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Abstract: The use of silica nanoparticles for their cellular uptake capability opens up new
fields in biomedical research. Among the toxicological effects associated with their internaliza-
tion, silica nanoparticles induce apoptosis that has been recently reported as a biochemical cue
required for muscle regeneration. To assess whether silica nanoparticles could affect muscle
regeneration, we used the C2C12 muscle cell line to study the uptake of fluorescently labeled
NPs and their cellular trafficking over a long period. Using inhibitors of endocytosis, we deter-
mined that the NP uptake was an energy-dependent process mainly involving macropinocytosis
and clathrin-mediated pathway. NPs were eventually clustered in lysosomal structures. Myo-
blasts containing NPs were capable of differentiation into myotubes, and after 7 days, electron
microscopy revealed that the NPs remained primarily within lysosomes. The presence of NPs
stimulated the formation of myotubes in a dose-dependent manner. NP internalization induced
an increase of apoptotic myoblasts required for myoblast fusion. At noncytotoxic doses, the NP
uptake by skeletal muscle cells did not prevent their differentiation into myotubes but, instead,
enhanced the cell fusion.

Keywords: silica, nanoparticle, muscle, cell encapsulation, transmission electron microscopy,
apoptosis

Introduction

The increasing interest in nanoparticles is driven by the potential development of
nanotechnology, biotechnology, and medicine, even though several nanoparticles
such as metallic and carbon-based particles exhibit health risks associated with their
use.'* A variety of nanoparticles including silica nanoparticles possess the ability to
cross cell membranes. The cellular uptake of nanoparticles occurs either accidentally
during environmental exposure or purposely for biomedical strategy. Toxicological
effects related to cell internalization have been already identified and depend on sev-
eral parameters, such as cell type and applied doses.”” The presence of nanoparticles
induces oxidative stress and inflammation and affects degradation pathways with an
appearance of autophagosomes and lysosomal dysfunctions, leading to autophagy and
apoptosis.®!® At biocompatible doses, their ability to easily enter the cell has been
proposed as an asset for drug delivery,'"* cell tracking, and cell therapy,'*'* with a
particular focus on the delivery of anticancer therapeutics.'®!”

Nanoparticle application has been recently evaluated in neuromuscular diseases
such as Duchenne muscular dystrophy, which is caused by defects in the dystrophin
gene. Duchenne muscular dystrophy muscles exhibit multiple cellular defects, includ-
ing mitochondrial dysfunction and increased oxidative stress. Beneficial treatments
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targeting defective autophagy have been observed in mdx
mice.'® Notably, rapamycin, an autophagy-inducing com-
pound successfully delivered using nanoparticle formulation,
enhanced physical performance.' There is an emerging
field of nanoparticle therapeutics for muscle disorders and,
potentially, muscle repair. For instance, the differentiation
of myoblasts has been stimulated with the use of silica
nanoparticles loaded with y-secretase inhibitors, blocking
the Notch signaling pathway.? Developments combining
stem cells with nanoparticles provide an interesting strategy
for cell therapy.?' Because muscles are scarcely exposed to
nanoparticles, little attention has been given to how silica
nanoparticles interact with muscle cells, unlike exposed
tissues. Fundamental studies on the mechanisms of nano-
particle internalization and their cellular fate are required for
providing a thorough view of their mechanism of action.

In muscle, the regeneration takes place with the acti-
vation of satellite cells, undifferentiated mononucleated
muscle precursor cells (for reviews, see Rochlin et al?
and Abmayr et al*®). After several cycles of proliferation,
the majority of the cells fuse to repair damaged myofibers
or to form new ones. The remaining cells become quies-
cent and restore the initial population of satellite cells.
The myogenic differentiation is regulated by various
transcription factors, including the myogenic regulatory
factors Myf5, MyoD, myogenin, and MRF4.?* The in
vitro differentiation of the C2C12 skeletal muscle cell
line reproduces each step of myogenesis. Interestingly, a
recent report showed that during myoblast fusion, some
myoblasts exposed phosphatidylserine at their surface and
underwent apoptosis.>

Phosphatidylserine and the receptor BAI1 induced a
signal promoting the fusion of healthy myoblasts with the
multinucleated myotubes. Thus, the presence of apoptotic
cells and a receptor recognizing those phosphatidylserine-
exposing cells plays a key role in myoblast fusion during
muscle development, regeneration, and repair. Given that
nanoparticles could induce apoptosis, it is of importance
to study the internalization of bare silica nanoparticles in
muscle cells and the consequences on the maintenance of
their differentiation capacity.

In this study, we report the uptake of fluorescent silica
nanoparticles (NPs) in C2C12 myoblasts. These myoblasts
containing NPs were capable of differentiation into myo-
tubes. After 7 days of differentiation, NPs were still present
within the cytoplasm of myotubes. The presence of NPs
promoted the formation of myotubes by enhancing myoblast
fusion.

Material and methods

Nanoparticle synthesis

Fluorescein isothiocyanate (FITC) was incorporated inside
the NP’s core during synthesis, leading to fluorescent 50 nm
NPs, as previously described.?® Shortly, the synthesis was
based on the method described by Van Blaaderen.”’ In a
first step, FITC (Thermo Fisher Scientific, Rockford, IL,
USA) was covalently attached to a silane-coupling agent,
(3-aminopropy 1 )triethoxysilane (APS), by the reaction of
an amino group with an isothiocyanate group, leading to a
thiourea link. The reaction was performed in the dark to
avoid photobleaching and under anhydrous conditions to
prevent hydrolysis of APS. Typically, an amount of 5 mg
FITC was dissolved in 5 mL of 42.7 mM of APS in ethanol.
After 12 hours of stirring, the fluorescent silane was added
in a 500 mL two-neck flask immersed in a 50°C oil bath
and containing 250 mL ethanol, 5 mL tetracthoxysilane,
7.6 mL ammonium hydroxide (28%), and 10.9 mL water.
The reaction was allowed for 12 hours in the dark, under
magnetic stirring. The so-prepared particles have an aver-
age diameter of about 30 nm. A seed-growth procedure was
used to increase the NP size to 50 nm. The entire mixture
was poured in a 1 L round-bottom flask containing 500 mL
ethanol, 160 mL water, and 9.9 mL ammonium hydroxide
(28%). Then 18.2 mL tetracthoxysilane was added at two
times, spaced for 12 hours to prevent secondary nucleation.
After this synthesis step, ammonia and ethanol were removed
from the medium at 40°C, using a rotary evaporator. The fluo-
rescent particles were extensively washed by centrifugation
against ultrapure water (18 MQ) at 13,000 g for 15 minutes
until the disappearance of fluorescence in the supernatant.
An estimation of silica concentration in the dispersion was
carried out by inductively coupled plasma optical emission
spectrometry and the gravimetric method. Physicochemical
characteristics of NPs are accessible in the Supplementary
materials (Table S1).

Cell culture

All cell culture reagents were purchased from Life Technolo-
gies unless otherwise specified. The C2C12 mouse myoblast
cells were obtained from the American Type Culture Collec-
tion (Rockville, MD, USA). They were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum and antibiotics (penicillin/streptomycin)
in a humidified atmosphere with 5% CO, at 37°C. All the
experiments were performed with cells from passages 7-9.
When necessary, myogenic differentiation was induced on
70% confluent cells cultured in gelatin-coated dishes by
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changing the growth medium to a differentiation medium (2%
horse serum [HS] in DMEM). A serum deprivation triggered
myoblast fusion into myotubes. Differentiation medium was
changed every 3 or 4 days.

Cell treatment

NP dispersions were prepared by diluting the concentrated
NP stock solution (19.6 mg/mL in water) into DMEM with-
out phenol red at room temperature, immediately before
the experiments, and were vortexed for 1 minute. Before
NP exposure, cells were rinsed once with DMEM, and all
treatments were performed in the absence of serum. For all
experiments, cells were incubated with NPs at 36 pg/mL
or 9 pg/cm? for the required times with the exception of
flow cytometry experiments of NP uptake, performed at
3 ug/em?. After treatment, cells were washed twice with
phosphate-buffered saline (PBS) to remove the unbound
NPs. For the energy-dependent NP uptake, cells were
preincubated for 30 minutes at 4°C or with sodium azide
(100 mM; Sigma) and 2-deoxy D-glucose (200 mM; Sigma)
in PBS before exposure. Endocytosis inhibitors (Merck),
that is, chlorpromazine (15 uM), genistein (200 uM), and
cytochalasin D (5 uM), were incubated with cells for 30 min-
utes before treatment with NPs. Then NPs were applied for
30 minutes in the presence of the inhibitors.

For the study of the NP effect on muscle cell differentia-
tion and the long-term fate of NPs, 70% confluent myoblasts
were washed and treated with NPs at 9 pg/cm? for 1 hour
just before inducing differentiation.

Cell viability

Myoblasts were seeded on 48 well plates at a density of
25,000 cells/cm? in proliferation medium and allowed to
adhere during the 24 hours before NP exposure. The WST-1
reagent (Roche) was used according to the manufacturer’s
instructions to estimate the cell viability. The WST-1 reagent
was added 16 hours after NP treatment to the cells and blanks
and incubated for 4 hours. Absorbance was measured at
450 nm.

Fluorescence microscopy

Cells were cultured on coverslips and fixed with 4% formal-
dehyde in PBS for 20 minutes and then permeabilized with
1% Triton X-100 in PBS for 5 minutes at room temperature.
Cells were blocked with 3% bovine serum albumin (BSA) for
2 hours at room temperature. Cells were then incubated for
3 hours with mouse antibodies to skeletal heavy chain myo-
sin (M4276; Sigma) or to sarcomeric alpha actinin (A7811;

Sigma) diluted 1:300 and 1:500, respectively, in PBS plus
1% BSA. After three washes in PBS, cells were then incu-
bated with Alexa Fluor 594-conjugated donkey anti-mouse
IgG antibody diluted 1:1,000 (Molecular Probes), diluted
in PBS plus 1% BSA for 1 hour at room temperature. After
washes in PBS, cells were incubated with Hoechst 34580
at 5 ng/mL (Invitrogen) for nuclei staining and mounted in
low-fluorescence mounting medium (Dako) and examined
by epifluorescence (an inverted Leica DMI 6000 microscope
equipped with a Leica DFC 350FX camera). For the confocal
spinning disk experiment, cells were incubated for 30 minutes
with tetramethylrhodamine B isothiocyanate (TRITC)-
phalloidin (1 ng/mL in PBS; Sigma), and then nuclei were
stained using Hoechst 34580. Coverslips were mounted in
a low-fluorescence mounting medium (Dako). Images were
acquired with a Leica DMI-6000 microscope equipped with
a Yokogawa CSU-X1 confocal spinning disk.

Transmission electron microscopy

preparation

Cells were fixed using 1.6% (v/v) glutaraldehyde in phos-
phate buffer 0.1 M at pH 7.4 overnight at 4°C. They were
postfixed using 1% (v/v) osmium tetroxide for 90 minutes
and dehydrated in ascending series of ethanol dilutions.
They were then treated with propylene oxide, impregnated
in ascending dilutions of resin in propylene oxide, left in
pure resin overnight (Epon; Inland Europe), embedded, and
polymerized at 60°C for 48 hours. Ultrathin sections (70 nm)
performed on an ultramicrotome (RMC, powertome PC)
were collected on butvar-coated single-slot copper grids and
were stained with 2% (v/v) uranyl acetate for 30 minutes
and with lead citrate for 2 minutes. For NP characterization,
solution at 40 ug/mL was deposited on a carbon-coated grid
previously submitted to a glow discharge (Elmo, Cordouan
Technologies). Grids were examined by transmission elec-
tron microscopy (TEM; CM120; FEI), and the images were
acquired using a digital 2x2 k Gatan camera.

Flow cytometry analysis of NP uptake

Cells were seeded at a density of 15,000 cells/cm? in 12 well
plates and allowed to adhere for 24 hours in growth medium
before exposure to 1 mL NPs at 3 pig/cm? in the different con-
ditions. After treatment and washing, cells were trypsinized
and resuspended in cold 10% fetal bovine serum (FBS)-
supplemented medium without phenol red. Cells were stored
on ice and analyzed within 1 hour. Cells were preincubated
with 0.25% Trypan blue for 1 minute just before analysis to
quench the fluorescence of NPs absorbed on the cell surface.
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Samples were analyzed on a BD Biosciences FACS Canto
flow cytometer, and NPs were excited by a 488 nm laser. The
analysis was performed using Diva software. Cell debris was
excluded, based on the forward and side scatter characteristics
of cell populations. The results are expressed as the percent-
age of the mean of fluorescence intensity. Ten thousand cells
were analyzed in the gate.

Measurement of annexinV, 7-amino-
actinomycin D vital dye, binding,

and cleaved caspase-3

Phosphatidylserine exposure of floating and adherent myo-
blasts was measured using the annexin V phycoerythrin-7-
amino-actinomycin D vital dye (7AAD) apoptosis detection
kit (BD Biosciences). Annexin V has a high affinity for phos-
phatidylserine (PS) in the presence of calcium. In apoptotic
cells, PS translocated to the outer leaflet of the plasma mem-
brane can be detected by fluorescent annexin V conjugates.
C2C12 cells exposed to NPs for 1 hour were incubated with
differentiation or growth medium for the indicated times,
washed with PBS two times, and trypsinized. Cell pellets were
resuspended in binding buffer (10 mM Hepes, 140 mM NaCl,
25mM CaCl, at pH 7.4) at 1x10° cells/mL. Next, 150 uL were
incubated with annexin V-PE (phycoerythrin) and 7AAD for
10 minutes at room temperature and were immediately ana-
lyzed by flow cytometry. The apoptotic cell population was
defined as PS-positive and 7A AD-negative. Negative controls
were performed in the free-calcium binding buffer.

For cleaved caspase labeling, floating and adherent
C2C12 cells were fixed and permeabilized, using the Cyto-
fix/Cytoperm solution (BD Biosciences). They were then
stained with an anticleaved caspase-3 antibody PE conjugated
(D3E9Y; Cell Signaling) and diluted 1:50 in washing buffer
(0.1% saponin and 1% FBS in PBS at pH 7.2) overnight at
4°C. Cells were washed using the same washing buffer and
resuspended in PBS containing 0.5% BSA (Sigma) before
analysis. Samples were analyzed on a BD Biosciences FACS
LSRFortessa flow cytometer. FITC and PE were excited
by a 488 nm laser and a 561 nm laser, respectively. The
analysis was performed using the Diva software. Cell debris
was excluded on the basis of the forward and side scatter
characteristics of cell populations. The results are expressed
as the percentage of positive cells. Ten thousand cells were
analyzed in the gate.

Quantitative analysis of fusion index
The evaluation of myoblast fusion was determined as
previously described.?® At various times after inducing

differentiation, cells were fixed, permeabilized, and stained
for myosin, as described earlier, and nuclei were stained
with Hoechst. The extent of fusion was determined as
follows: fusion (%) = (number of nuclei in myotubes)/
(total number of nuclei in myoblasts and myotubes) X 100.
At least 10 random fields (100x final magnification) were
analyzed per experiment, using the ImagelJ software. The
number of myosin positive myotubes per field with five or
more nuclei was also quantified.

Sodium dodecyl sulfate polyacrylamide

gel electrophoresis and Western blot
analysis

Cell pellets were dissolved in PBS containing 1% triton X-100
and 1X protease inhibitor cocktail and then sonicated briefly
and lysed for 30 minutes at 4°C. The protein concentration
of each cell lysate was determined by the Bradford method
(Bradford Reagent; Sigma). After treatment with 5x sodium
dodecyl sulfate loading buffer, 50 Lg protein was resolved by
10% sodium dodecyl sulfate polyacrylamide gel electrophore-
sis and transferred onto a polyvinylidene difluoride membrane
(Immobilon-P, Millipore) by the semidry transfer method.
The membrane was blocked for 2 hours at room temperature
with 5% (w/v) skimmed milk in Tris-buffered saline plus
0.1% Tween 20 (TBST). The membrane was then incubated
for 2 hours at room temperature in TBST plus 1% skimmed
milk containing the following primary antibodies: mouse anti-
skeletal myosin diluted 1:500, anti-myogenin (sc-576; Santa
Cruz) diluted 1:250, anti-alpha-actinin (sarcomeric) diluted
1:2,000, and anti-GAPDH (sc-25778; Santa Cruz) diluted
1:1,000. The membrane was next washed three times in TBST,
and horseradish peroxidase conjugated secondary antibody
(Sigma) diluted 1:50,000 was applied. Proteins were detected
by incubating the membrane with an enhanced chemilumines-
cence system (ECL Prime Western blotting detection reagent;
GE Healthcare) according to the manufacturer’s instructions,
using the Gene Gnome system (Syngene). The obtained sig-
nals were quantified by using the ImageJ software.

Statistical analysis

Data were collected from at least three separate experiments
and expressed as mean + standard error of the mean. The
statistical difference was analyzed by Student unpaired #-test
when two groups were compared. For analysis of statistical
difference between three or more groups, a one-way analysis
of variance followed by a Bonferroni’s multiple comparison
test was applied. P-values below 0.05 were considered to
indicate statistical differences.
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Results

Interactions of NPs with C2C12 cells

C2C12 myoblasts at 70% confluence were treated for 1
hour with a 9 pg/cm?® NP concentration compatible with the
WST-1 proliferation and viability assay (Figure S1). Using
confocal microscopy, aggregates of NPs were observed at
the cell surface, and smaller fluorescent spots were detect-
able inside the cell, as revealed by orthogonal projections
(white arrow, Figure 1A). More descriptive information
about the NP distribution was provided by TEM observa-
tions of adherent cells sectioned perpendicularly to the
support. Isolated NPs or small aggregates were observed
attached to the cell surface (Figure 1B). According to

. a
7.
S
¥

L ¥

Figure | Uptake of NPs by C2C12 myoblasts.

Notes: (A) Z-projection of confocal images and xz and yz-slices (orthogonal views
along white lines) of NPs interacting with cells for | hour. Blue, Hoescht-stained
nuclei;red, TRITC-phalloidin-stained actin filaments; green, fluorescein isothiocyanate-
labeled NPs. White arrow marks fluorescent spot inside the cell. Scale bar, 10 um.
(B—F) Transmission electron microscopy images of NPs interacting at cell surface (B)
and NPs within cytoplasm (C—F). Insets are enlarged areas marked with black squares
in (B—F). Black arrows indicate plasma membrane surrounding NP.Asterisk marks the
cell side facing the support. Scale bars, 10 pim (A), | um (B—F),and 100 nm (insets).

Abbreviations: NP, silica nanoparticle; TRITC, tetramethylrhodamine B isothiocyanate.

zeta potential analysis and TEM observation, it is likely
that these aggregates were formed in solution (Figures
S2 and S3 and Table S1). Within cells, vesicles contain-
ing one or several NPs were present, suggesting NPs pass
the plasma membrane via endocytic pathways (Figure 1C
and D). In addition, few events were encountered, reveal-
ing isolated NPs engulfed by the plasma membrane (black
arrows in Figure 1E) and within the cytoplasm without being
surrounded by an apparent lipid membrane (Figure 1F).
A similar distribution of silica nanoparticles has been already
reported by Shapero et al in lung epithelial cell.”

Note that the NP internalization decreased with the
increase of cell density (Figure S4). For all experiments, the
cell density has been set at 15,000 cells/cm? and is estimated
to reach 70% confluence 24 hours after seeding, which cor-
responds to conventional culture conditions amenable to
myotube formation.

Internalization pathways of NPs within
C2CI2 cells

The involvement of different endocytic pathways has
been investigated using several inhibitors of endocytosis:
chlorpromazine for clathrin-mediated endocytosis, genistein
for caveolin-mediated endocytosis, and cytochalasin D for
actin-dependent macropinocytosis (Figure 2). As shown by
flow cytometry, all inhibitors reduced NP uptake. Macro-
pinocytosis and clathrin-mediated endocytosis were more
efficient than caveolin-mediated endocytosis. When ATP
production was impaired with 2-deoxyglucose and sodium
azide or when the experiment was performed at 4°C, the
fluorescence of cells exposed to NPs considerably decreased,
corresponding to a reduced uptake of NPs. These results indi-
cated that the uptake of NPs in muscle cells was mainly an
energy-dependent process, as observed in various cell types,
including pancreatic, hepatic, and epithelial cells.?¢*7! In
addition, even though ATP depletion considerably reduced
NP uptake, it is not impossible that NPs enter cells via ATP-
independent processes, as already proposed.’*** Accord-
ingly, a physicochemical mechanism involving adhesion and
membrane spreading around the NP surface has already been
observed, with large unilamellar liposomes and red blood
cells both lacking endocytic capabilities.***

Fate of NPs within myoblasts

and myotubes

To get further insight on the fate of NP after internaliza-
tion, myoblasts were cultured in growth medium (FBS) for
4 hours after NP exposure. The intracellular distribution of
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Figure 2 Effect of endocytosis inhibitors on cellular uptake of NPs.

Notes: Cells were pretreated at 37°C with chlorpromazine (CP), genistein (G),
cytochalasin D (cyto D), sodium azide, and 2-deoxy-D-glucose (deoxy) for 30 minutes
and then exposed to NPs (3 jig/cm?) and inhibitors for 30 minutes. Cells maintained at
4°C were exposed to NPs for 30 minutes after 30 minutes of preincubation at 4°C.
Quantification of internalization was performed by flow cytometry, after addition
of trypan blue. (A) Flow cytometry analysis of FITC-NPs uptake by treated cells.
(B) Percentage of uptake relative to untreated cells exposed to NPs. This was calculated
by dividing the mean cell fluorescence intensity after NP uptake in drug-treated cells by
that of untreated cells. Untreated cells at 37°C + standard error of the mean. Bars on
the graph represent the standard of the mean. *Significantly different from the control
(P=0.05); n=3.

Abbreviation: NP, silica nanoparticle.

NPs analyzed by TEM revealed the presence of large amounts
of NPs within the endosomal vesicles. NPs were clustered
in large vesicles (Figure 3A) and also in lipid membrane-
containing vesicles that closely resembled lysosomes contain-
ing mitochondria undergoing degradation (Figure 3B). The
presence of such multilamellar vesicles may be associated

Figure 3 Fate of NP uptake by myoblasts after 4 hours.

Notes: Transmission electron microscopy images of a large amount of NPs accu-
mulated in vesicles (A) or in organelles undergoing degradation (B). Few NPs in
vesicle (C) and isolated NP in cytoplasm (D) were visible, as observed after | hour
of exposure. Insets are enlarged areas marked with black squares. Asterisk marks
the cell side facing the support. Scale bars, | um (A-D) and 100 nm (insets).
Abbreviation: NP, silica nanoparticle.

with cellular defense mechanisms to sequester NPs such as
autophagy, as reported in the literature.®

It is important to note that NPs were still attached to the
cell surface, even a few hours after removing the excess NP
solution. Furthermore, NPs were observed to be isolated or
in small vesicles corresponding to similar events encountered
after 1 hour uptake, suggesting that the process of NP uptake
lasted several hours after exposure (Figure 3C and D).

Then, the fate of NPs internalized into C2C12 myoblasts
has been investigated in the context of the formation of
myotubes to evaluate the effect of NPs on this differentiation
process. Indeed, myoblast fusion into myotubes was induced
by the use of a low percentage of HS. In these conditions, the
cell cycle was arrested and C2C12 myoblasts fused to form
polynucleated myotubes. C2C12 myoblasts were exposed to
NPs just before serum deprivation and were cultivated over
the course of 7 days. First myotubes appeared on day 2 and
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grew to day 7. These myotubes contained fluorescent NPs
(Figure 4A and B). TEM observations revealed that NPs
were mainly packed into multilamellar lysosomal structures
(Figure 4D). Aside from myotubes, there were mononu-
cleated myoblasts that still contained NPs clustered into
unilamellar and multilamellar vesicles (Figure 4C).

Promyogenic effect of NPs

As NPs were present all along the differentiation process, we
investigated the potential effect of NPs on myotube formation.
Their morphologic features, characterized by a striated pattern
of alpha-actinin (an early marker of sarcomere assembly), were
similar to those of myotubes formed from untreated myoblasts
(Figure 5A), as observed by TEM (Figure 4D4). The mea-
surement of sarcomeric alpha-actinin and myosin expression
levels in NP-containing myotubes at day 7 revealed a 2.5-fold
and a 1.5-fold increase, respectively, whereas the expression
of the myogenin transcription factor involved in the regulation
of muscle-specific genes was not modified, suggesting that
myogenesis was enhanced without activating the myogenin
pathway (Figure 5B and C). The rate of fusion characterized

Figure 4 Long-term fate of NP uptake 7 days after initiating the differentiation process.

by the fusion index (ratio of nuclei contained within myotubes)
is a criterion indicative of myogenesis activity. Using immu-
nolabeling against myosin, a specific marker of myotubes
(Figure 6A), we measured the fusion index of NP-containing
cells and showed it was significantly increased by 5.4%,
7.8%, and 11.4% at days 2, 3, and 4, respectively (Figure 6B).
Accordingly, the myotubes containing at least five nuclei
(another way to quantify the fusion velocity) were signifi-
cantly more abundant in the presence of NPs (Figure 6C).
Thus, NPs had a promyogenic effect by enhancing the forma-
tion of myotubes. In our experimental conditions, an exposure
of NPs to myoblasts did not impair myogenesis but, instead,
promoted cell differentiation into myotubes.

The enhancement of myoblast fusion has been assessed
for several NP concentrations (Figure 6D). A 3 pg/cm?NP
concentration did not significantly increase myoblast fusion,
whereas the concentrations of 6 and 9 pg/cm? induced a
progressive promyogenic effect. A 18 ug/cm? toxic con-
centration had a detrimental effect on fusion. Thus, this
promyogenic effect seemed to be NP dose-dependent, with
an optimal concentration close to the toxicity threshold.

ST

Notes: (A) Z-projection of confocal images and xz and yz slices (orthogonal views along white lines) of NPs within myotubes and myoblasts. Blue, Hoescht-stained nuclei;
red, TRITC-phalloidin-stained actin filaments; green, fluorescein isothiocyanate-labeled NPs. Scale bar, 10 um. (B) Three-dimensional view of the field shown in A. (C) TEM
images of NPs accumulated in myoblasts. Typical vesicles containing NPs (I-3) are enlarged areas marked with black squares in C. (D) TEM images of NPs accumulated in
polynucleated myotube. 1-3 are enlarged areas (marked with black squares in D) of typical vesicles containing NPs similar to those in C. Image 4 shows typical sarcomeric
structures and numerous mitochondria characteristic of myotubes. Asterisks mark the cell side facing the support. Scale bars, | um (C, D) and 100 nm (enlarged images).

Abbreviations: NP, silica nanoparticle; TEM, transmission electron microscopy.
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Figure 5 Effect of NPs on the expression of muscle specific markers in myotubes.
Notes: (A) Fluorescence images of myotubes after incubation with and without
NPs. Red, staining of alpha-actinin characteristic of the sarcomeric organization of
myofibers; blue, Hoechst stained-nuclei. Scale bar, | um. (B) Expression of muscle-
specific markers. After myoblast treatment with NPs, proteins were extracted
from myotubes at day 7 of differentiation and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Inmunodetection was carried out using specific
antibodies against alpha-actinin, myosin heavy chain, and myogenin. Glyceraldehyde-
3-phosphate dehydrogenase was used as a loading control. (C) The level of the
different proteins was quantified and expressed as a percentage of the level obtained
in the untreated control cells. Bars on the graph represent the standard error of the
mean. *Significantly different from the control (P<0.05).

Abbreviation: NP, silica nanoparticle.

NPs increased apoptosis of myoblasts

It has been recently shown that after 24 hours in differentia-
tion medium (ie, with a low percentage of HS), myoblasts
exposed PS and underwent apoptosis, representing a signal
for myoblast fusion.?® Therefore, we assessed two apopto-
sis markers: annexin V binding to PS exposed at the cell

surface and the expression of cleaved caspase-3 (Figure 7).
A significant increase of cells positive for annexin V bind-
ing (9.6% versus 6.1% of cells in control) and for cleaved
caspase-3 (22.9% versus 6.2% of cells in control) was
observed 24 hours after NP treatment, indicative of an
apoptosis enhancement. Interestingly, this enhancement
was measured only when NP treatment was concomitant
to serum deprivation. Indeed, when differentiation process
was delayed by 24 hours after NP exposure (24 hours
FBS + 24 hours HS), neither annexin V binding nor cleaved
caspase-3 were enhanced in the presence of NPs. The
fusion index in this condition was similar to that of the
control (Figure 6B). Altogether, these results indicated that
NP entry transitorily enhanced apoptosis during myoblast
differentiation.

Discussion

The main concerns raised by the development of nanopar-
ticles are cell toxicity, internalization pathways, nanomate-
rial biopersistence, and the effect on cell functionalities.
The internalization of silica nanoparticles has been studied
in cell types in relation with exposed tissues, mainly lung,
gut, and skin.>38 It has been proven that these nanoparticles
may have deleterious effects and jeopardized cell survival
above exposure thresholds. Below the toxic threshold, silica
nanoparticles show potential development in biomedical
research for bioimaging, diagnosis, drug delivery, and tissue
engineering, including muscle regeneration therapy.?***4° We
have studied the internalization of silica NPs in myoblasts
and characterized their biopersistence during in vitro cell
differentiation, representing an excellent model for muscle
regeneration. Interestingly, we showed that at low doses, NP
uptake was able to increase the formation of myotubes by
enhancing myoblast fusion.

Our results on NP internalization show that cellular
uptake is based on energy-dependent mechanisms, with
macropinocytosis and the clathrin-mediated pathway being
the predominant endocytic pathways. The uptake of the same
NP by NCI-H292 lung adenocarcinoma cells exhibits similar
routes.” After a rapid internalization into myoblasts, our
TEM observations show that NPs are clustered into vesicles.
Moreover, NPs are still present within these vesicles over
several days of differentiation and are also transferred into
myotubes during myoblast fusion. The NP feature, in terms
of size and shape, remains unchanged, as observed for other
silica nanoparticles.*' The load of NPs sequestered into these
multilamellar structures does not prevent myoblast differen-
tiation into myotubes or their further growth.
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Figure 6 Myotube formation promoted by NP uptake.

B 1,

Fusion index (%)
N
o

D2 D3 D4 24hFBS + D3

C 16

14 T
[

Myotubes with a
minimum of 5 nuclei

D2 D3 D4

D 40 *

Fusion index (%)

0 3 6 9 18
NP concentration (ug/cm?)

Il Control NPs

Notes: Myotube fusion was analyzed at days 2, 3, and 4 of differentiation when myoblasts were incubated or not (control) with NPs. (A) Fluorescent images of myoblasts
and nascent myotubes at days 2 and 4 of differentiation. Myotubes arising from NP-treated myoblasts appeared larger. Nuclei (Hoechst, blue) and myotubes (anti-myosin
antibody, red) were labeled. Scale bar, 100 um. (B) Quantitative analysis of the fusion index. (C) Quantification of myotubes containing at least five nuclei. Their number
increased significantly at the early days of differentiation. (D) Quantitative analysis of fusion index for several NP concentrations at day 3. Data are expressed as mean *

standard error of the mean; n=3. *Significantly different from the control (P<0.05).
Abbreviation: NP, silica nanoparticle; FBS, fetal bovine serum.

The internalization of NPs and their persistence within
myoblasts have an unexpected effect on cell differentiation.
Our results show that myotube growth is enhanced in the pres-
ence of NPs and raises the question of by which mechanism
NPs enhance this process. It has been shown that apoptotic
myoblasts were required for inducing myotube formation.?*
The apoptotic myoblasts would interact with healthy myo-
blasts via their receptor BAI1. After its recognition of PS
lipids on apoptotic myoblasts, BAI1 signaling through the
ELMO/Dock180/Racl pathway would then promote the
fusion of healthy myoblasts.?® In agreement with these data,
our results show a significant increase of apoptotic cells after
24 hours in differentiation medium. Interestingly, cell incu-
bation with NPs before switching to differentiation medium
enhances PS exposure and cleaved caspase-3, indicative of
an increase of apoptotic cells. Apoptosis induced by silica
nanoparticles has already been measured on several cell types,
including macrophages and hepatic and endothelial cells.*

Thus, according to the mechanism described by Hochreiter-
Hufford et al*> NP uptake could very likely enhance myoblast
fusion via an apoptotic induction that acts in synergy with the
apoptotic process triggered by differentiation medium.

Among the four myogenic regulatory factors, MyoD,
myogenin, and Myf-5 regulate the cell cycle, whereas MRF4
is involved in terminal differentiation. Myogenin is an early
marker for the entry of myoblasts into the differentiation
pathway and possesses an antiproliferative activity.*® There-
fore, we have analyzed the myogenin expression as an early
marker of differentiation and showed that NP treatment did
not modify the level of myogenin expression, indicating
that the effect of NPs is not directly related to the myogenin
expression. Likewise, Hochreiter-Hufford et al>® who reported
on the promoting role of apoptosis on myoblast fusion, did
not observe a modification of myogenin expression, suggest-
ing that apoptosis is required either downstream or parallel
to myogenin.
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Notes: (A) Representative annexin V-PE/7ZAAD labeling pattern of myoblast populations in HS medium 24 hours (h) after NP exposure or not (control), in the absence and
the presence of calcium.The population positive for annexinV and negative for 7AAD (Q4) was used to quantify PS exposure at cell surface. (B) Exposed myoblast population
positive for annexinV analyzed after 6 h in HS, 24 h in HS,and 24 h in FBS, followed by 24 h in HS. (C) Percentage of cells positive for cleaved caspase-3 analyzed after 24 h in
HS and 24 h in FBS, followed by 24 h in HS. Data are expressed as mean * standard error of the mean from three independent experiments (**P<<0.01).

Abbreviations: NP, silica nanoparticle; HS, horse serum; FBS, fetal bovine serum; 7AAD, 7-amino-actinomycin D; PE, phycoerythrin; PS, phosphatidylserine.

The effect of NPs on myotube growth has been observed
when differentiation was initiated after NP incubation. As
we have observed that NP internalization and clustering into
vesicles was an ongoing process a few hours after rinsing,
the internalization process occurs concomitantly with the
differentiation process. To assess whether this internalization
process is important for myotube formation, the initiation of
differentiation has been postponed for 24 hours, correspond-
ing to a time course for a complete NP internalization.?® In
these conditions, the percentage of apoptotic cells is not
significantly higher than that of untreated cells (Figure 7). In
addition, the morphology of myotubes and the fusion index
are similar to those obtained in untreated myoblasts, meaning
that NP load has no or few effects on the myotube growth.
Altogether, these results indicate that NP internalization and
the related subsequent cellular events are able to promote
apoptosis that enhances myoblast fusion when combined
with differentiation medium.

Although preliminary, our results could be useful for the
potential development of stem cells to restore muscle structure
and function in pathological conditions such as congenital
skeletal muscle defects.'®4” Several limitations concerned the
survival of implanted cells and nonspecific cell delivery, impair-
ing clinical applications.* The use of fluorescent silica nanopar-
ticles as a cell tracker and/or drug delivery vector for myogenic
inducer could facilitate this strategy.?! In a recent report, silica
nanoparticles loaded with Notch signaling modulators were used

to induce efficient differentiation of myoblasts into myotubes.?
C2C12 cells have been grown on a film of silica nanoparticles.
After their cellular uptake, these nanoparticles delivered the
Notch inhibitor, suggesting that a surface or a three-dimensional
scaffold impregnated with nanoparticles can be used for cell-
targeted delivery. Our study may help in the choice of nanomate-
rial in the perspective of muscle regeneration therapy.

Conclusion

We have studied in muscle cells the internalization of 50 nm
fluorescent NPs and their effect on myoblast fusion. These
NPs were internalized in an energy-dependent process. We
showed that the differentiation of myoblasts into myotubes
could be enhanced after NP exposure. NP internalization
induced an increase of apoptotic myoblasts and exposed
phosphatidylserine essential for myoblast differentiation.
Thus, low doses of NPs could have a beneficial effect on
muscle growth and are worth attention in the field of regen-
erative medicine and muscle repair.
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Supplementary materials

Table S| Physicochemical characteristics of NPs

Characteristic H,O Dulbecco’s Modified Eagle’s Medium
Zeta potential, mV -35.6 -31.2
Hydrodynamic radius, nm 81.8 122.9

Notes: NPs were characterized for their hydrodynamic radius and zeta potential suspended in water and Dulbecco’s Modified Eagle’s Medium. Dynamic light scattering and
zeta potential values were measured by a zetasiser 300 HS (Malvern) and Vasco granulometer (CordouanTechnologies). Size estimation using the cumulant method shows a
slight destabilization of NPs in Dulbecco’s Modified Eagle’s Medium (122.9 nm) compared with H,O (81.8 nm).

Abbreviation: NP, silica nanoparticle.
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Figure S| Cytotoxicity of NPs in C2C|2 myoblasts.
Notes: Twenty-four hours after seeding at 15,000 cells/cm?, cells were exposed to various doses of NPs for | hour in Dulbecco’s Modified Eagle’s Medium. Cell viability was

measured |6 hours after treatment, using the WST-| assay. The toxicity threshold is observed for a NP concentration of 9 ig/lcm?. Data are the percentages of surviving
cells relative to the control reported as the mean * standard error of the mean of three independent experiments.
Abbreviation: NP, silica nanoparticle.
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Figure S2 Transmission electron microscopy characterization of 50 nm NPs.
Notes: Transmission electron microscopy images of NPs suspended in water (40 pg/mL). Scale bar, 100 nm. A histogram showed the size distribution of 100 NPs measured

using the Image] software. The mean diameter was 49.5+3.9 nm (standard error of the mean).
Abbreviation: NP, silica nanoparticle.
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Figure S3 Dynamic light scattering curves of silica nanoparticles in water and in Dulbecco’s Modified Eagle’s Medium.
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Figure S4 NP internalization as a function of cell confluence.

Notes: Cells were treated with NPs during 30 minutes at 3 pig/cm? in Dulbecco’s Modified Eagle’s Medium, 24 hours after seeding at three concentrations: 2,000 (Cl),
15,000 (C2), and 50,000 (C3) cells/cm?, corresponding to about 50%, 70%, and ~100% confluence, respectively. Quantification of NP internalization was performed by flow
cytometry after the addition of Trypan blue. Results are expressed as mean cell fluorescence intensity (arbitrary unit) + standard error of the mean; n=3.

Abbreviation: NP, silica nanoparticle.
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