defined and animal-derived mixtures of extracellular ma-
trix (7). These limitations act as a major hurdle in the 
development of SkMSC-based therapeutics. While several 
studies have shown that the manipulation of key myogenic 
transcription factors or signaling pathways may improve 
the engraftment efficiency of SkMSCs, other evidences in-
dicate that the extracellular in vitro niche may not com-
pletely recapitulate the in vivo environment (8, 9). A bio-
material-based synthetic substrate with skeletal mus-
cle-matching elasticity was shown to effectively support 
the in vitro self-renewal of SkMSCs and their subsequent 
in vivo engraftment within host tissues (10). Hence, the 
development of a well-defined synthetic niche to culture 
SkMSCs in vitro without any loss of their phenotypes is 
critically important to enhance therapeutic use (11). 
  We have previously developed a novel method to immo-
bilize fibroblast growth factor 2 (FGF2) into tissue culture 
polystyrene substrates (12) and demonstrated that the 
FGF2-immobilized matrix controls the stem cell lineage 
commitment into targeted cell types through heparan sul-
fate proteoglycan (HSPG)-mediated cell adhesion behavior 
and the consequent cell-matrix interactions (13, 14). In 
this study, we extended the application of the mal-
tose-binding protein (MBP)-FGF2 matrix to SkMSC 
culture. Our results demonstrate that the MBP-FGF2-im-
mobilized matrix can support initial adhesion and activa-
tion of freshly isolated quiescent SkMSCs. In addition, the 
SkMSCs cultured on the MBP-FGF2 matrix can pro-
liferate and subsequently differentiate into myotubes, sim-
ilar to the SkMSCs cultured on Matrigel. Thus, our chem-
ically well-defined and xeno-free cell culture platform pro-
vides a novel method to expand SkMSCs and may accel-
erate the potential use of SkMSCs for therapeutic pur-
poses.

Materials and Methods

Preparation of MBP-FGF2-immobilized cell culture 
substrates 
  MBP was introduced to immobilize FGF2 into the hy-

drophobic surface of tissue culture polystyrene (12, 14). 
MBP-FGF2 fusion protein was expressed and produced 
from Escherichia coli K12 TB1 carrying a pMAL-FGF2 
plasmid that contains human FGF2 165 cDNA. The re-
combinant MBP-FGF2 was prepared in phosphate-buf-
fered saline at varying concentrations (10, 25, 30, and 50 
μg/mL) and applied to the surface of cell culture vessel 
following incubation for 1 h at room temperature (24oC), 
followed by overnight incubation at 4oC. To minimize 
non-specific cell adhesion, the surface of the cell culture 
vessel was blocked with 1% bovine serum albumin for 1 
h at room temperature prior to cell seeding. 

Isolation and culture of SkMSCs 
  All animal experimental procedures were performed ac-
cording to the protocol (SCH16-0029) approved by 
Soonchunhyang University Animal Care and Use Com-
mittee. Quiescent SkMSCs (CD31-, CD45-, and Sca-1-neg-
ative and integrin α7-positive) were isolated from hin-
dlimb muscles of 6- to 8-week-old ICR mice by magnetic- 
activated cell sorting as previously described (15). The iso-
lated quiescent SkMSCs were immediately seeded and cul-
tured in growth medium (Ham-F10, 20% horse serum, 1% 
penicillin-streptomycin, 5 ng/mL of human FGF2 (PeproTech, 
Rocky Hill, NJ, USA) in 5% CO2 incubator at 37oC.
  SkMSCs at exponential growth phase were prepared 
from the gastrocnemius muscle of 6- to 8-week-old ICR 
mice as previously described (16). SkMSCs were plated on 
Matrigel-coated culture dishes and cultured until 70∼80% 
confluence in AmnioMAX-II complete medium (Thermo 
Fisher Scientific, Waltham, MA, USA). Cells were de-
tached from culture plates with 0.05% trypsin and pre- 
plated for 10 min in an uncoated cell culture dish to re-
move fibroblasts before seeding for experiments. Myogenic 
differentiation was induced using Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 2% heat-in-
activated horse serum. 

Cell proliferation assay
  SkMSCs were seeded at a density of 2×103 cells/well 
in 96-well plates coated with either Matrigel or MBP- 
FGF2 and cultured in growth medium in the absence or 
presence of 5 ng/mL of human FGF2. Cell proliferation 
rate was measured using CellVia enhanced cell viability 
assay kit (Ab Frontier, Seoul, Korea). Briefly, 10 μL of 
CellVia reagent was added to each well and the cells were 
incubated for 1 h at 37oC in 5% CO2 atmosphere, and the 
absorbance of each well was measured at 450 nm using 
a Multi Scan GO spectrophotometer (Thermo Fisher 
Scientific, Finland). 
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Immunofluorescence staining and microscopy 
  Immunofluorescence staining was performed as pre-
viously described (17). Primary antibodies against my-
ogenin (1：100, sc-52903, Santa Cruz Biotechnology, 
Dallas, TX, USA), MYOD (1：250, sc-377460, Santa Cruz 
Biotechnology), myosin heavy chain (MyHC; 0.3 μg/mL, 
MF20, Developmental Studies Hybridoma Bank, Iowa 
City, IA, USA), and vinculin (1：100, ab129002, Abcam, 
Cambridge, MA, USA) were used. Phalloidin-fluorescein 
isothiocyanate (5 μg/mL, P5282, Sigma, St. Louis, MO, 
USA) was used to detect F-actin. Matching secondary anti-
bodies conjugated to Alexa Fluor 488 (1：400, A21121, 
Thermo Fisher Scientific) or Cy3 (1：400, A10520, 
Thermo Fisher Scientific; 1：500, 115-165-207, Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA) 
were used. Cell nuclei were counter-stained with 4’, 6-dia-
midino-2-phenylindole (DAPI, Invitrogen, Waltham, MA, 
USA). Cell images were obtained using Nikon digital SLR 
camera (DS-i2) attached to Nikon eclipse Ti-U inverted 
microscope. 
  For confocal microscopy, cells were grown in Lab-Tek 
II eight-well chamber slide (154534, Nunc, Waltham, MA, 
USA) coated with either Matrigel or MBP-FGF2. Subcel-
lular localization of vinculin and F-actin was imaged us-
ing confocal laser scanning microscopy (Zeiss LSM 710 
META, Jena, Germany). 

Statistical analysis
  All results are presented as the mean±standard error of 
mean (SEM) and were tested by comparing two experi-
mental groups using the two-tailed Student’s t-test. Graph 
and bar diagram were generated using GraphPad Prism 
software. p-values are indicated as *p≤0.05, **p≤0.01, 
***p≤0.001, and p-values ≤0.05 were considered statisti-
cally significant. 
Results and Discussion

MBP-FGF2-immobilized matrix can support the 
activation and proliferation of SkMSCs
  Previous studies have shown that the first step in the 
myogenic differentiation of quiescent SkMSCs is the acti-
vation of myogenic markers, as evident from the induction 
of MyoD expression. As a consequence, the activated 
SkMSCs rapidly proliferate until being committed to en-
ter myogenic differentiation program (18). To investigate 
whether MBP-FGF2-immobilized matrix could support 
the initial adhesion and activation of quiescent SkMSCs 
in a concentration-dependent manner while inhibiting 
their spontaneous differentiation during in vitro ex-

pansion, we examined the expression of MyoD, an in-
dicator of activated SkMSCs, and myogenin, a marker for 
the onset of myogenic differentiation, in SkMSCs cultured 
on Matrigel or MBP-FGF2 matrix. We seeded and cul-
tured freshly isolated SkMSCs for up to 48 h and observed 
a slight decrease in the number of SkMSCs that adhered 
to the MBP-FGF2-immobilized matrix as compared to 
Matrigel (data not shown). As shown in Fig. 1, the ma-
jority (approximately 98%) of the adhered SkMSCs cul-
tured on the MBP-FGF2-immobilized matrix showed ro-
bust expression of MyoD, consistent with the observation 
reported for the cells cultivated on Matrigel substrate. In 
contrast to MyoD expression pattern, myogenin ex-
pression level remained very low (less than 2%) in the 
cells cultured on both Matrigel and the MBP-FGF2-im-
mobilized matrix. These results suggest that SkMSCs 
grown on the MBP-FGF2-immobilized matrix efficiently 
undergo activation process and mostly remain in their un-
differentiated states. 
  We examined the efficacy of the MBP-FGF2 immobi-
lized matrix in supporting SkMSC proliferation. To de-
termine whether the MBP-FGF2-immobilized matrix 
alone is sufficient to support the expansion of SkMSCs, 
SkMSCs were cultured on the MBP-FGF2-immobilized 
matrix at different concentrations in the absence of sFGF2 
for 4 days. As shown in Fig. 2A, 2B, SkMSCs cultured 
on the MBP-FGF2 matrix showed a steady growth pattern 
in the absence of sFGF2 without any dose-dependent pat-
tern; the proliferation rate of these cells was approx-
imately 40∼50% of that reported for the SkMSCs culti-
vated in the presence of sFGF2. In contrast, the cells cul-
tured on BSA substrate completely failed to adhere and 
proliferate even in the presence of sFGF2. Therefore, the 
MBP-FGF2-immobilized matrix may exhibit decent mito-
genic activity.
  We evaluated the proliferative capacity of the SkMSCs 
cultured on the MBP-FGF2-immobilized matrix with 
varying concentrations in the presence of sFGF2. SkMSCs 
cultured on Matrigel-coated substrates in the presence of 
sFGF2 exhibited a robust proliferation profile during 4 
days of culture (Fig. 2C). SkMSCs cultured on the MBP- 
FGF2-immobilized matrix also showed strong prolifera-
tion ability in a dose-independent manner, but their pro-
liferation was slightly slower than that observed for the 
cells cultured on Matrigel-coated substrate. Considering 
that lesser number of SkMSCs were adhered to the 
MBP-FGF2-immobilized matrix at the beginning of cul-
ture, our results suggest that SkMSCs, once attached to 
the matrix, may competently proliferate. Taken together, 
we conclude that the MBP-FGF2-immobilized matrix ef-
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Fig. 1. MBP-FGF2-immobilized matrix can support the activation of SkMSCs. (A) Immunofluorescence staining images for the expression 
of myogenic markers, MyoD and myogenin (MYOG), in quiescent SkMSCs grown on Matrigel or MBP-FGF2 matrix for 48 h in growth 
medium. Cell nuclei were counterstained with DAPI. Scale bar, 50 μm. (B) Quantitation of MyoD- and MYOG-positive cells. Marker-positive 
cells are presented as the percentage of total cell number from triplicate samples. Error bars indicate standard error of the mean (SEM). 
NS, no statistical significance.

Fig. 2. SkMSCs competently proliferate on the MBP-FGF2-immobilized matrix. (A) Phase-contrast microscopic images of proliferating SkMSCs 
cultured on Matrigel or MBP-FGF2 matrix-coated surface with or without FGF2 supplementation in the growth medium for 4 days. Scale 
bar, 50 μm. (B, C) Determination of live SkMSC density with a modified MTS assay. The MTS assay was performed daily during the 
time course of 4 days. SkMSCs were cultured on BSA-, MBP-FGF2-, or Matrigel-coated 96-well plates in the absence (B) or presence (C) 
of soluble FGF2 (5 ng/mL) as indicated. Viable cell density was determined from the optical density (O.D.) at 450 nm wavelength. 
Experiments were performed in triplicates. Data represent normalized mean values with SEM.

fectively supports SkMSC proliferation and the addition 
of sFGF2 to the medium may synergistically enhance 
SkMSC proliferation.

SkMSCs retain their myogenic potential on 
MBP-FGF2-immobilized matrix 
  To determine whether SkMSCs cultured on the MBP- 
FGF2-immobilized matrix maintain myogenic differ-
entiation potential, we measured myogenic differentiation 
and cell fusion indices in SkMSCs expanded on MBP- 
FGF2-immobilized matrix. Freshly isolated SkMSCs were 
expanded using both Matrigel and MBP-FGF2-immobi-

lized matrix. The cells were reseeded on Matrigel-coated 
cell culture vessels in differentiation medium and immedi-
ately subjected to myogenic differentiation. After 3 days 
of differentiation, the cells were immunostained for sarco-
meric MyHC expression. 
  As shown in Fig. 3A, SkMSCs precultured on the 
MBP-FGF2-immobilized matrix were able to differentiate 
into myotubes with an efficiency comparable to that of the 
cells precultured on Matrigel. Very similar differentiation 
indices were observed for both Matrigel- and MBP-FGF2 
matrix-precultured cells (Fig. 3B). We noticed an interest-
ing but not significant gradual increment in differ-



364  International Journal of Stem Cells 2019;12:360-366

Fig. 3. SkMSCs maintain robust 
myogenic potential on MBP-FGF2- 
mmobilized matrix. (A) Immunofluo-
rescence staining images for MyHC 
expression in the SkMSCs cultured 
on Matrigel- or MBP-FGF2 (50 μg/mL)-
coated surfaces at differentiation day 
3. Cell nuclei were counterstained 
with DAPI. Scale bar, 50 μm. (B) 
To calculate differentiation indices 
after 3 days, MyHC-positive cell nu-
clei were counted and expressed as 
the percentage of total cell nuclei. 
(C) Fusion indices were shown as a 
distribution of MyHC-positive cells 
based on cell nucleus number; 
mono, 2∼5, and more than 5 nuclei.
Experiments were performed in tripli-
cates. Error bars indicate SEM. NS, 
no statistical significance.

Fig. 4. Focal adhesion kinase ex-
pression is detected in the SkMSCs 
cultured on the MBP-FGF2-immobi-
lized matrix. Confocal microscopic 
images of immunofluorescence stain-
ing of vinculin (red) and F-actin (green).
SkMSCs were cultured on MBP-GF2 
matrix (50 μg/mL) and Matrigel for 
48 h in growth medium. White ar-
rows indicate the cytoplasmic area 
overlapped between vinculin and 
F-actin expression. Scale bar, 10 μm.

entiation indices for the MBP-FGF2 matrix-precultured 
cells in a dose-dependent manner. Cell fusion indices 
showed no significant differences between Matrigel- and 
MBP-FGF2-precultured cells (Fig. 3C). Similar to differ-
entiation indices, a minor increase in the fused myotube 
population was observed in the cells cultured on the ma-
trix with high dose of MBP-FGF2. We do not know the 
nature of this mild effect, and further studies are war-
ranted to determine whether SkMSCs precultured on the 
MBP-FGF2 matrix become more myogenic. Thus, the 
SkMSCs that expanded on the MBP-FGF2-immobilized 

matrix maintain robust myogenic potential equivalent to 
that of the cells precultured on Matrigel. 

Expression of focal adhesion (FA) kinase was 
comparable between SkMSCs cultured on Matrigel and 
MBP-FGF2 matrix
  Extracellular matrix is connected to the intracellular cy-
toskeleton through large integrin-based multi-protein com-
plexes called FAs, which control cell morphology, migra-
tion, and adhesion (19). Vinculin is involved in anchoring 
F-actin to the cell membrane through its binding with ta-
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lin-integrin complex, leading to integrin clustering (20). 
To determine how FAs are distributed within the SkMSCs 
adhered to the immobilized MBP-FGF2, the expression of 
vinculin and F-actin was analyzed with immunofluo-
rescence staining, followed by confocal microscopy. As 
shown in Fig. 4, vinculin expression was evenly dis-
tributed around the nucleus in the cells cultured on the 
MBP-FGF2-immobilized matrix and no significant differ-
ence in vinculin expression pattern was observed between 
these cells and those cultured on Matrigel. In both cases, 
vinculin expression was mostly co-localized with actin 
cytoskeleton. These results together with our previous 
findings (12, 13) suggest that HSPG on the surface of 
SkMSCs binds to the FGF2 moiety within the MBP- 
FGF2-immobilized matrix. 
  In conclusion, the present study demonstrates that the 
MBP-FGF2-immobilized matrix may serve as a chemically 
well-defined and xeno-free cell culture substrate to sup-
port the adhesion, activation, and proliferation of SkMSCs 
and maintain their in vitro myogenic differentiation at the 
level comparable to that observed with the conventionally 
used Matrigel substrate. We failed to observe any sig-
nificant dose-dependent difference with MBP-FGF2 con-
centrations ranging from 10 to 50 μg/mL. We speculate 
that the immobilized MBP-FGF2 at 10 μg/mL of concen-
tration is sufficient enough to support SkMSC behavior. 
The present study provides a proof-of-principle that a 
chemically well-defined, xeno-free, easy-to-use, and cost- 
effective platform for the expansion of SkMSCs without 
the loss of their self-renewal and myogenic potential may 
be achieved with the MBP-FGF2-immobilized matrix. 
Currently, we are further improving the biofunctionality 
of this synthetic matrix by complexing with other chemi-
cally defined, xeno-free adhesion molecule(s) to improve 
initial cell attachment and proliferation of SkMSCs. 
Additionally, future engraftment experiments using SkMSCs 
expanded on the MBP-FGF2-immobilized matrix are 
warranted. 
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