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Background: Skeletal muscle tissue engineering often involves the prefabrication of muscle
tissues in vitro by differentiation and maturation of muscle precursor cells on a platform which
provides an environment that facilitates the myogenic differentiation of the seeded cells.
Methods: Poly lactic-co-glycolic acid (PLGA) 3D printed scaffolds, which simulate the highly
complex structure of extracellular matrix (ECM), were fabricated by E-jet 3D printing in this
study. The scaffolds were used as platforms, providing environment that aids in growth, dif-
ferentiation and other properties of C2C12 myoblast cells.

Results: The C2C12 myoblast cells grown on the PLGA 3D printed platforms had enhanced
cell adhesion and proliferation. Moreover, the platforms were able to induce myogenic differ-
entiation of the myoblast cells by promoting the formation of myotubes and up-regulating the
expressions of myogenic genes (MyHC and MyOGQG).

Conclusion: The fabricated 3D printed platforms have excellent biocompatibility, thereby can
potentially be used as functional cell culture platforms in skeletal tissue engineering and regeneration.
Keywords: myoblast, myogenic differentiation, 3D printing, 3D cell culture, skeletal muscle

regeneration

Introduction

Skeletal muscles, which play important roles in generating physical movement, can be
easily injured. Preventing and controlling skeletal muscle injury as well as speeding
up and improving the healing process of muscle is a challenge in the field of sports
medicine.! The injured muscles are generally self-repaired through degeneration,
repair, and tissue plasticity,” or are traditionally treated by ice compress and surgical
rehabilitation, which, however, have low efficiency.> Moreover, the original function
of muscles cannot be completely restored after treatments, which is easy to cause
secondary injuries.*

Tissue engineering is an important field within the discipline of regenerative
medicine and is a central means of tissue regeneration.>> Skeletal muscle regenera-
tion often involves the prefabrication of muscle tissues in vitro by differentiation and
maturation of muscle precursor cells on a scaffold which provides an environment that
facilitates myogenic differentiation of the cultured cells.® To improve the efficiency
of myogenic differentiation, the properties of the scaffolds, such as spatial arrange-
ment, porosity, and biocompatibility, need to be optimized. An in situ observation
has shown that the tissues are enclosed by highly aligned basement membranes that
comprise of numerous extracellular matrix (ECM) proteins and well-organized fibers
with tissue-specific functions.” With an appropriate scale, ECM in tissues such as
nerve (10-15 um), skin (60-120 um), and muscle (50-300 wm) can be achieved.®
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The alignments and orientations of these proteins, which can
be reticulated, unidirectional, and disordered, can influence
the function of cells that interact with them.>!° Structure of
scaffolds can provide a track for the cells within engineered
tissues such as blood vessels, muscle, and skin.!!

Three-dimensional (3D) culture technology has become
a hot research topic in cell culture.'? It uses various methods
and materials to provide a 3D environment for cell growth.!
Researchers have applied the 3D cell culture system in
skeletal muscle tissue regeneration and discovered that it
greatly improves the treatment efficacy.'*!* The 3D environ-
ment plays an important role in proliferation, differentia-
tion, and fusion of skeletal muscle cells during repair; it not
only provides a physical support for cell growth, but also
delivers nutrients to cells.'®* The differentiation and growth
of skeletal muscle cells grown in 3D cell culture system
have been shown to be similar to those grown in vivo.'¢"
Therefore, numerous studies have focused on the fabrication
of artificial scaffolds for using as promising biomimetic sub-
strates. Techniques that have been used for such fabrication
include microfabrication,? selective laser sintering,?! phase
separation,? stereolithography,” electrospinning,* fused
filament fabrication,? and 3D printing.?*%

In this work, 3D culture systems were fabricated to culture
myoblast cells, and their effects on skeletal muscle regenera-
tion were demonstrated. The electrohydrodynamic jet (E-jet)
3D printing is a novel printing technique that has been utilized
to fabricate a wide range of biomaterial scaffolds with precisely
controlled geometry.3*3! We developed a variety of tissue
engineering platforms using E-jet 3D printing.*? Poly lactic-co-
glycolic acid (PLGA), which has high biocompatibility, was
used as the polymer to construct the fibrous scaffolds.’® The
3D printed scaffolds were able to control cell behaviors and
provide appropriate 3D microenvironments for cells, and are
thus suitable for clinical treatments of skeletal muscle injury.

Materials and methods

Materials

PLGA (obtained from Dai Gang, Beijing Shi, China; molecu-
lar weight [Mw] =5x10° Da, L-lactide/glycolide ratio =75:25)
was used as the scaffold polymer. N,N-dimethylformamide
([DMFT; obtained from the Chinese Medicine Group, SINO-
PHARM, Beijing, China) was used as the solvent. DMEM and
horse serum (HS) were purchased from Hyclone (Logan, UT,
USA). Penicillin (100 units/mL), streptomycin (100 mg/mL),
and trypsin-EDTA solution were purchased from Beyotime
(Shanghai, China). FBS, ammonium persulfate, and PBS
were purchased from Grand Biological Technology Co., Ltd

(Shijiazhuang, China). Specific primary antibodies for glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), myosin
heavy chain (MyHC), and myogenin (MyOG) were purchased
from Cell Signaling Technology (Beverly, MA, USA). Sec-
ondary antibodies (horseradish peroxidase [HRP]-conjugated
anti-rabbit or anti-mouse) were purchased from TransGene
Biotech (Beijing, China). An ECL-plus kit was purchased
from Advansta (MenloPark, CA, USA). Nonfat milk was
purchased from Difco (Franklin Lakes, NJ, USA). Triton
X-100, tetramethylethylenediamine, and N,N-methylene
bisacrylamide were obtained from Sigma (Shanghai, China).
Alexa Fluor 568-Phalloidin and ProLong Gold Antifade
Reagent, paraformaldehyde, and DAPI were purchased from
Biotopped Science & Technology Co. Ltd. (Beijing, China).

Fabrication of cell culture platforms

The fabrication of various fibrillar structures that can provide
suitable 3D environments for cell culture was carried out
using a customized E-jet 3D printing system according to
the previously reported method.*! The 3D printing system
is composed of a 3D (X, Y, and Z axes) precision stage, a
feeding system for the printing solution, a light source, an
optical observation system, and a high-voltage power supply
(Figure 1A). PLGA was dissolved in DMF to a concentra-
tion of 10% (w/v) and stirred for 10 hours until the solution
became homogeneous. The resultant PLGA solution was then
added into a 5 mL printing syringe and the flow rate was set
to 0.1 mL/h. After applying a suitable voltage (2.6-3.0 kV)
to the nozzle, filaments with controllable sizes were created
as a consequence of varying forces applied to the printing
solution when it was ejected. The distance between the
needle and the substrate was set to 2 mm. Finally, by moving
the substrate through different paths, different cell culture
platforms were printed (Figure 1). The PLGA films were
also fabricated by casting PLGA solution onto a superflat
polytetrafluoroethylene plate at room temperature.

Cell culture
C2C12 myoblast cells, a cell line model widely used to
study skeletal muscle regeneration, were purchased from
Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). The cells were cultured in DMEM
medium (Hyclone) supplemented with 10% FBS and 1%
penicillin/streptomycin at 37°C in an incubator saturated
with 5% CO,. During differentiation experiment, the differ-
entiation medium containing DMEM and 2% HS was used.
Prior to cell seeding, the scaffolds (3x3x1.5 mm) were
sterilized by soaking in 75% (v/v) ethanol for 24 hours and
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Figure | Fabrication of various cell culture platforms.

Scaffold

C2C12 Culture
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Notes: (A) Schematic representation of E-jet 3D printing system. (B, C) 3D printed monolayer PLGA-based scaffolds for the culture of C2C12 cells; scale bar in B=1,000 pum.
(D, E) 3D printed multilayer PLGA-based scaffolds for the culture of C2C12 cells; scale bar in D =200 um.
Abbreviations: 3D, three dimensional; E-jet, electrohydrodynamic jet; PLGA, poly lactic-co-glycolic acid.

irradiating under ultraviolet light (800 mW) for 2 hours.
After that, the scaffolds were rinsed three times with DMEM
medium and then placed in a 12-well culture plate, in which
cells were cultured at a cell density of 5.0x10* cells per
well (the cells should uniformly grow on the scaffolds).
Subsequently, the plate was incubated in a 37°C incubator
saturated with 5% CO,. Cell spheroids were produced by
mixing the cell suspension (5.0x10° cells/mL) and sodium
alginate (2%, w/v) with prewarmed calcium chloride solution
(1.5% [w/v]). The resultant cell droplets were then incubated
at 37°C in a humidified incubator with 5% CO, for 24 hours;

as aresult, spheroids with an average diameter of 3 mm were
obtained. Flat PLGA films were used as a control.

Cell viability assay

Viability of cells grown on different cell culture platforms
(PLGA films [control], spheroids, or 3D printed scaffolds)
was evaluated. The cells were cultured for 7 days and were
then harvested. The spheroids were rinsed with PBS and
dissolved in sodium citrate. Following incubation at room
temperature for 2 minutes, the solution was centrifuged at
1,000 rpm for 5 minutes and the cell pellet was obtained
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(the supernatant was discarded). The 3D scaffolds and PLGA
films were rinsed with PBS (the washing solution was col-
lected) and were then digested with pancreatic enzyme for
15 minutes; after that, the reaction was terminated by adding
10% FBS (in culture medium). The digestion solution and
the washing solution (that was previously collected) were
mixed and centrifuged at 1,000 rpm for 5 minutes and the
pellet was collected.

Viability of cells grown in different culture platforms
was evaluated using calcein-AM (stains live cells; Sigma-
Aldrich Co., St Louis, MO, USA) and propidium iodide (PI)
(stains dead cells; Sigma-Aldrich). After staining, the cells
were diluted in assay buffer and were then observed under a
fluorescence microscope (TI-S; Nikon Corporation, Tokyo,
Japan). The cell death rate was calculated by the following
equation:

Cell death rate (%) =
Number of dead cells
Number of live cells + Number of dead cells

x100%

Characterization of cell growth

C2C12 cells were cultured on different cell culture platforms
(PLGA films [control], spheroids, or 3D printed scaffolds)
for up to 7 days. The concentrations of glucose and lactic
acid in the culture medium were measured using glucose and
lactic acid kits (Jiancheng, Nanjing, China) according to the
manufacturer’s instructions. For the analysis of apoptosis,
300 UL of cell suspension (5x10° cells/mL) was mixed with
5 uL of Annexin-V and PI staining solution (Sigma-Aldrich).
After 15 minutes of incubation in the dark at room tempera-
ture, the stained cells were quantified using a fluorescence-
activated cell sorting flow cytometer (BD Biosciences, San
Jose, CA, USA).

Cell proliferation rate was assessed by means of DNA,
collagen, and calcium contents. The scaffolds with attached
cells were digested with 1 mL of papain solution (125 mg/mL
papain in 0.1 M sodium phosphate containing 5 mM Na,-
EDTA and 5 mM cysteine-HCI, pH 6.5) at 60°C for 16 hours.
A control using only the papain solution was also run in
parallel. The contents of DNA, collagen, and calcium were
determined using DNA, collagen, and calcium kits (TaKaRa,
Kusatsu, Japan), respectively.

Cell adhesion and proliferation

The adhesion and proliferation of C2C12 cells on various
3D printed scaffolds were examined by vinculin staining,
MTT assays, and DNA quantification. After the scaffolds
were sterilized, C2C12 cells were seeded at a density of

5.0x10* cells/mL onto different 3D scaffolds with different
filament gaps (30, 50, 100, 150, and 200 um), and PLGA
film was used as a control. After 4 hours of cell culture, the
cells were observed under a microscope, in which eight to ten
fields were randomly selected and the number of cells was
counted. The number of cells in the control was set as 100%.

For the MTT assay, C2C12 cells were grown on scaffolds
in a 24-well culture plate. At the end of the cell culture period,
100 uL of MTT solution (5 mg/mL; Sigma-Aldrich) was
added to each well and then incubated at 37°C under 5% CO,
atmosphere for 4 hours. After that, the liquid was replaced
with 650 UL of dimethyl sulfoxide (Chinese Medicine Group)
and the plate was shaken at room temperature for 15 minutes.
The optical density at 490 nm was then measured using a
microplate reader (Benchmark Plus; Bio-Rad Laboratories
Inc., Hercules, CA, USA).

Immunofluorescence microscopy

C2C12 cells were seeded either on the 3D scaffolds or PLGA
films and grown for 24 hours. After the culture medium
was replaced with differentiation medium, the cells were
allowed to grow for an additional 9 days, between which
the medium was replaced with fresh differentiation medium
every 2 days. Immunofluorescence staining was performed
to visualize the myogenic differentiation of C2C12 cells. The
cultured C2C12 cells were fixed in 4% (w/v) formaldehyde
for 15 minutes, and after rinsing with PBS, they were per-
meabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich)
for 10 minutes. After that, 200 uL of 100 nM phalloidin was
added and then incubated at room temperature in the dark
for 45 minutes. Subsequently, 200 uL of 100 nM DAPI
was added (to stain nucleus) and incubated for 15 minutes.
The stained samples were visualized under a fluorescence
microscope (TI-S; Nikon Corporation).

Western blotting

Cells cultured on different cell culture platforms were har-
vested and then rinsed with ice-cold PBS (pH 7.4). After
that, the cells were lysed on ice with ice-cold lysis buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton X-100,
100 pg/mL phenylmethylsulfonyl fluoride) for 30 minutes.
The lysates were centrifuged at 12,000 rpm for 5 minutes
at 4°C and the protein concentration was then measured.
Following this, proteins of equivalent quantities (40—100 ng)
were separated by SDS-PAGE using 10% polyacrylamide
gel; they were transferred onto polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA) and then
blocked with 5% nonfat milk at room temperature for 1 hour.
The membranes were subsequently incubated with primary
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Table | Sequences of primers used in qRT-PCR

Name

GAPDH forward
GAPDH reverse
MyOG forward

Sequence
5’-GTGCCGCCTGGAGAAACCT-3’
5’-AAGTCGCAGGAGACAACC-3’
5’-GAATGCAACTCCCACAGC-3’
5’-TCCACGATGGACGTAAGG-3’
5-ACGCACCCTCACTTTGTACGC-3’
5-CTCTGCCGAAAGTCCCCATAG-3’

MyOG reverse
MyHC forward

MyHC reverse

Abbreviations: MyHC, myosin heavy chain; MyOG, myogenin; qRT-PCR, quantitative
reverse transcriptase PCR.

antibodies (MyOG [rabbit anti-mouse; 1:1,000], MyHC [rab-
bit anti-mouse; 1:1,000], and GADPH [rabbit anti-mouse;
1:1,000]) at 4°C overnight. The binding of secondary anti-
body (HRP-conjugated anti-rabbit or anti-mouse) to primary
antibodies was visualized on an Odyssey TM Infrared Imager
(LI-COR Biosciences, Lincoln, NE, USA).

Quantitative reverse transcriptase PCR
(qQRT-PCR)

The total RNA of each sample was extracted using Trizol
(Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. One milligram of RNA was
used for the synthesis of cDNA using a reverse transcription
reagent kit (Vazyme, Nanjing, China). qRT-PCR was carried
out on 7500 Fast Real-time PCR system (Thermo Fisher Sci-
entific), operated using the following thermal cycles: 1 cycle
of 95°C for 30 seconds, followed by 40 cycles of 95°C for
15 seconds, and 1 cycle of 60°C for 1 minute. The myogenic
differentiation was assessed through two different myogenic
genes, MyOG and MyHC, along with a housekeeping gene
GAPDH. Primers suitable for qRT-PCR were purchased
from GeneCopoeia (Guangzhou, China) (Table 1). The gene
expression levels of the samples were normalized to the
expression level of housekeeping gene GAPDH.

Statistical analysis

Data analysis was performed using Tukey’s honestly signifi-
cant difference. Each experiment was repeated at least five
times, and all results were presented as mean + SD. P-value
of <0.05 (P<<0.05) was considered significant.

Results

Characteristics of cell culture platforms

Various cell culture platforms were fabricated using E-jet 3D
printing to simulate highly complex structures of ECM in the
human body. Figure 1 shows the schematic diagrams of the
instrument set-up and the 3D printed cell culture scaffolds.
Both the monolayer and multilayer PLGA-based scaffolds

were printed directly onto the substrate (Figure 1B and D).
The fibrillar structure of the scaffolds, which was controlled
and designed by software, was observed under a microscope.
As confirmed by scanning electron microscopy imaging
(Figure 1D), the multilayer PLGA-based scaffolds have well-
controlled and uniform anisotropic architecture, demonstrat-
ing that the E-jet 3D printing is a reliable tool for fabricating
cell culture platforms with defined structures.

Characterization of cell growth

C2C12 cells were cultured on PLGA film, spheroids, and
3D printed multilayer scaffolds for 7 days. The cell viability
experiment indicated that the cells cultured on the 3D printed
scaffold had a significantly higher survival rate than control
(Figure 2A and B). The concentrations of glucose, glyco-
gen, and lactic acid in the culture media, which can indicate
the proliferation of C2C12 cells, were measured. Glucose
concentration in the culture medium for cells grown on the
3D printed scaffold was lower than that for cells grown on
PLGA film (Figure 2C). Conversely, glycogen concentration
(Figure 2D) and lactic acid concentration (Figure 2E) in the
culture medium for cells grown on the 3D printed scaffold
were greater than those for cells grown on PLGA film.
These indicate that the metabolism of cells cultured on the
3D printed scaffolds is greater than that of cells cultured on
PLGA films or spheroids.

The results from flow cytometry also showed that 3D
cultured cells had lower apoptotic rate than those cultured on
PLGA films, indicating that these cells have better cell growth
(Figure 3A and B). Compared with those grown on spher-
oid, the cells grown on 3D printed scaffolds have controlled
morphology, which can affect their behaviors.?! Additionally,
the 3D printed scaffolds also are significantly superior for
large-scale cell culture.*** The contents of DNA, collagen,
and calcium, which were measured at day 7 of the cell culture,
for the cells cultured on the 3D printed scaffolds were higher
than those for the cells cultured on PLGA film and spher-
oids. This demonstrates that cells cultured on the 3D printed
scaffolds have higher proliferation rate (Figure 3C). These
results indicate that the 3D printed scaffolds can improve
the growth and proliferation of C2C12 cells, suggesting that
they can mimic the physiological environment of the ECM.

Effects of 3D printed scaffolds with
different fibrillar gaps on cell adhesion

and proliferation

The effects of 3D printed scaffolds with varying fibrillar
gaps (30, 50, 100, 150, and 200 um) on cell adhesion and
proliferation of C2C12 cells were investigated. PLGA film
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Figure 2 Characterization of C2CI2 cells cultured on PLGA films (control), spheroids, and 3D printed multilayer scaffolds for 7 days.

Notes: (A) Fluorescence images of C2C12 cells stained with calcein-AM and Pl (scale bar =100 m). (B) Death rates of C2CI2 cells in A. (C-E) Concentrations of glucose
(C), glycogen (D), and lactic acid (E) in the culture medium after |, 3, 5, and 7 days. *P<<0.05, **P<<0.005, ***P<<0.001.

Abbreviations: 3D, three dimensional; ns, nonsignificant; Pl, propidium iodide; PLGA, poly lactic-co-glycolic acid.
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Figure 3 Growth of C2CI2 cells cultured on PLGA films (control), spheroids, and 3D printed multilayer scaffolds for 7 days.

Notes: (A) Flow cytometry data (UL, dead cells; UR, late apoptotic cells; LL, healthy cells; and LR, early apoptotic cells). (B) Cell survival rates after 7 days of cell culture.
(C) Contents of DNA, collagen, and calcium after 7 days of cell culture. (*P<<0.05, **P<<0.005).

Abbreviations: 3D, three dimensional; FITC, fluorescein isothiocyanate; Pl, propidium iodide; PLGA, poly lactic-co-glycolic acid.

was used as a control. The adhesions of C2C12 cells onto
different monolayer scaffolds were significantly different
(Figure 4). After 4 hours of cell culture, the adhesions of cells
onto scaffolds with 50 and 100 um gaps were much higher
than those onto scaffolds with other gap sizes (Figure 4B).
This indicates that the fibrillar gap sizes can affect cell
adhesion. Analysis of cell survival rates after 7 days of cell
culture indicated that while cells grown on 3D printed scaf-
folds had higher survival rate than those grown on PLGA
films (Figure 5), the fibrillar gaps had no significant effects
on cell proliferation (Figure 5B and C).

Effects of 3D printed scaffolds

with different fibrillar gaps on cell
differentiation

Myogenic differentiation plays a critical role in skeletal
muscle regeneration; thus, the levels of MyOG and MyHC
proteins, which are highly expressed during myogenic
differentiation, were observed. The effects of 3D printed

scaffolds with various fibrillar gaps on the differentiation
of C2C12 cells were determined. Cells were immunofluo-
rescence stained (nuclei and F-actin) and visualized, and
protein and gene expression levels of MyHC and MyOG
were monitored using Western blotting and qRT-PCR. The
immunofluorescence staining indicated that, after 5 days of
cell culture, the amount of myotubes observed in cells grown
on the scaffolds was higher than that in cells grown on PLGA
film (control), as shown in Figure 6A. However, the amount
of myotubes varied among different scaffolds; cells grown on
scaffolds with 50 um fibrillar gaps had the highest differentia-
tion rate. The Western blot results (Figure 6B) further showed
that the expression levels of MyHC and MyOG proteins by
C2C12 cells grown on the scaffolds with 50 um fibrillar gaps
were much higher than those by cells grown on scaffolds with
other fibrillar gaps. Moreover, qRT-PCR results (Figure 6C
and D) indicated that the expression levels of MyOG and
MyHC genes in C2C12 cells grown on the scaffold with
50 um fibrillar gaps were higher than those in cells grown
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Figure 4 Effects of scaffolds with varying fibrillar gaps on adhesion of C2CI2 cells.

Notes: (A) DAPI and vinculin-stained C2C12 cells grown on PLGA films (control) or on 3D printed monolayer scaffolds with various fibrillar gaps of 30, 50, 100, 150, and
200 pm for 4 hours (scale bar =100 pum, dotted lines represent two adjacent fibers). (B) Number of attached cells quantified from A. *P<<0.05.
Abbreviations: 3D, three dimensional; ns, nonsignificant; PLGA, poly lactic-co-glycolic acid.

on scaffolds with other fibrillar gaps. These observations
show that the 3D printed scaffolds with 50 pm fibrillar gaps
can promote the differentiation of C2C12 cells; therefore,
they were subsequently used in differentiation experiment.

C2C12 cells were cultured on the 3D printed scaffolds
with 50 um fibrillar gaps for 9 days. The observations
showed that the number of cells and the amount of myotubes
increased with time (Figure 7A). The results from Western
blot and qRT-PCR further showed that the expression levels
of MyHC and MyOG, at both protein and gene levels, in
C2C12 cells also increased with time (Figure 7B—D). This
demonstrates that the 3D printed scaffolds with 50 um
fibrillar gaps can promote cell differentiation.

Effects of multilayer scaffolds on cell

infiltration
The infiltration and differentiation of C2C12 cells grown on
the multilayer 3D printed scaffolds were investigated after

7 days of cell culture. The diagram illustrating how the cells
were grown is shown in Figure 8 A. Cell nuclei and F-actin
were stained and visualized under a fluorescence microscope.
The fluorescence image showed that C2C12 cells were able
to infiltrate into the multilayer 3D-printed scaffolds and grow
in all directions (Figure 8B). Additionally, after 48 hours of
cell culture, the images (Figure 8C and D) further showed
that cells grew without abnormal cell morphology, indicating
that scaffolds can provide an environment that is suitable for
cell differentiation and proliferation. Some intertwining cells
were also observed in ECM.

Taken together, as indicated by the enhanced expres-
sion levels (both mRNA and protein levels) of myogenic
markers, the formation of myotubes in C2C12 cells grown
on 3D printed scaffolds was enhanced. This suggests that
the 3D printed scaffolds may promote myogenic differen-
tiation, which is an important process in skeletal muscle
regeneration.
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fibrillar gaps (30, 50, 100, 150, and 200 um) for 48 hours (scale bar =100 um). (B) Cell survival rates measured from A. (C) Proliferation of C2C12 cells grown for 7 days.

The number of cells in control measured after | day of cell culture was set to 100%.
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Abbreviations: 3D, three dimensional; ns, nonsignificant; Pl, propidium iodide; PLGA, poly lactic-co-glycolic acid.

Discussion

Myotube formation is crucial for repair of muscular func-
tions. Biomaterials that can enhance the differentiation of
myoblast cells into myotubes are, therefore, highly desirable.
In traditional skeletal muscle tissue engineering, myoblast
cells and modified scaffolds are used to fabricate muscle
tissues in vitro. Biocompatibility, biodegradability, and
formation of polar parallel myotubes are the key factors
determining the success of tissue-repaired transplantation.>3¢
Studies have shown that orderly arranged 3D scaffolds can
promote cell adhesion and proliferation.’” Ideal scaffolds

should provide environments that are suitable for cell
proliferation, differentiation, alignment, orientation, and
migration during the reparation of tissue damages.*® This
study used 3D printed platforms to promote myogenesis,
a process necessary for muscle repair. The platforms were
fabricated from biocompatible and biodegradable materials
that simulate highly complex structures of ECM, and their
effects on differentiation of C2C12 myoblast cells were
observed.

The 3D cell environment plays a crucial role in cell growth
in vivo;* thus, accurate replication of such an environment
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Figure 6 Effects of scaffolds with varying fibrillar gaps on cell differentiation of C2CI2 cells.

Notes: (A) Cells grown on 3D printed monolayer scaffolds with varying fibrillar gaps for 5 days. Cell nuclei and F-actin were stained with DAPI (blue) and phalloidin (red),
respectively. Dotted lines represent two adjacent fibers. Scale bar =100 um. (B) Expression levels of MyOG and MyHC proteins in C2C12 cells grown on different 3D printed
monolayer scaffolds. (C) Expression levels of MyOG gene in C2C12 cells grown on different 3D printed scaffolds. (D) Expression levels of MyHC gene in C2C12 cells grown

on different 3D printed scaffolds. ¥P<<0.05, **P<<0.005.

Abbreviations: 3D, three dimensional; MyHC, myosin heavy chain; MyOG, myogenin; PLGA, poly lactic-co-glycolic acid.

can improve the reliability of in vitro 3D tissue models.
We demonstrated that cell cultures carried out in 3D systems
are different from those carried out in traditional two-
dimensional (2D) systems. Our results showed that cells cul-
tured on 3D printed scaffolds had significantly higher survival
rate than those grown on 2D PLGA films. The concentrations
of glucose, glycogen, and lactic acid are associated with
cell proliferation and differentiation. The concentration of
glucose in the culture medium for cells grown on 3D printed
scaffolds was lower than that in the culture medium for cells
grown on PLGA films (control). The concentrations of gly-
cogen and lactic acid in the culture medium for cells grown
on 3D printed scaffolds were increased compared with those
for control, indicating that the metabolism of cells grown on
the 3D printed scaffolds is higher than that of control cells.
In addition, cells cultured on 3D printed scaffolds grew at

a faster rate than those cultured on 2D films. It is possible
that limited space in the 2D environment may inhibit cell
growth, thus causing cell apoptosis,***! as was confirmed by
flow cytometric analysis. The 3D printed scaffolds provide
3D space that can result in greater cell survival rate.*’ Cells
cultured in traditional 2D environments have different rates
of proliferation and metabolism as well as different cell
morphology compared with those of cells grown in vivo.
The interactions between 2D-cultured cells are also differ-
ent from those between cells grown in 3D environment.*64’

The evaluation of adhesion and growth of C2C12 cells
grown on 3D printed scaffolds with varying fibrillar gaps
showed that the fibrillar gaps affected cell adhesion. Cells
grown for 4 hours on the 3D printed scaffolds with 50 and
100 um fibrillar gaps had the highest adhesion rates, indicat-
ing that these fibrillar gaps are suitable for the adhesion of

submit your manuscript

946

Dove

International Journal of Nanomedicine 2019:14


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Chen et al

Phalloidin - - - -

O

sefok

B N s 6 A o c
P P P P P 56'
) ‘w
woo | W e e o 8| 3,
S
>
MyHC 24
y l-~~“- 8>
E0
GAPDH | M S A B e
o’b

MyHC expression
N

Figure 7 Cell differentiation of C2C12 cells grown on 3D printed scaffold with 50 um fibrillar gap for 9 days.
Notes: (A) Differentiation of cells at day I, 3, 5, 7, and 9. Cell nuclei and F-actin were stained with DAPI (blue) and phalloidin (red), respectively. Scale bar =100 pm.
(B) Expression levels of MyOG and MyHC proteins in C2C12 cells. (C) Expression of MyOG gene in C2C|12 cells. (D) Expression of MyHC gene in C2C12 cells. *P<<0.05,

**P<0.005, ***P<0.001.

Abbreviations: 3D, three dimensional; MyHC, myosin heavy chain; MyOG, myogenin; PLGA, poly lactic-co-glycolic acid.

skeletal muscle cells. Sizes of skeletal muscle nucleus are
generally 20-40 wm;* it is likely that the fibrillar gap of
30 um is too narrow for cell growth, while that of 100 um
is too large, and the proportion of attached to unattached
cells decreased as the pore size increased.”® Moreover, the
differentiation of C2C12 was highest on the 3D printed
scaffolds with a fibrillar gap of 50 um. Immunofluorescence
staining also showed that myotubes had the highest density
with more uniform arrangements. Ideal 3D scaffolds can
effectively promote the initial attachment and proliferation of
C2C12 cells. Studies have reported that improved adhesion
or proliferation of myoblasts promotes differentiation due to
confluence effect.’!> These findings show that the 3D culture
system can not only enhance cell adhesion and proliferation,
but also help in myogenic differentiation.

Genes encoding MyHC and MyOG are highly expressed
during myogenic differentiation; thus, they are used as the
gene markers of C2C12 myotubes differentiation.*3¢

Our Western blot and qRT-PCR results showed that the
expression levels of MyHC and MyOG in C2C12 cells
cultured on 3D printed scaffolds increased with culture
time, demonstrating that the cells have good differentiation.
Suitable multilayer 3D scaffolds are more conducive to the
proliferation and migration of cells.** These scaffolds can
strongly influence the polarity of cells through a process
called “contact guidance”.>>*¢ It is important that cells can
penetrate into the scaffolds, whereby they differentiate and
proliferate; thus, the scaffolds play an important role in the
formation of skeletal muscle tissues. Although the devel-
oped 3D printed scaffolds could not completely mimic the
structure and functions of a native cell microenvironment,
their transplantation into the wounded skeletal muscle may
aid in a better repair of muscle damages. Altogether, our
results demonstrate that the developed 3D printed scaffolds
are biocompatible and may be used as biomimetic platforms
to promote cell differentiation, adhesion, and proliferation.
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Figure 8 Infiltration and differentiation of C2CI2 cells on 3D printed platforms.
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Notes: (A) Schematic illustration depicting the infiltration of cells into PLGA 3D printed scaffolds. (B) A fluorescence image showing the infiltration of cells into PLGA

3D printed scaffolds. (C) Fluorescence images showing cell differentiation on the surface of multilayer scaffolds. Cell nuclei and F-actin were stained with DAPI (blue) and

phalloidin (red), respectively. (D) Fluorescence images showing cell differentiation inside the multilayer scaffolds. Cell nuclei and F-actin were stained with DAPI (blue) and

phalloidin (red), respectively. Scale bar =100 pum.
Abbreviations: 3D, three dimensional; PLGA, poly lactic-co-glycolic acid.

Conclusion

In this work, the 3D printed scaffolds, which simulate highly
complex structures of ECM, were fabricated by E-jet 3D
printing. The scaffolds were used as cell culture platforms
for the culture of C2C12 myoblast cells. The results showed
that the 3D printed platforms with suitable fibrillar gaps
(50 wm) could enhance cell adhesion and proliferation.
Moreover, they could induce the myogenic differentiation
of C2C12 myoblast cells by promoting myotubes formation
and upregulating the expression of myogenic genes (MyHC
and MyOG). The findings suggest that the 3D printed scaf-
folds have excellent biocompatibility and can potentially be
used as biofunctional cell culture platforms for skeletal tissue
engineering and regeneration.
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