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Due to their biocompatibility and biodegradability and their unique structural and physicochemical
properties, laser-synthesized silicon nanoparticles (Si-NPs) are one of the nanomaterials which have

been most studied as potential theragnostic tools for non-invasive therapeutic modalities. However, their

ability to modulate cell behavior and to promote proliferation and differentiation is still very little

investigated or unknown. In this work, ultrapure ligand free Si-NPs of 50 + 11.5 nm were prepared by
femtosecond (fs) laser ablation in liquid. After showing the ability of Si-NPs to be internalized by murine
C2C12 myoblasts, the cytotoxicity of the Si-NPs on these cells was evaluated at concentrations ranging
from 14 to 224 ug mL™!. Based on these findings, three concentrations of 14, 28 and 56 ug mL™ were

thus considered to study the effect on myoblast differentiation, proliferation and motility at the

molecular and phenotypical levels. It was demonstrated that up to 28 pg mL™%, the Si-NPs are able to

promote the proliferation of myoblasts and their subsequent differentiation. Scratch tests were also
performed revealing the positive Si-NP effect on cellular motility at 14 and 28 ug mL™% Finally, gene
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expression analysis confirmed the ability of Si-NPs to promote proliferation, differentiation and motility

of myoblasts even at very low concentration. This work opens up novel exciting prospects for Si-NPs
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1 Introduction

The possibility of monitoring cell behaviour and fate can
dramatically help in the development of novel tissue engi-
neering technology and therapeutic protocols in view of
repairing and regenerating damaged tissues, occurring after
injury or other degenerative diseases.' In this context, several
approaches are currently investigated, including bio-inspired
surface topography,> engineered functional nanoparticles®*
and chemical surface functionalization.® Similarly, due to their
particular physicochemical properties (size, porosity, hydro-
phobicity, chemical composition, etc.), nanoparticles (NPs) have
attracted great interest in the design of innovative theragnostic
tools for drug delivery,® cell tracking”® and therapy®'® with
a particular focus on non-invasive anticancer therapeutics (e.g.,
light-induced generation of singlet oxygen and related
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made by the laser process as innovative tools for skeletal muscle tissue engineering in view of
developing novel therapeutic protocols for regenerative medicine.

photodynamic therapy, radio frequency-induced hyperthermia,
etc.).”* On the other hand, their ultra-small size, down to
100 nm, and their high surface reactivity could offer remarkable
interactions with biological environments which can be evalu-
ated for their ability to modulate cell behaviour or to influence
aspects such as cell differentiation and proliferation.'>** The
control of the different cellular mechanisms listed above can
both improve the fabrication of innovative nanocomposite
materials for biomedical applications and promote the use of
improved strategies towards therapeutic protocols in order to
restore functionality of tissues damaged due to trauma,
degenerative diseases or aging.* To date, several types of NPs
based on polymers, metals and ceramics have been investigated
in this respect; most of these studies were thus performed using
a variety of stem cells including induced pluripotent stem cells
(iPSCs).*>*® For instance, Au-NPs functionalized with citrate,
chitosan or fibronectin, are able to enhance the differentiation
of human mesenchymal stem cells (MSCs) and adipose-derived
stem cells (ADSCs), respectively, into cardiomyocytes and oste-
oblasts.’*?® Ag-NPs can promote osteogenic differentiation of
human urine-derived stem cells (USCs) and the proliferation of
MSCs,>*  while graphene-based NPs enhance the
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cardiomyogenic and angiogenic differentiation capacity of
MSCs for cardiac tissue regeneration.”” Due to their biocom-
patibility and biodegradability, SiO,-NPs were also investigated
for their ability to modulate murine myoblast (C2C12) behav-
iour by improving the differentiation of C2C12 myoblasts into
myotubes with a beneficial effect on muscle growth.>® Despite
these promising results, the major concerns about the NPs
employed in these research studies are their conventional
chemical and electrochemical production methods, which
involve hazardous products (e.g., HF, nitrate salts, chloride,
citrate, etc.) and various ligands. The presence of potentially
dangerous reagents generally leads to surface contamination by
residual toxic products, which can negatively influence the
interaction with the biological matrix.>® Moreover, in some
cases the elaboration of NPs takes place under extreme physi-
cochemical conditions (e.g., pH, pressure, temperature, etc.)
which requires a rigorous control of the synthesis procedure.
These reactions frequently necessitate different organic
solvents (e.g., ethanol, THF, etc.) leading to switching steps
between organic and aqueous solutions that complicates the
fabrication and purification procedures.*® Driven by its flexi-
bility, simplicity and rapidity, we have recently introduced an
ultra-short femtosecond (fs) laser ablation approach in liquid as
a relevant process to design ultra-pure crystalline NPs for
biomedical applications. Thanks to the interaction of a fs laser
beam with a solid target initially immersed in a liquid, this
method allows the formation of nanoclusters which coalesce in
a liquid medium to produce a very stable colloidal NP solu-
tion.”® Moreover, by playing with several parameters of the laser
(e.g., fluence, beam time duration, ablation/fragmentation
sequence, etc), the possibility to monitor their physicochem-
ical properties including size, size-distribution and chemical
composition has been demonstrated.”””® In this context, we
have recently used Si (silicon), already known to be involved in
many physiological activities such as bone mineralization* and
transduction mechanisms,* to elaborate Si-NPs by fs laser
ablation in liquid for biomedical applications. Our study proved
their biocompatibility and biodegradability into orthosilicic
acid Si(OH), without specific induced toxicity.*® We thus
demonstrated their complete safety properties thanks to
systematic in vitro and in vivo tests,** while their therapeutic
potential was assessed by a variety of non-invasive testes
including intra-tumour radiofrequency (RF)-induced hyper-
thermia® and two-photon excited photodynamic therapy (TPE-
PDT).** Furthermore, we tested Si-NPs as functional additives in
innovative electrospun-nanofiber platforms for tissue engi-
neering applications.*® Nanoparticles can lead to the develop-
ment of novel tissue engineering technologies and therapeutic
protocols to regenerate damaged tissues. Hence, their ability to
modulate different aspects of cellular programs is still very little
investigated or unknown. In this work, we assessed the effect of
laser-synthesized Si-NPs on murine C2C12 myoblast differenti-
ation, proliferation and motility both at the molecular and
phenotypical levels. This work is conceived as a first step
towards the possible use of these types of Si-NPs in skeletal
muscle cells for future applications in tissue engineering and
regenerative medicine.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Synthesis of Si-NPs and characterization

Fabrication of the Si-NPs was carried out with a femtosecond
laser (Light Conversion Carbide CB1-05 Yb:KGW), working with
a pulse duration of 430 fs, an energy per pulse of 40.3 pJ and
a repetition rate of 10 kHz at 1028 nm. Precisely, a Si wafer was
placed at the bottom of a glass vessel filled with 10 mL of
ultrapure water, and then subjected to a fs laser beam for
10 min with a fluence of 5.081 J] cm 2 To promote optimal
surface ablation, a scanner system was coupled with the fs laser
beam. The characterization of the structural properties of the Si-
NPs was achieved through a high-resolution transmission
electron microscopy (HR-TEM) system (JEOL JEM 3010) in
imaging and diffraction modes working at 200 kV. In parallel
dynamic light scattering (DLS) measurements were also per-
formed on Si-NPs solution with a Zetasizer Nano ZS instrument
(Malvern Instruments) to assess their hydrodynamic size and
zeta potential surface charge. To proceed to biological in vitro
studies, calibrated Si-NP solutions at increased concentrations
in the range of 14 to 224 pg mL~"' were prepared through
a centrifugation process (14 200 rpm for 10 min). The concen-
tration of the Si-NPs was measured by an inductively coupled
plasma mass spectrometry (ICP-MS) method.

2.2 Cell cultures

Murine myoblasts C2C12 (ATCC) were cultured according to
a previously published protocol*® in T-75 Flasks (Sarstedt) at 37 ©
C and 5% CO, in DMEM GlutaMAX (Gibco) supplemented with
10% heat-inactivated fetal bovine serum (FBS, EuroClone),
penicillin (100 IU mL™", Gibco), and streptomycin (100 mg
mL ™!, Gibco). To stimulate differentiation, once 90% con-
fluency was reached, cells were transferred to differentiation
medium (DM) composed of DMEM GlutaMAX (Gibco) supple-
mented with 2% horse serum (Gibco). The images and counting
of the cells were obtained with a reverse microscope (EVOS
M5000, Invitrogen, Thermo Fisher, America).

2.3 Cell survival assay

For cell survival assays, C2C12 cells were seeded in 12-well
plates (Thermo Scientific) at 5 x 10* cells per well respectively.
After 24 h, the culture medium was replaced by 1 mL of fresh
medium containing different concentrations of Si-NPs
(14 to 224 pg mL™"). After 72 h of exposure, cell viability
determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) colorimetric assay. This test is
based on the reduction of the tetrazolium salt by the mito-
chondria of living cells. The absorbance measured at 600 nm is
proportional to the number of living cells.

was

2.4 Differentiation assay

The fusion index (FI) is defined as the ratio between the number
of nuclei included in myosin heavy chain-expressing cells
(containing at least three nuclei) and the number of nuclei for
each field. To assess the influence of Si-NPs on C2C12 myoblast
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myogenic differentiation,® FI was manually calculated using
Fiji software, on samples prepared as described below. C2C12
cells were seeded into 12-well plates (Thermo Scientific) at 10°
cells per well. After 24 h the culture medium was replaced by
1 mL of fresh medium containing different concentrations of Si-
NPs (0, 14, 28, and 56 ug mL ™). After 48 h the cells reached
adequate confluence (90%), and the medium was replaced with
a differentiation medium to induce myotube formation. DM
was changed every 48 h for up to 1 week, to allow for proper
myogenic differentiation. Then, after rinsing medium residues
with PBS, cells were fixed with 4% paraformaldehyde in PBS at
4 °C for 10 min and stored at 4 °C for subsequent immuno-
fluorescence analysis.

2.5 Immunofluorescence analysis

The samples were analyzed by immunofluorescence according
to a previously described protocol.*® Briefly, cells were per-
meabilized in a solution of Triton X-100 0.3% in PBS for 1 h at
room temperature (RT) and blocked with a blocking solution
consisting of 10% goat serum, 1% glycine, and 0.1% Triton X-
100 in PBS for 1 h at RT. Subsequently, the cells were incu-
bated with mouse monoclonal anti-myosin heavy chain (MF20,
DHSB) primary antibody, diluted 1:100 in a blocking solution
for 2 h at RT and then rinsed with a washing solution consisting
of 1% bovine serum albumin (BSA) and 0.2% Triton X-100 in
PBS. After washing, the cells were incubated with Alexa Fluor
555-conjugated goat anti-mouse IgG secondary antibody (H + L;
Thermo Fisher Scientific, diluted 1:400) for 1 h. Finally, the
nuclei were counterstained with 300 nM DAPI (Thermo Fisher
Scientific) in PBS for 10 min.

2.6 Sample preparation for high-resolution scanning
electron microscopy imaging (HR-SEM) coupled with energy
dispersive X-ray (EDX) analysis

The adhesion of the Si-NPs to the cell wall was monitored through
images obtained using HR-SEM (Jeol JSM-7900F) working at 30
kV. C2C12 myoblasts were seeded on glass coverslips (10° per
sample) and 24 h later exposed to 56 pg mL ™" Si-NPs for 72 h.
Then, the culture medium was removed and the cells were
washed 3 times with PBS in order to eliminate the NPs in the
suspension. Subsequently, the samples were fixed with 5%
glutaraldehyde solution over 2 h, then washed with increasing
concentrations of ethanol (25, 50, 75, and 95%) and finally stored
at 2 °C until analysis. HR-SEM coupled with EDX measurements
were also performed on cell sections of C2C12 cells to confirm Si-
NP internalization. Basically, C2C12 myoblasts were seeded in
6-well plates (Thermo Scientific) (10> per sample) and 24 h later
exposed to 56 ug mL ™" Si-NPs for 72 h. The culture medium was
removed and the cells were washed with a 0.1 M phosphate buffer
solution. Subsequently the myoblasts were fixed with 2 mL of
a glutaraldehyde 2.5% and 0.1 M phosphate buffer mixture for
one hour under gentle stirring conditions. After the removal of
glutaraldehyde, the samples were washed and fixed with 2 mL of
a 1% osmium solution diluted in phosphate buffer and kept in
total darkness for 30 minutes. Several washing steps were then
carried out with increasing concentrations of ethanol (50, 70, 80,
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90, and 100%) in order to promote a gradual dehydration of the
specimens. The fixed and dehydrated cells were finally removed
from the multi-well plate, soaked in the resin and polymerized at
60° for 24 hours. The use of a microtome cutter and a diamond
blade was crucial to obtain resin segments with a thickness of 30
um that allow the analysis of cell sections which were deposited
on TEM grids to perform SEM analysis. EDX measurements were
performed to confirm the chemical nature of the Si-NPs detected.

2.7 Proliferation assay

Growth curves were obtained according to Testa et al.** method.
Briefly, C2C12 cells were seeded into 24-well plates (Thermo
Scientific) at 10* cells per well. Three wells were prepared for
each experimental time point (1, 3, 6, and 8 days) and each Si-
NP concentration (0, 14, 28, and 56 pg mL™"). Cellular prolif-
eration was evaluated by harvesting cells at each time point and
calculating the average cell number by means of a Burker
counting chamber.

2.8 Scratch-wound healing assay

Scratch-wound assays were performed according to the Gargioli
et al. study.*® C2C12 cells were seeded in 12-well plates (Thermo
Scientific) at 10° cells per well. Three wells for each concentra-
tion of Si-NPs (0, 14, 28, and 56 ug mL ') were prepared. After
48 h, the confluent C2C12 monolayer was scratched by using
a 10 pL pipette tip. The cells were washed with DMEM (Gibco) to
remove any detached cells, and 1 mL of fresh medium con-
taining the right concentration of Si-NPs was added. Time lapse
imaging was recorded for each well, taking photographs every
30 minutes for 24 hours.

2.9 Quantitative RT-PCR analysis

C2C12 cells were seeded in 6-well plates (Thermo Scientific) at 3
x 10> cells per well, with three wells for each concentration of
Si-NPs (0, 14, 28, and 56 ug mL ') and each experimental time
point (early - 80% of cell confluence - day 1; medium - 100% of
cell confluence - day 2; late - differentiated myotubes - day 4).
Once full confluence was reached (medium point), the growth
medium was changed to the differentiation medium, to allow
the correct differentiation of myoblasts. RNA was extracted
using an RNeasy mini kit (Qiagen), and then 2 ng of RNA for
each sample was retrotranscribed using SuperScript IV reverse
transcriptase (Invitrogen), according to the manufacturers’
instructions. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was selected as the endogenous control after verifying
its stable expression. Quantitative RT-PCR analysis was per-
formed with a QuantStudio™ 5 Real-Time PCR System (96-
wells, Applied Biosystems). Each ¢cDNA sample was amplified
using a LightCycler 480 SYBR Green I Master (Roche). Relative
mRNA levels were calculated by the delta CT method (AACt).**
Primer specificity was confirmed by melting curve analysis.

The primers used are listed below:

(1) GAPDH (80): Fw: ACTGAGCAAGAGAGGCCCTA; Rv:
TATGGGGGTCTGGGATGGAA

(2) MHC (85): Fw: AACTGAAGAATGCCTATGAAG; Rv:
TCTGCTATCTCTTGTTCTAAGT

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(3) MyoD1 (82): Fw: GGAAGGGAAGAGCAGAAG; Rv:
AAGGACTACAACAACAACAAC

(4) Desmin (82): Fw: CGTGACAACCTGATAGAC; Rv:
TGTTCTCTGCTTCTTCTC

(5) Myomaker (94): Fw: GTTGCTTCACTCTGTTCA; Rv:
TATTTACTGGTCTAGGGTTCT

(6) MKi67 (75): Fw: GGCATTCACAGCAACTTA; Rv:
CACCTTCATCCAGATTCAC

(7) C-met (148): Fw: AGTCCTATATTGATGTCTTAC; Rv:
AACCTGATTATTCTTGTATGA

2.10 Statistical analysis

All experiments were performed at least in biological triplicate.
Data were analyzed using GraphPad Prism 8, and values were
expressed as means =+ standard error. Statistical significance
was tested using one-way ANOVA tests with the appropriate
multiple comparison tests. A probability of less than 5% (p <
0.05) was considered as statistically significant.

3 Results

3.1 Physicochemical characterization of Si-NPs

As described above, Si-NPs elaborated by the femtosecond laser
process were characterised by HR-TEM coupled with X-ray diffrac-
tion measurements. As shown in Fig. 1, Si-NPs appeared typically
spherical (Fig. 1a) with an average diameter of 50 £+ 11.5 nm
(Fig. 1b). Moreover, electron diffraction analysis confirmed the
polycrystalline structure of Si-NPs with the presence of diffraction
rings, corresponding to the (111), (220), and (311) and (331) crys-
talline planes of the cubic diamond structure (Fig. 1c).

(-Potential measurements were also carried out revealing
negative surface —45 + 1.5 mV due to partial oxidation of the
surface. The concentration of Si-NPs was systematically deter-
mined by inductively coupled plasma mass spectroscopy (ICP-
MS) at an average of 14 & 1 ug mL ™. To proceed to biological
in vitro studies, calibrated Si-NP solutions at increased
concentrations in the range of 14 to 224 ug mL~ " were prepared
based on centrifugation at 14 200 rpm for 10 min. The value of
0 pg mL ™" of Si-NPs was taken as the control.

3.2 Invitro cytotoxic assays

In order to evaluate the cytotoxic impact of Si-NPs on C2C12
myoblasts, cell survival was quantified by using the MTT
colorimetric assay, which is used to evaluate the metabolic
activity of mitochondria. C2C12 murine myoblasts were incu-
bated for 72 h with different concentrations of Si-NPs ranging
from 14 to 224 pg mL~". The cell viability profile shows
a survival around 70% for a concentration of 28 pg mL ™' and
50% for a concentration of 56 pug mL~'. However, higher
concentrations of Si-NPs dramatically reduce cell survival to less
than 20% at a concentration of 224 ug mL ™" (Fig. 2).

For this reason, further biological tests were performed in
a range between 14 and 56 pg mL™'. The mechanical adhesion
and internalization of NPs into the myoblasts were investigated
through SEM microscopy after fixation of the samples (Fig. 3).
Before proceeding with the observation, the samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphological characterization of Si-NPs. Si-NPs were char-
acterized by HR-TEM analysis (a). Si-NP size distribution is displayed in
histogram (b) where the bars show the percentage of Si-NPs for the
different sizes indicated on the x-axis. (c) Electron diffraction pattern of
Si-NPs.
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Fig. 2 MTT assay in C2C12 myoblasts. Cell viability was determined
following exposure to different concentrations of Si-NPs (14-224 g
mL~, x-axis) for 72 h. The percentage of viable cells is indicated on the
y-axis.
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Fig.3 Images of C2C12 internalization after 72 h of incubation with 56
ug mL™t of Si-NPs. Si-NPs adhere to the cell surface (a) forming
aggregates (see the green asterisk). Si-NPs internalized by the
myoblasts (b, yellow arrow heads). EDX confirmed the presence of Si-
NPs within the cells (c).

rinsed several times with ethanol and water to eliminate the
excess non-adhered suspended nanoparticles. The absence of
the solvent before fixation led to a rearrangement of the Si-NPs
which tend to aggregate on the cell surface (Fig. 3a). By ana-
lysing cell sections, Si-NPs were also detected in the aggregate
form, confirming the internalization of Si-NPs by the myoblast
cells (Fig. 3b). In addition, EDX measurements were carried out
in the sample fragment containing the NPs, confirming the
presence of the silicon element related to the Si-NPs (Fig. 3c).
The totality of the elements displayed on the spectrum derived
from the composition of the resin and the reagents used for
fixing the sample is provided in the ESI (ESI Fig. 1).t

3.3 Effects of the exposure to Si-NPs on C2C12 cellular
processes

In order to evaluate the biological response of Si-NPs, C2C12
myoblasts were exposed to increasing doses of Si-NPs (14, 28,
and 56 ug mL™"). In particular, we evaluated the impact of Si-
NPs on differentiation of myoblasts to myotubes, the prolifer-
ation of myoblasts and cellular motility. Myoblast differentia-
tion is a highly controlled multistep process in which individual
mononucleated myoblasts fuse to form multinucleated myo-
tubes. Several genes are involved in this process and their
transcription is finely regulated over time. Different types of
nanoparticles can promote the formation of myotubes, as re-
ported in the literature.*»** We first studied the influence of the
exposure to different concentrations of Si-NPs on the differen-
tiation of C2C12 cells by determining the fusion index (FI). The
Si-NPs significantly increased the FI value for all concentrations
tested compared to the control, with a higher FI obtained for
a concentration of 28 pg mL ™" (Fig. 4a and b and ESI Table 17).
The proliferation rate was calculated by analysing cell growth
curves obtained during 8 days of continuous exposure to three
concentrations of Si-NPs. The experiment was stopped on the
eighth day when the cells reached confluence (Fig. 5).
Compared to controls, the treatment with the lowest
concentration (14 pg mL™') did not change the proliferation
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View Article Online

Paper

rate. On the other hand, the highest concentration (56 pg mL ™)
significantly decreased the proliferation rate, in particular
between day 3 and 6. At the medium range concentration (28 pg
mL "), we observed a significant increase in cell number at day
3 compared to that of the control and to the two other
concentrations tested (ESI Table 21 and Fig. 5). To assess
whether the exposure to Si-NPs also affected the cellular
motility, a scratch-wound healing assay was performed. The
curves indicating the percentage of wound closure were ob-
tained every 30 minutes for 24 hours by calculating the surface
deprived of cells at each time point. We observed a trend with
faster healing for the first two concentrations (14 and 28 pg
mL ') with a closure of the wound between 6 and 21 hours post
scratch, compared to the control (Fig. 6 and ESI Table 37).
Consistent with the other observations on cell prolifera-
tion and cell differentiation, we observed a lower healing rate
at a higher concentration (56 ug mL ™) suggesting that a high
concentration of Si-NPs might impair a number of cellular

28 pg/ml a) b)
|
40

Fig. 4 Fusion index analysis. Representative immunofluorescence
images under each experimental condition (a). Myotubes positive for
the myosin heavy chain are stained in red, while nuclei are stained in
blue with DAPI (scale bar = 50 pm). The graph displays the percentage
of the fusion index of differentiated C2C12 myoblasts exposed to
different concentrations of Si-NPs (b). Each bar represents an average
of 3 independent experiments (for each experiment, n = 6 fields were
analysed) with experimental variation displayed by error bars.

N w
° °

Fusion Index (%)
s

— cftrl
6.
1.2¢10 — 14 pg/ml
1.0x108 — 28 ug/ml
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] 8.0%105
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2  6.0x10%
»®
o}
O 4.0x105 -
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Days of Si-NPs exposure

Fig. 5 Analysis of proliferation. Growth curves of C2C12 myoblasts
exposed to increasing concentrations of Si-NPs for 8 days. The x-axis
displays the number of days of Si-NP exposure. The y-axis displays the
number of cells counted at each time point. Each time point is the
average of 3 experiments with experimental variation displayed by
error bars. A concentration of 28 pg mL™* (green line) showed the
highest proliferation rate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Scratch-wound healing assay. The y-axis displays the
percentage of wound at the surface of the culture plate. The x-axis
displays the time of recording, 1 to 24 h post-scratch. The lines indi-
cate the percentage of wound closure in 24 h for the different
concentrations of Si-NPs tested. Each time point is the average of 3
experiments with experimental variation displayed by error bars.

processes together with cell viability. In order to evaluate the
effect of the exposure to Si-NPs on the expression of genes
related to muscle function, quantitative real-time PCR anal-
ysis (QRT-PCR) was performed on C2C12 cells. The expression
levels of 6 genes (4 related to muscle differentiation, 1 to
proliferation and 1 to cellular motility) were calculated for
each concentration of Si-NPs tested (0, 14, 28 and 56 ug
mL "), during three experimental time points (early, medium
and late exposure). At the early stage (1 day post exposure to
Si-NPs), no differences were observed between cells exposed
to Si-NPs and controls for all genes studied. At the medium
experimental point (3 days post exposure to Si-NPs), muscle-
related genes started to be overexpressed under the 28 and
56 pg mL™' conditions, with a significant increase in the
expression of MyoD (the master gene of muscle differentia-
tion) and desmin (28 pg mL™'), an early marker of muscle
differentiation. Myomaker (marker of the myotube fusion
process) expression was higher for the samples exposed to 28
and 56 pg mL~", while expression of myosin heavy chain
(MHC, a late marker of muscle differentiation) started to
increase at a concentration of 28 pg mL ™" Si-NPs. Moreover,
expression of Ki-67 (a marker of proliferation) and C-met (a
marker of cellular motility) progressively increased for all
concentrations tested, being significantly higher under the 28
and 56 ug mL™' conditions. At the late stage (5 days post
exposure), MyoD was significantly overexpressed under all
conditions. Desmin and MHC expression also increased for
all concentrations tested (being significantly higher only at 56
ng mL~") while Myomaker expression significantly increased
at 14 and 56 pg mL~'. The expression of the proliferation
marker started to decrease at the first two concentrations,
remaining significantly overexpressed at 56 g mL ", while C-
met expression strongly decreased for all the concentrations
tested (Fig. 7 and ESI Table 4t).

The trend in the level of expression of each gene for each
concentration of Si-NPs tested during the three experimental

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Relative gene expression. The y-axis displays the relative values
of the mRNA levels, calculated with the 2722 method. Each bar is the
average of 3 experiments with experimental variation displayed by
error bars. The x-axis displays the genes studied for each concentra-
tion of Si-NPs at each experimental time point.

time points was also studied. Interestingly, the expression of
muscle-related genes increased over time, while proliferation-
and motility-related genes peaked in the medium stage, to
decline in the late stage (Fig. 7). This significant trend in the
kinetics of gene expression is consistent with a decrease in cell
proliferation and migration associated with muscle commit-
ment and differentiation (ESI Table 57).

4 Discussion

In our previous studies we have shown the benefit of employing
laser-synthesized Si-NPs as a potential biocompatible and
biodegradable therapy tool for oncology applications.** In this
context, it appears relevant to assess the effect of such NPs as
novel functional additives on modulation of cell behavior and
promotion of proliferation, differentiation and motility both at
the molecular and phenotypical levels. The possibility of influ-
encing cell behavior can be useful for developing therapeutic
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protocols and models for tissue engineering applications.
However, so far, the most widely used processes to obtain NPs
involve the use of different solvents and multi-step approaches,
resulting in time-consuming and expensive procedures that can
lead to the chemical contamination of the NP surface, a condi-
tion that undermines their effect when applied to living matter.
In this work, ultra-pure ligand free Si-NPs of 50 & 11.5 nm were
generated by a laser ablation process to by-pass such limita-
tions. It has been largely studied and shown that the interaction
between nanoparticles and cells triggers a cascade of molecular
events which could induce toxicity and cell death.** These
mechanisms are associated with the uptake of nanoparticles,
their persistence at the cellular level, and their ability to release
free radicals and to induce oxidative stress.*” In our study
cytotoxicity was maintained up to a limit of 56 ug mL™" of Si-
NPs with a cell survival of 50%, and their internalization was
assessed by electron microscopy. At the extracellular
membrane, NPs can interact with components of the plasma
membrane or extracellular matrix to be internalized, mainly by
endocytosis.*® Shin-Woo Ha et al. demonstrated that once
internalized, Si-NPs are quickly sequestered by the autophago-
some, an organelle designed to isolate and eliminate potentially
toxic agents. This internalization might generate a stress
response that would in turn stimulate one or more of the
common mitogen-activated protein kinase (MAPK) signaling
pathway cascades that can lead to the conversion of extracel-
lular stimuli into a wide range of cellular responses.”” MAP
kinase-associated signal transduction cascades are among the
most thoroughly studied signal transduction systems and have
been shown to participate in cell differentiation, cell movement,
cell division, and cell death.*®*® In this work we used a defined
range of Si-NP concentrations to demonstrate their significant
stimulatory effects on several cellular processes. The experi-
ments conducted on cellular proliferation proved a positive
influence of Si-NPs, with a proliferation rate after 8 days of
continuous exposure which is almost the double compared to
that of the controls (Fig. 5, 28 g ml™"). Gene expression anal-
ysis confirmed these data, showing a peak of Ki-67 expression at
the medium experimental time point for each concentration of
NPs tested, with a significant decrease at the late point (28 pg
mL ') consistent with the full confluence of the cell monolayer
and the switching to a differentiation medium, both known to
promote exit from the replicative cycle (Fig. 7). The study of
cellular motility was conducted by using a scratch-wound
healing assay. This assay revealed a trend for the samples
exposed to low and medium concentrations of Si-NPs to migrate
to the wound area faster than the control (Fig. 6). Gene
expression analysis confirmed this result, showing a common
trend for each concentration used with a peak at the medium
point and a strong decrease at the late point, when the surface
of the wound is filled with cells. This effect is significantly
higher at the medium and high concentrations (Fig. 7, C-met).
Interestingly, while in the scratch-test assay, the best results are
obtained with exposure to low and medium concentrations of
Si-NPs, the most significant results were obtained for the
medium and high concentrations regarding the quantification
of gene expression. However, the sensitivity of the two
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approaches is different as the exposure time differs between the
two experiments, 24 h for the scratch assay and 4 days for the
gRT-PCR. Regarding myogenic differentiation, Si-NPs showed
arobust positive effect at each concentration as indicated by the
fusion index (Fig. 4) and confirmed by gene expression patterns.
For qRT-PCR experiments, we summarized key steps of the
myogenic program by observing the expression trend of 3 genes
sequentially expressed during myoblast to myotube differenti-
ation ( MyoD, Desmin and MHC, repectively) and a marker of
myoblast fusion (Myomaker). The results showed that each
concentration of Si-NPs tested can increase the expression
levels of each gene over time, with the more significantly rele-
vant results obtained at 28 ug mL™". Of note, this concentration
is the only one able to promote the overexpression of desmin at
the medium point (Fig. 7). Overall, the results presented here
confirm and deepen the observations regarding the positive
effect of using Si-NPs to increase the myogenic capabilities of
myoblasts, demonstrating a positive effect not only on differ-
entiation but also on proliferation and migration. Interestingly,
although each concentration of Si-NPs used for these experi-
ments has proven to have a positive effect on the cellular fitness
of C2C12 myoblasts, a concentration of 28 pg mL ™" yielded the
best results when comparing the phenotypic and molecular
experiments.

5 Conclusion

Here, the effect of ultra-pure ligand-free Si-NPs (50 & 11.5 nm)
obtained by fs laser ablation in liquid was evaluated. This
research demonstrated the positive outcomes of the exposure of
C2C12 myoblasts to Si-NPs, leading to significant improve-
ments in their proliferation, differentiation and motility, even
at the lowest concentration, both in phenotypic and molecular
analyses. Si-NPs could be considered an optimal candidate as
an alternative to classical growth and differentiation factors
with interesting features: (i) excellent stability over time at room
temperature; (ii) no species-specificity (abiotic factor); (iii)
advantageous production procedures in terms of time and
costs. Overall, the Si-NPs can be considered an useful and easy-
to-use tool for biomedical investigation ranging from the
establishment of novel differentiation protocols to tissue engi-
neering applications.
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