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Mesenchymal Stem Cells (MSCs) are multipotent cells able
to differentiate into specialized cells developing from meso-
derm and to regenerate different tissues [1].

These adult stem cells were originally identified in the
bone marrow, which is still considered the best cell source,
but can also be isolated from several adult tissues such as
adipose tissue, dental tissues, skin, brain, liver, and fetal
tissues [2].

MSCs manifest peculiar stem cell properties of self-
renewal and multipotency.

It has been extensively demonstrated that MSCs can be
induced to differentiate in vitro into different cell types: not
only mesodermal lineage cells, such as osteocytes, chondro-
cytes, and adipocytes, but also endothelial cells or hepato-
cytes [3]. Furthermore, MSC survival and differentiation
towards a specific cell line can be influenced by molecular
or physical factors.

Studies have convincingly demonstrated that MSCs are
capable of repairing damaged tissues, particularly when
appropriate microenvironmental conditions are present.
This unique ability confers MSCs a tremendous potential
for innovative therapeutic approaches, such as regenerative
medicine, for the treatment of illness or disabilities [4].

This special issue highlights the most recent research pro-
gresses on factors, molecules, or stimuli derived from the
extracellular microenvironment, which could affect MSCs’
fate and commitment. Moreover, it includes a historical
review about stem cell usage that also highlights their biolog-
ical, religious, and ethical implications.

Bone regenerative medicine can exploit different strate-
gies; among them, the most common approach consists in
the use of MSCs grown on biocompatible scaffolds able to
mimic their natural environment [5]. Often, these scaffolds
are combined with factors that facilitate proliferation and
osteogenic differentiation processes of MSCs [6, 7]. None-
theless, there are several limitations associated with this type
of methods [8]. A valid alternative is constituted by scaffolds
coated with compounds similar to extracellular matrix com-
ponents [9] and chemokines capable of inducing the recruit-
ment, the adhesion, and the differentiation of MSCs to the
damaged site [10]. In this line, stromal cell-derived factor-
1α (SDF-1α) has been described as one of the key chemo-
kines in promoting site-specific migration of healing
MSCs [11].

Interestingly, L. Li et al. have demonstrated the ability of
the microporous composites, developed combining OPF/BP
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with SDF-1α, in promoting migration and osteogenic differ-
entiation of rat bone marrow MSCs (BMSCs), which makes
it a good material useful to increase bone regeneration.

MSC fate can be influenced not only by molecular
factors but also by mechanical stimuli [12]. Several cellular
mechanical loading models have been developed with the
purpose of studying cell mechanoresponses.

In this regard, Y. Zhao et al. have authored a detailed
article dedicated to the development of a novel device, called
iStrain. It is an elastic membrane specifically designed to
apply mechanical tension on human BMSCs in culture.
The authors have demonstrated the capacity of this device
in promoting BMSC differentiation toward the osteogenic
and fibrogenic lineages.

The strategy based on the use of MSCs cultured on scaf-
folds is also extensively studied for its possible applications in
cartilage tissue engineering [13]. Porous honeycomb-like
sheets made of polylactic acid (PLA) are the most widely used
scaffolds in this regard, although the optimal pore size has
not yet been identified to ensure efficient cell adhesion and
cartilage formation. M. Yagi et al., in their research, have
proved the capacity of PLA honeycomb films in prompting
cartilage formation starting from human synovial MSCs
and identifying the 5μm pores as the best dimension for
in vitro cartilage formation.

Adipose tissue-derived MSCs (AT-MSCs) represent
another attractive model of MSCs for cartilage tissue engi-
neering. An innovative procedure for generating cartilage-
like tissue is proposed by Q. T. Dang et al. The method
presented is based on the use of AT-MSCs grown on a
human dermal collagen matrix obtained from human skin,
which could serve as a very reliable bioscaffold. This tech-
nical solution could also be used with other stem cells of
mesenchymal origin.

These reports are really important in shaping our under-
standing of the mechanisms driving MSC differentiation
in vitro with the purpose of identifying innovative therapeu-
tic approaches for the regeneration of connective tissues as
bone and cartilage.

In summary, these papers put together the most recent
findings about molecules and materials suitable for MSC
commitment and differentiation, very useful for clinicians
and basic scientists.
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In situ cell recruitment is a promising regenerative medicine strategy with the purpose of tissue regeneration without stem cell
transplantation. This chemotaxis-based strategy is aimed at ensuring a restorative environment through the release of
chemokines that promote site-specific migration of healing cell populations. Stromal cell-derived factor-1α (SDF-1α) is a critical
chemokine that can regulate the migration of mesenchymal stem cells (MSCs). Accordingly, here, SDF-1α-loaded microporous
oligo[poly(ethylene glycol) fumarate]/bis[2-(methacryloyloxy)ethyl] phosphate composites (SDF-1α/OPF/BP) were engineered
and probed. SDF-1α/OPF/BP composites were loaded with escalating SDF-1α concentrations, namely, 0 ng/ml, 50 ng/ml,
100 ng/ml, and 200 ng/ml, and were cocultured with MSC. Scratching assay, Transwell assay, and three-dimensional migration
model were utilized to assess the migration response of MSCs. Immunofluorescence staining of Runx2 and osteopontin (OPN),
ELISA assay of osteocalcin (OCN) and alkaline phosphatase (ALP), and Alizarin Red S staining were conducted to assess the
osteogenesis of MSCs. All SDF-1α/OPF/BP composites engendered a release of SDF-1α (>80%) during the first four days. SDF-
1α released from the composites significantly promoted migration and osteogenic differentiation of MSCs documented by
upregulated expression of osteogenic-related proteins, ALP, Runx2, OCN, and OPN. SDF-1α at 100 ng/ml was optimal for
enhanced migration and osteogenic proficiency. Thus, designed SDF-1α/OPF/BP composites were competent in promoting the
homing and osteogenesis of MSCs and thus offer a promising bioactive scaffold candidate for on-demand bone tissue regeneration.

1. Introduction

Biological repair of bone defects has been a major challenge
for orthopedics [1, 2]. Autologous bone, allogenic bone, or
osteoconductive biomaterials have been successfully used
for the repair of bone defects in certain practices [3–5]. How-
ever, these methods have some limitations, such as donor site
morbidity, limited sources, and immune rejection [3–5].
Tissue-engineered bone could be an effective substitute, with
excellent bone regeneration potential and feasibility for com-
mercialization [6, 7].

Conventional tissue engineering strategies depend on the
transplantation of stem cells into biomaterials to recreate a
functional tissue-equivalent [8, 9]. These methods also have

several limitations, such as donor site morbidity, immune
rejection, and transplanted cell apoptosis due to devasculari-
zation [3, 10]. Thus, an alternative method was designed to
avoid these limitations, intending to induce the recruitment
of stem cells to the scaffolds coated with chemokine at the
bone defect sites. This method can recruit endogenous stem
cells to the defect site to play reparative roles, maximizing
the body’s autoreparative ability [11]. Even though a lot of
chemokines participate in this process, stromal cell-derived
factor 1α (SDF-1α) has been recognized as one of the key fac-
tors [12].

SDF-1 is a 10 kDa chemokine that contains six spliced
isoforms, of which SDF-1α is the main expressed isoform
[12]. Previous studies have shown that SDF-1α exerts
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pleiotropic effects in ischemic heart diseases: the gradient of
SDF-1α could guide the recruitment of stem cells to the
ischemic sites and also play a protective role through the acti-
vation of prosurvival signal transduction pathways [13, 14].
Its chemotactic and antiapoptotic properties indicate that
this biochemical factor would be an ideal choice for cell hom-
ing studies [15].

Recent studies also showed the potential of SDF-1α in
bone repair because it can stimulate bone marrow stromal
stem cell (BMSC) migration and promote bone formation
in bone defect models [16–18]. SDF-1α can also exert an
antiapoptotic effect, protecting immature human BMSCs
from apoptosis [1]. Wynn et al. showed that SDF-1α at the
concentration of 30-50 ng/ml was optimal for the migration
of human BMSCs [19]. The application of SDF-1α is limited
by its short half-life and easy degradation by enzymes [13,
14]. Thus, the design of a suitable scaffold to both maintain
the biological activity of SDF-1α and deliver it in a controlled
manner remains a challenge.

Oligo[poly(ethylene glycol) fumarate] (OPF), a synthetic
polymer, holds great potential as a drug delivery vehicle as it
is biodegradable and can be developed into injectable formu-
lations [20, 21]. Through the formation of a cross-linked
hydrogel, OPF can act as a scaffolding matrix capable of pro-
moting cell adhesion, proliferation, and differentiation, while
also degrade in a predictable way [20, 21]. Moreover, incor-
poration of bis(2-(methacryloyloxy)ethyl) phosphate (BP)
into OPF also showed improved mineralization and osteo-
blast precursor cell attachment, proliferation, and differenti-
ation [20, 22]. Olthof et al. showed that functionalizing
OPF hydrogels with 20% w/w BP could enhance the bone
regeneration rate in both ectopic and orthotopic bone defect
models, providing a useful approach to improve the biologi-
cal and mechanical properties of polymer holding vast poten-
tial for bone regeneration [20].

In this study, microporous OPF/BP hydrogels were pre-
pared by the salt leaching method. SDF-1α was loaded onto
microporous OPF/BP hydrogel to obtain SDF-1α/OPF/BP
composites, and the function of this delivery carrier on
rat BMSC migration and osteogenic differentiation was
investigated.

2. Materials and Methods

2.1. Preparation of OPF/BP Hydrogel. OPF was synthesized
using poly (ethylene glycol) with an initial molecular weight
(Mn) of 1 kDa according to the previously described method
[23, 24].

OPF/BP hydrogel was made using the salt leaching
method [20]. Firstly, OPF (0.5 g/ml), N-vinyl pyrrolidinone
(NVP, 0.15 g/ml; Sigma Aldrich, St. Louis, MO), and Irgacure
2959 (I2959, 0.002 g/ml; Ciba Specialty Chemicals, Tarry-
town, NY) were added and mixed in double-distilled water
(ddH2O). Then, 200mg BP was added to make OPF/BP
paste. The OPF/BP paste (50% w/w) was mixed with NaCl
salt particles (50% w/w, 100-200μm) to create the final paste
for the composite. The resulting mixture was immediately
transferred to 0.8mm thick silicone rubber molds sand-
wiched between two glass plates. Then, the mixture was

exposed to a UV light (UV-Handleuchte lamp A., Hartestein,
Germany) to cross-link for 2 hours. After removal from the
molds, hydrogels were punched into disc-shaped specimens
using a cork borer (~5mm in diameter) for further use. The
composites were immersed in sterile ddH2O to leach out
the salt. Then, the microporous OPF/BP hydrogel was
freeze-dried by lyophilization. Three samples were sent for
scanning electron microscope (SEM) and atomic force
microscopy (AFM) examination, respectively.

2.2. Characterization of OPF/BP Hydrogel

2.2.1. SEM. The morphology of OPF/BP hydrogels dried by
lyophilization was observed using a scanning electron micro-
scope (S-4700, Hitachi Instruments, Tokyo, Japan). For SEM
imaging, the surface of the samples was sputter-coated with
gold and palladium for 60 seconds and then detected at
3000V accelerating voltage.

2.2.2. AFM. AFM was utilized to assess the nanoscale mor-
phology of OPF/BP hydrogels using previously published
protocols [25]. In brief, the OPF/BP hydrogel was placed
onto the top of a fresh-surface mica disc (Ted Pella, Redding,
CA). Nanoscale images (512 × 512 pixel resolution) were
taken by a Nanoscope IV PicoFroce Multimode AFM (Bru-
ker, Camarillo, CA), using the contact mode at room temper-
ature. The surface roughness (Rq, root mean square) was
calculated and averaged from five different areas on the
AFM images.

2.3. Preparation of SDF-1α/OPF/BP Composites. The
recombinant murine SDF-1α (PeproTech, Rocky Hill, NJ)
was loaded onto the microporous OPF/BP by adsorption.
Firstly, the SDF-1α was diluted in phosphate-buffered saline
(PBS) (Gibco, Carlsbad, CA) in concentrations of 0 ng/ml,
250ng/ml, 500ng/ml, and 1000ng/ml. Then, 50μl SDF-1α
solutions at different concentrations were pipetted evenly on
one side of hydrogels. After 1 hour, other 50μl SDF-1α solu-
tions were pipetted evenly on the other side of the hydrogels.
SDF-1α was loaded onto the OPF/BP hydrogels to generate
four groups of composites with final SDF-1α concentrations
of 0ng/ml (control), 50ng/ml (SDF50), 100ng/ml (SDF100),
or 200ng/ml (SDF200), according to the culture system of
500μl. Finally, the SDF-1α/OPF/BP composites were dried
in the hood for 4 hours prior to further use.

2.4. In Vitro SDF-1α Release. Four samples of SDF-
1α/OPF/BP composite in each group were placed in a 24-
well plate (Corning, Corning, NY) and exposed to 1-, 2-, 3-,
4-, 5-, 14-, and 21-day culture in 500μl complete medium
(CM) (Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (Gibco)
and 100U/ml penicillin-streptomycin (Gibco)). The medium
was collected and subjected to ELISA assays of SDF-1α (Ray-
Biotech, Peachtree Corners, GA), according to the manufac-
turer’s protocol. The obtained values in the SDF50, SDF100,
and SDF200 groups were subtracted by the values of the con-
trol group to preclude the preexisting SDF-1α. Finally, the
concentrations of SDF-1α were calculated by the standard
curve.
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2.5. Two-Dimensional Migration Assay. Migration of rat
BMSCs (Sprague-Dawley, Fisher Scientific, PA) was assessed
by the scratching assay. Three replicates were done for each
group. BMSCs were plated in a 24-well plate to create a con-
fluent monolayer. After incubating the dishes properly for
approximately 12h in the incubator with 5% CO2 and 95%
relative humidity at 37°C, a linear wound midline was made
across the bottom using a 200μl sterile pipet tip. The dish
was rinsed gently with phosphate-buffered saline (PBS) to
remove any remaining cell debris. SDF-1α/OPF/BP compos-
ites were added into the corresponding well, and then, 500μl
DMEM was added into each well. Micrographs of the cells
were taken using a digital Axiovert 25 Zeiss light microscope
(Zeiss, Oberkochen, Germany) at time points 0 h and 48h.
The blank area without cells was quantified by ImageJ soft-
ware (La Jolla, CA).

C-X-C chemokine receptor type 4 (CXCR4) expressions
were assessed by immunofluorescence staining. Three repli-
cates were done for each group. BMSCs were plated on the
glass slides in a 24-well plate. SDF-1α/OPF/BP composites
were added into the corresponding well, and then, 500μl
complete medium was added into each well. At 96h, BMSCs
were fixed with 4% paraformaldehyde (PFA) solution at
room temperature for 1 hour and permeabilized by 0.2% Tri-
ton X-100 solution at room temperature for another hour.
They were then immersed in 3% bovine serum albumin
(BSA)/PBS solution at 37°C for 30 minutes to block nonspe-
cific binding sites. The cells were then incubated with anti-
CXCR-4 antibody (1 : 100 in PBS, Santa Cruz, sc-53534) at
4°C overnight. This was followed by the incubation with goat
anti-rabbit IgG (Alexa Fluor 488, Abcam, ab150077) for 2
hours. Cell nuclei were finally labeled by 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO) at 37°C
for 10min. The stained cells were immediately imaged. The
analysis of fluorescence integral density was done with Ima-
geJ software.

The Transwell assay was performed using chambers with
8μm pores purchased from Corning. Three replicates were
done for each group. BMSCs were harvested and resus-
pended in 100μl DMEM at a concentration of 1 × 106 cells
and then seeded into the upper chambers of the 24-well plate.
SDF-1α/OPF/BP composites were placed into lower cham-
bers, and 400μl DMEM was subsequently added into the
lower chambers. Cells were incubated for 48h in the incuba-
tor. Use a cotton-tipped applicator to carefully remove the
remaining cells that have not migrated from the top of the
membrane without damaging it. Then, the cells that migrated
to the reverse side of the Transwell membrane were stained
with calcein AM staining kit (Invitrogen, Carlsbad, CA).
Micrographs of the cells were taken using a digital Axiovert
25 Zeiss fluorescence microscope at time points 24h and
48 h. The ImageJ software was utilized to analyze the cell
numbers at the reverse side of the Transwell membrane.

2.6. Three-Dimensional Migration Assay. Three replicates
were done for each group. Rat BMSC spheroids were con-
structed using previously published protocols [26]. Rat
BMSCs were trypsinized from the culture dishes and diluted
in the complete medium at the concentration of 2 × 105/ml.

Then, 50μl cell solution was added to each well of Corning
spheroid microplates to form cell spheroids with individual
spheroids consisting of 104 cells. The microplate was centri-
fuged at 1500 rpm for 5 minutes and then maintained in
the incubator. After 24 h, the spheroids were harvested,
transferred to a 48-well plate, and suspended in 3mg/ml col-
lagen gel. After gel cross-linking, SDF-1α/OPF/BP compos-
ites and 500μl DMEM were added into each well with
spheroids (Figure 1(a)). Three replicates were done for each
group. Micrographs were taken at time points 0 and 72 h,
and calcein AM staining was performed at 72 h. The migra-
tion distance of BMSCs was calculated by the average dis-
tance from the core of spheroids.

2.7. Osteogenic Assay

2.7.1. Osteogenic Differentiation. Fifteen replicates were done
for each group. SDF-1α/OPF/BP composites were placed into
24-well plates. Then, BMSCs were plated onto the SDF-
1α/OPF/BP composites. On day 1, the complete medium
was changed with osteogenic medium supplemented with
10 nM dexamethasone (DEX), 10mM β-glycerophosphate
sodium, and 50mg/ml ascorbic acid (AA) (Sigma-Aldrich,
St. Louis, MO). The medium was replaced every 3 days. On
days 14 and 21, culture medium or cells were collected to
detect their osteogenic abilities.

2.7.2. Immunofluorescence (IF) Staining. IF staining were
constructed using previously published protocols [26]. On
day 21, BMSCs under osteogenic differentiation were fixed
with 4% paraformaldehyde (PFA) solution at room tempera-
ture for 1 hour and permeabilized by 0.2% Triton X-100 solu-
tion at room temperature for another hour. They were then
immersed in 3% bovine serum albumin (BSA)/PBS solution
at 37°C for 30 minutes to block nonspecific binding sites.
The cells were then incubated with anti-RUNX2 antibody
(1 : 100 in PBS, Abcam, ab23981) and anti-OPN antibody
(1 : 100 in PBS, Abcam, ab8448) at 4°C overnight. This was
followed by the incubation with goat anti-rabbit IgG (Alexa
Fluor 488, Abcam, ab150077) for 2 hours. Cell nuclei were
finally labeled by 4′,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, St. Louis, MO) at 37°C for 10min. The
stained cells were immediately imaged using LSM 780 Zeiss
Confocal Microscopes (Zeiss, Oberkochen, Germany). The
analysis of fluorescence stained area was done with ImageJ
software.

2.7.3. Alkaline Phosphatase (ALP) Assay. On days 14 and 21,
BMSCs were washed with PBS, trypsinized, and then resus-
pended in the complete medium. 50μl cell suspension was
used for the calculation of cell numbers with a hemacytome-
ter. The left cell suspension was centrifuged at 1000 rpm and
wash with PBS three times. Then, the BMSCs were lysed by
0.2% Triton X-100 solution by shaking for 30 minutes. The
ALP concentration was measured using a QuantiChrome™
Alkaline Phosphatase Assay Kit (BioAssay Systems, Hay-
ward, CA). The final ALP concentrations were normalized
with the cell number.
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2.7.4. Osteocalcin (OCN) Assay. On days 14 and 21, OCN
concentration released into the culture medium was quanti-
fied utilizing the Rat Osteocalcin Enzyme Immunoassay Kit
(Alfa Aesar, Haverhill, MA). Three replicates were done for
each group. The final OCN concentrations were normalized
with the cell number.

2.7.5. Alizarin Red S Staining. On day 21, BMSCs were fixed
with 4% paraformaldehyde (PFA) solution for 1 hour. Then,
the wells were washed in ddH2O for 10min before staining
followed by the treatment with Alizarin Red S solution (Spec-
trum, Stamford, CT) for 30 minutes. After washing three
times with ddH2O, the wells were imaged. The analysis of
the stained area was done with ImageJ software.

2.8. Statistical Analysis. GraphPad Prism 7 was used for sta-
tistical analysis. One-way analysis of variance (ANOVA)
was used to determine the differences between the groups,
and further, multiple comparisons were conducted using
Tukey’s honest significant difference test. A p value of <0.05
was considered to be significantly different.

3. Results

3.1. Characteristics of OPF/BP Microporous Hydrogel. SEM
images of the OPF/BP hydrogels after salt leaching showed
a highly porous interconnected network with micropores
randomly distributed in the polymer matrix (Figures 2(b)
and 2(c)). The average diameter of the micropores was
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Figure 1: Three-dimensional migration assay of MSCs on the four groups of SDF-1α/OPF/BP composites. (a) Schematic illustration of the
three-dimensional migration model. (b) 3D spheroid migration assay showed that the migrating distances of the SDF100 and SDF200 groups
were higher than those of the SDF50 and control groups. (c) Calcein AM staining of 3D spheroids after 72 hours of culture with SDF-
1α/OPF/BP composites. The red line indicates the distance of migrating cells.
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Figure 2: (a) Schematic illustration of the construction of SDF-1α/OPF/BP composites for the repair of the bone defect. (b, c) SEM images of
OPF/BP hydrogel. (d) AFM image of OPF/BP hydrogel. (e) Photograph of OPF/BP hydrogel discs. (f) Release profiles of SDF-1α/OPF/BP
composites showed the concentrations of SDF-1α in the culture medium. The release curve showed all groups reached 80% release
percentage on the 4th day.
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Figure 3: Two-dimensional migration assay of MSCs on the four groups of SDF-1α/OPF/BP composites. (a) Scratching assay of MSCs (light
micrographs) and (b) Transwell assay of MSCs (fluorescent micrographs stained by calcein AM staining). (c) Scratching assay showed that
the wound healing rates of the SDF100 and SDF200 groups were significantly higher (∗p < 0:05) than those of the SDF50 and control groups.
(d) Transwell assay showed that the migrating rates of the three SDF groups were significantly higher (∗p < 0:05) than those of the control
group on the first day, and the migrating rates of the SDF100 and SDF200 groups were significantly higher (∗p < 0:05) than those of the
SDF50 and control groups on the second day. The red line indicates areas without migrating cells.
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about 118:3 ± 26:4 μm. AFM scanning showed the average
area roughness of OPF/BP hydrogels was 32:2 ± 29:8 nm
(Figure 2(d)).

The release profiles of all SDF-1α/OPF/BP composites
showed an initial burst release (50%) for the first two days.
In the SDF200 group, the concentrations of SDF-1α
released from the composites reached 163ng/ml (81.5%)
on the 3rd day, which leveled off to a more sustained release
for the rest of the time course. In the SDF100 group, the
concentrations of SDF-1α released from the composites
reached 80 ng/ml (80%) on the 5th day and then leveled
off to a more sustained release. Finally, in the SDF50 group,
the concentrations of SDF-1α released from the composites
reached 42 ng/ml (84%) on the 5th day. In all the groups,
the release rate of SDF-1α reached about 90% on the 14th

and 21st days (Figure 2(f)).

3.2. BMSC Chemotaxis to SDF-1α/OPF/BP Composites. The
presence of SDF-1α enhanced the motility and migration
of BMSCs in comparison to the control group. Cell migra-
tion was elucidated as the filling of the central gap area after
making the scratch. During the wound healing assay, the
average repair rate of the SDF200, SDF100, SDF50, and con-
trol group was 69.7%, 52.7%, 43.8%, and 27.3%, respectively.
The cell migration rate of the SDF200 group was signifi-
cantly higher (p < 0:05) than that of the other groups
(Figures 3(a) and 3(c)).

Transwell assay showed that the average migration rate of
the SDF200, SDF100, SDF50, and control group was 4.4%,
3.2%, 2.7%, and 0.2%, respectively, after 24 hours. After 48
hours, the corresponding average migration rate was 7.8%,
7.1%, 2.7%, and 0.8%. The migration rates of the SDF200
and SDF100 groups were significantly higher (p < 0:05) than
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Figure 4: CXCR4 immunofluorescence staining of rat BMSCs. (a) CXCR4 immunofluorescence staining after 96 hours of coculture with
SDF-1α/OPF/BP composites. (b) The percentage of CXCR4-positive areas of the SDF200, SDF100, and SDF50 groups was significantly
higher (∗p < 0:05) than that of the control group.
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Figure 5: Osteogenic differentiation assays of MSCs after 21 days of culture on the four groups of SDF-1α/OPF/BP composites. (a) Runx2
immunofluorescence staining on the 21st day of osteogenic differentiation. (b) Alizarin Red S staining on the 21st day of osteogenic
differentiation. (c) The percentage of Runx2-positive areas of the SDF200 and SDF100 groups was significantly higher (∗p < 0:05) than
that of the SDF50 and control groups. (d) The percentage of Alizarin Red S stained area of the SDF200 and SDF100 groups was
significantly higher (∗p < 0:05) than that of the SDF50 and control groups.

8 Stem Cells International



those of the SDF50 and control groups (Figures 3(b) and
3(d)).

The 3D migration assay showed that in the SDF200 and
SDF100 groups, the border of spheroids extended more than
1.5 folds, while the SDF50 group extended less than 1.2 folds,
and the control group almost stayed the same (Figures 1(b)
and 1(c)), indicating the enhanced chemotaxis effect of SDF
at higher concentrations.

SDF-1α enhanced the expression levels of CXCR-4 in
BMSCs. The expression levels of CXCR-4 in the SDF50,

SDF200, and SDF100 groups were significantly higher
(p < 0:05) than those of the control group, but there was no
statistical difference between SDF50, SDF200, and SDF100
groups (p > 0:05) (Figure 4).

3.3. BMSC Osteogenic Differentiation on SDF-1α/OPF/BP
Composites. After 21 days of osteogenic differentiation,
BMSCs in all the groups expressed Runx2 and OPN. The
expression levels of Runx2 and OPN in the SDF200 and
SDF100 groups were significantly higher (p < 0:05) than
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Figure 6: Osteogenic differentiation assays of MSCs after 14 and 21 days of culture on the four groups of SDF-1α/OPF/BP composites. (a)
OPN immunofluorescence staining on the 21st day of osteogenic differentiation. (b) The percentage of OPN-positive areas of the SDF200
and SDF100 groups was significantly higher (∗p < 0:05) than that of the SDF50 and control groups. (c) ALP assay showed that ALP
expression levels of the four groups were similar at day 14, while the expression levels in the control group were significantly lower
(∗p < 0:05) than those of the other three groups on the 21st day. (d) OCN assay showed that the OCN expression levels in the SDF200 and
SDF100 groups were significantly higher (∗p < 0:05) than those of the SDF50 and control groups on both days 14 and 21.
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those of the SDF50 and control groups, and there was no sta-
tistical difference between the SDF200 and SDF100 groups
(p > 0:05) (Figures 5(a) and 5(c) and 6(a) and 6(b)). Alizarin
Red S staining also confirmed that the SDF200 and SDF100
groups had higher mineral deposition than that of the
SDF50 and control groups (p < 0:05), and there was no statis-
tical difference between the SDF200 and SDF100 groups
(p > 0:05) (Figures 5(b) and 5(d)).

On the 14th day, the expression levels of ALP showed no
difference among the four groups, while its expression levels
on the 21st day in the SDF200, SDF100, and SDF50 groups
were higher than those of the control group with statistical
significance (p < 0:05), and there was no statistical difference
between the SDF50, SDF200, and SDF100 groups (p > 0:05)
(Figure 6(c)). The expression levels of OCN in the SDF200
and SDF100 groups were also significantly higher (p < 0:05)
than those of the SDF50 and control groups both on the
14th and 21st days. On the 14th day, the expression levels of
OCN in the SDF200 group were also significantly higher than
those of the SDF100 group, and on the 21st day, there was no
statistical difference between the SDF200 and SDF100 groups
(p > 0:05) (Figure 6(d)).

4. Discussion

In this study, we made SDF-1α/OPF/BP composites and
investigated their potential on the migrating and osteogenic
abilities of rat BMSCs. We found that SDF-1α released from
the composites significantly promoted the homing and oste-
ogenic abilities of BMSCs, and the optimum concentration of
SDF-1α was 100ng/ml.

Tissue engineering techniques dependent on stem cell
transplantation are widely used in bone regeneration [26].
The drawbacks of the cell transplantation-based methods
such as significant expense, time-wasting, potential infection,
and low rates of cell survival (2-4%) limit their further clini-
cal application [2, 10]. The cell guidance method, which
motivates the migration and homing of stem cells, is an alter-
native approach. Thus, autologous MSC guidance is being
considered as a feasible alternative treatment method as it
does not require massive in vitro cell proliferation. Recently,
a lot of chemokines or chemotactic drugs have been proved
to possess the ability to recruit autologous cells to facilitate
tissue regeneration [27, 28].

One promising factor in promoting cell migration is
SDF-1α [29], a ligand of C-X-C chemokine receptor type 4
(CXCR4) expressed on the surface of many types of stem
cells or progenitor cells [12]. SDF-1α plays a vital role in
the recruitment of stem cells and also participates in the dif-
ferentiation process of BMSCs, which is directly related to its
ability to bind CXCR4 [12, 19]. However, there is a temporal
mismatch between the peak expression of SDF-1α and the
upregulation of CXCR4 [13]. Within an hour of injury,
SDF-1α expression is rapidly upregulated, whereas CXCR4
peaks at 96 hours [30–32].

Previous studies have used OPF/BP microporous hydro-
gel as the carrier for BPM-2 (13 kDa), which has a similar
molecular mass as SDF-1α (10 kDa), and showed that
BMP-2 burst release (80% within 4 days) from OPF/BP com-

posites produced more bone compared to other sustained
release systems [22]. In this study, SDF-1α also showed a
burst release from the OPF/BP hydrogel (80% within 4 days),
which matched the upregulation of CXCR4 on stem cells
in vivo. We also found that the SDF-1α could significantly
enhance the expression of CXCR4 in rat BMSCs in vitro.
This study showed that the burst release of SDF-1α could
significantly improve the migration abilities of MSCs either
in 2D migration assays or 3D spheroid assays. The migration
abilities of MSCs were SDF-1α dose-dependent. The concen-
tration of SDF-1α beyond 100 ng/ml, however, showed non-
significant effects on the migration ability of MSCs. Previous
studies also showed similar findings related to the optimum
concentration of SDF-1α [14, 30].

OPF/BP can also provide a proper framework to achieve
appropriate bone formation. The phosphates in the OPF-BP
matrix contributed to the enhanced osteogenic activities such
as attachment, proliferation of MSCs and osteoblasts, and tis-
sue mineralization [20, 22]. Furthermore, SDF-1α is also
known for its ability to promote the osteogenic differentia-
tion of MSCs [17]. Thus, in this study, the composites devel-
oped combining OPF/BP with SDF-1α were able to induce
increased mineral deposition and a significant increase in
the expression levels of Runx2, OCN, OPN, and ALP—four
vital osteogenic proteins representing both early and late
stages of bone regeneration—to promote the osteogenic abil-
ities of MSCs.

5. Conclusion

In conclusion, microporous SDF-1α/OP/BP composite
promoted the migration and osteogenic differentiation of
MSCs and thus represented a promising candidate material
for bone tissue regeneration. The optimized concentration
of SDF-1α for enhanced activities was determined to be
100 ng/ml in our study.
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Bone marrow mesenchymal stem cells (BMSCs) are intraosseous stem cells, and the effects of tensile strain on BMSC differentiation
mediate several bone-related treatments. To study the response of BMSCs under tension, we designed and developed a small cellular
tension instrument, iStrain.When iStrain applied tension on BMSCs, these cells exhibited convergence in the alignment direction and
lengthening of the cell processes and cell body. Real-time quantitative polymerase chain reaction (RT-qPCR) and western blotting
demonstrated that iStrain-mediated cyclic tension promotes the differentiation of BMSCs toward osteogenesis and fibrogenesis.
And the mRNA and protein expression of differentiation-related genes changes with the extension of tension time.

1. Introduction

Stem cells, which are defined as cells with the capacity to self-
proliferate and differentiate into new functional cells in tissue
[1], are important in maintaining tissue integrity and normal
function. Bone marrowmesenchymal stem cells (BMSCs) are
a specific type of stem cell in bone with active self-renewing
and multidifferentiation abilities [2]. These cells have the
potential to develop into osteocytes, chondrocytes, adipo-
cytes, and cells of other embryonic lineages [2].

Traditionally, stem cell differentiation is achieved by
adopting cocktails of various growth factors. However, the
linkage between differentiation and mechanical stimuli has
gradually been revealed as mechanical stimulation has shown
regulatory effects on cell proliferation, differentiation, apo-
ptosis, and migration [3–7]. The main types of mechanical
stimulation in vivo include shear stress, compressive stress,
and tensile stress [6]. Among these types, the effects of tensile
stress on BMSCs are clinically important. BMSCs are the
main functional cells in bone distraction, as they can differ-

entiate into osteoblasts and initiate osteogenesis. In the pro-
cess of distraction osteogenesis, continuous tensile stress
plays an important role in promoting BMSC proliferation
and differentiation [8]. The osteogenic differentiation of
BMSCs is also involved in bone regenerative activity in rapid
maxillary expansion during orthodontic treatment [9].

To study the mechanoresponses of cells, researchers have
developed many cellular mechanical loading models. Yang
et al. classified them as substrate deformation-based
approaches, weight approaches, hydrostatic approaches, cen-
trifugation approaches, fluid flow approaches, vibration
approaches, and 3-D loading models [10]. Among these,
the substrate deformation-based mechanical loading model
is the most widely used cellular mechanical loading device,
especially for tension. These devices usually use an elastic
membrane as the deformation substrate on which the cells
are cultured. With the stretch of the elastic membrane, the
cells will undergo tension [10].

However, available tension devices currently have a large
size and strictly rely on an external power supply, both of
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which substantially constrict their applicable conditions and
environment. To apply multiple strain loading modes in var-
ious circumstances, we designed a small stretching device
named iStrain (Figures 1(a)–1(g)).

The objective of this study was to explore the response of
BMSCs under different tension duration and the effects of
tension on the osteoblastic and fibroblastic differentiation
of BMSCs over time. To achieve this, we applied cyclic tensile
strain to BMSCs using iStrain in vitro and observed the
changes in cell morphology and internal structure, evaluated
the survival and metabolic status of BMSCs by live/dead
staining and Cell Counting Kit 8 (CCK-8) assays, and
measured changes in mRNA and protein expression of
differentiation-related genes by RT-qPCR and western blots.

2. Materials and Methods

2.1. Cell Culture.Human BMSCs were purchased from Scien-
Cell (San Diego, CA, USA). Cells were used for experiments
between the 3rd and 7th passages and cultured in alpha-
modified Eagle’s medium with regular glucose (ɑ-MEM;
Gibco, Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin-streptomycin
solution (Gibco). Cells were incubated at 37°C in a humidi-
fied incubator containing 5% CO2.

2.2. Tensile Strain Experiments. BMSCs were seeded at a den-
sity of 3:0 × 105 cells/cm2 on collagen I-coated 6-well BioFlex
plates (Flexcell International, Burlington, NC, USA) and
then incubated in ɑ-MEM until reaching 95% cell conflu-
ence. Subsequently, culture plates were subjected to cyclic
tensile strain using iStrain with extension rates of 9%, 12%,
and 15% at a frequency of 0.3Hz for 12 h or subjected to
cyclic tensile strain with a 12% extension rate at a frequency
of 0.3Hz for 6 h, 12 h, 24 h, 36 h, or 48 h. The BMSCs were
then subjected to microscopic observation, immunohisto-
chemistry staining, or RNA and protein extraction.

2.3. Live/Dead Staining. After exposure to cyclic tensile
strain, BMSCs were stained with a live/dead staining kit
(KGAF001, KeyGEN BioTECH Co Ltd., Nanjing, China).
The culture medium was removed, and the BMSCs were
washed three times with phosphate-buffered saline (PBS).
Then, the BMSCs were stained in 2ml of PBS supplemented
with 0.4μM calcein AM (stained live cells) and 1.6μMpropi-
dium iodide (PI; stained dead cells) for 30 mins. The stained
cells were observed using a fluorescence microscope (Nikon
Eclipse 80i; Nikon Instech Co. Ltd., Kawasaki, Kanagawa,
Japan). The live and dead cells exhibited green and red fluo-
rescence, respectively.

2.4. CCK-8 Assays. CCK-8 assays were used to assess the
proliferation of BMSCs treated with tensile strain. After
exposure to cyclic tensile strain, BMSCs were seeded on
48-well plates. The medium was replaced every 2 days.
20μl of CCK-8 solution was added to 200μl of medium in
one well of each group, and the cells were further cultured
in a 5% CO2 incubator for 4 h. Then, 100μl of medium from
each well was transferred to a new 96-well plate, and the
absorbance at a wavelength of 450nm was determined.

2.5. Cell Length Measurement. BMSCs were observed under a
microscope, and cell length was measured. Six different posi-
tions of each well were selected, and six representative cells
were taken at each position for measurement, and the results
were obtained and analyzed.

2.6. Immunofluorescence Staining and Fluorescence Imaging.
After application of tensile strain on BMSCs, BMSCs were
fixed with 4% paraformaldehyde in PBS at room temperature
for 15min. After the cells were washed with PBS, the BMSCs
were subsequently permeabilized with 0.1% Triton X-100 in
PBS for 10min. Then, the cells were washed with PBS again
and blocked with 5% goat serum (ZLI-9022, Zhongshan
Golden Bridge Biotechnology, Beijing, China) for 1 h. Then,
the BMSCs were incubated with CytoPainter Phalloidin-
iFluor 488 Reagent (Abcam, Cambridge, MA, USA) diluted
at 1 : 1000 for 1h at room temperature. Finally, the BMSCs
were stained with DAPI (Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 5min at room temperature and were
observed and photographed using a confocal system for imag-
ing (LSM 5 EXCITER, Carl Zeiss, Jena, Germany).

2.7. RT-qPCR. Total RNA was extracted from BMSCs follow-
ing treatment using TRIzol reagent (Invitrogen, Gaithers-
burg, MD, USA). A PrimeScript RT Reagent Kit (TaKaRa
Biotechnology Co., Ltd., Dalian, China) was used to reverse
transcribe cDNA from cellular RNA. RT-qPCR was per-
formed using a Real-Time PCR Detection System (ViiA 7
Real-Time PCR System; Thermo Fisher Scientific, Wilming-
ton, DE, USA) and FastStart Universal SYBR Green Master
Mix (Roche Diagnostics GmbH, Mannheim, Germany)
using the following parameters: 2min at 50°C, 10min at
95°C, and 40 cycles of 15 seconds at 95°C together with
1min at 60°C. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was used as the internal normalization
control. The sequences of mRNA primers used in this study
are listed in Table 1.

2.8. Western Blot Analysis. BMSCs were washed with ice-cold
PBS and solubilized with RIPA lysis buffer containing 1% pro-
tease inhibitor cocktail (Solarbio Science & Technology Co.).
Protein concentrations were measured by a BCA Protein Assay
Kit (Thermo Fisher Scientific), and concentrations were
adjusted to be the same. After 4× loading buffer was added,
samples were heat denatured, and a total of 40μg of protein
was used for western blot analysis. Prepared lysates containing
equal amounts of protein were electrophoresed on a precast gel
(Beyotime Institute of Biotechnology, Shanghai, China), and
proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane. The transferred membranes were blocked
with 5% BSA in TBST for 1h at room temperature and were
then incubated at 4°C overnight with anti-Runt-related tran-
scription factor 2 (RUNX2) antibody; anti-osteopontin
(OPN) antibody; anti-Collagen, type I, alpha 3 (COL-3)
antibody; anti-Tenascin C (TN-C) antibody; anti-GAPDH
antibody (Abcam); anti-Collagen, type I, alpha 1 (COL-1) anti-
body (Cell Signaling Technology, Danvers, MA, USA); or anti-
Scleraxis (SCX) antibody (Santa Cruz Biotechnology, Dallas,
TX, USA). After three washes with TBST, the membranes were
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incubated with anti-rabbit or anti-mouse secondary antibodies
(ZB-2301 and ZB-2305, Zhongshan Golden Bridge Biotechnol-
ogy, Beijing, China), which were diluted at 1 : 5000 at room
temperature for 1h. Chemiluminescence was produced using
the Bio-Rad system, detected with a ChemiDoc MP Imaging
System and analyzed using the ImageJ software.

2.9. Alizarin Red Staining. Alizarin red was used to detect cal-
cium deposits formed by the BMSCs. After exposure to
mechanical tension loading, BMSCs were reseeded in six-

well plates. After 24h of attachment, the medium was
switched to ɑ-MEM containing 10% fetal bovine serum, 1%
penicillin-streptomycin solution, 10mM β-glycerophosphate,
100nM dexamethasone, 200mM vitamin C, and 2mM
KH2PO4. After 14 days of culture, the BMSCs were fixed in
4% paraformaldehyde at room temperature for 15min and
subsequently stained with Alizarin red (1% solution).

2.10. Statistical Analysis. All data are presented as the mean
and standard deviation from three independent experiments.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 1: Images of the stretching device iStrain and its companion software. The front view (a), back view (b), side views (c, d), top view (e),
and elevation view (f) of the stretching device iStrain. (g) Screenshots of the software showing different tension procedures.
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Differences among independent groups were analyzed by
one-way analysis of variance (ANOVA) using IBM SPSS
Statistics, version 26.0 (IBM Corp., Armonk, NY, USA).
P < 0:05 was considered significant.

3. Device Design

The stretching device iStrain is a bioreactor invented to stim-
ulate the tension state of cells from the muscle, lung, heart,
blood vessel, skin, tendon, ligament, cartilage and bone
in vivo. It is powered by a lithium battery and controlled by
a computer program. The most obvious feature of iStrain is
its compactness and battery power supply, which enable
iStrain to adapt to a closed incubator with high humidity,
suitable for cell culture to the maximum extent. Moreover,
iStrain allows free programming to apply different force
modes, including sine waves, triangular waves, and trapezoi-
dal waves. The frequency and the specific duration of each
action can also be adjusted on demand.

iStrain is composed of a single-chip microcomputer
(inside the power bank; Figure 2(a), 6), a mechanical struc-
ture part and a power supply part. By using the visualized
iStrain software on laptops, a personalized force mode can
be easily set and switched. Then, through the USB port, the
personalized force mode is transferred to the microcomputer
inside the iStrain. After starting up, the microcomputer sends
out instructions to the mechanical structure part. The
mechanical structure part consists of the microlinear servo
motor (MLSM; Figure 2(a), 11), the moving platform
(Figure 2(a), 5) and the spherical stiffening elements
(Figure 2(a), 4). When the instruction is acquired, the MLSM
carries out linear motion according to the program set up in
advance. With the cooperation of two linear bearings
(Figure 2(a), 8), the MLSM drives the moving platform above
it to move vertically. The spherical stiffening elements are
fixed to the moving platform and are vertically below the
elastic membranes of the cell culture plate. Thus, the vertical
movement of the elements causes elastic deformation of the
membranes and imposes regular stretching on the cells cul-
tured on them (Figures 2(b) and 2(c)). The power supply part
is composed of a lithium battery and a control switch. Both

the single-chip microcomputer and the power supply part
are packaged in one box (power bank, Figure 2(a), 6). The
working time can reach 48 hours on a single charge.

For the maximum stretching effect of the equalized elas-
tic membrane, the contact interface of the spherical stiffening
element is designed as a spherical crown with low friction.
The size of the element exactly fits the diameter of the cell
culture well. When the element moves upwards, the elastic
membrane will be deformed until the whole elastic mem-
brane is pressed close to the spherical crown interface, mak-
ing cells at all locations strained. A maximum of six spherical
stiffening elements can be installed at the same time. By using
different sizes of spherical stiffening elements, a 0-57% exten-
sion rate can be applied to the cells, and the precision of it can
reach 0.01%.

With a size of 500mm × 400mm × 120mm and a weight
of 4900 g, the iStrain can be easily accommodated by regular
incubators in a laboratory. All parts of the invention are
moisture proof, and thus, the device can be used in a high-
humidity environment and placed in a closed container as a
whole without wiring.

4. Results

4.1. Cell Viability of BMSCs under Cyclic Tension. By using
iStrain, we applied cyclic tensile strain to BMSCs at a fre-
quency of 0.3Hz for 6 h, 12 h, 24 h, 36 h, or 48h with a 12%
extension rate and investigated the damage of tensile strain
to the cell viability of BMSCs utilizing live/dead staining
and CCK-8 assays. Live/dead staining revealed that the num-
ber of dead cells increased with the extension of time from 0h
(negative control) to 48 h, and there was a remarkable
increase between 12h and 24h, indicating significantly
increased cell damage between 12h and 24 h (Figure 3(a)).
According to the CCK-8 assay results, there was no signifi-
cant difference in the first three days between the different
time groups. On day 5, there was a slight increase in the
6 h, 12 h, and 24 h time groups and a slight decrease in the
36 h and 48 h time groups compared with the control group
(Figure 3(b)). Based on this, we hypothesized that a short
period of tension would not have a significant negative effect

Table 1: mRNA primer sequences used in this study.

Gene Forward sequence (5′⟶3′) Reverse sequence (5′⟶3′)
GAPDH GCATTGCCCTCAACGACCACT CCATGAGGTCCACCACCCTGT

RUNX2 ACTACCAGCCACCGAGACCA ACTGCTTGCAGCCTTAAATGACTCT

OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT

COL-1 TGGACGCCATCAAGGTCTACTGC GGAGGTCTTGGTGGTTTTGTATTCG

OPN CGAGGTGATAGTGTGGTTTATGG GCACCATTCAACTCCTCGCT

SCX CAGCCCAAACAGATCTGCACCTT CTGTCTTTCTGTCGCGGTCCTT

COL-3 TGGTCTGCAAGGAATGCCTGGA TCTTTCCCTGGGACACCATCAG

TN-C GTCACCGTGTCAACCTGATG GTTAACGCCCTGACTGTGGT

IL-6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG

IL-1β TGGCAACTGTTCCTG GGAAGCAGCCCTTCATCTTT

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; RUNX2: Runt-related transcription factor 2; OCN: osteocalcin; COL-1: collagen, type I, alpha 1; OPN:
osteopontin; SCX: Scleraxis; COL-3: collagen, type I, alpha 3; TN-C: Tenascin C.
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Figure 2: The structure and working principle of iStrain. (a) The structure of iStrain. 1: 6-well BioFlex plate; 2: culture plate fixtures; 3: culture
plate support platform; 4: spherical stiffening elements; 5: movable platform; 6: power bank; 7: vertical support column; 8: linear bearings; 9:
handles; 10: pedestal; 11: MLSM. (b) The workflow diagram of iStrain. A personalized force pattern is formed on iStrain companion software,
and then, the force pattern is transferred to the microcomputer. After start-up, the microcomputer sends commands to the MLSM, which
moves linearly according to the preset program. With the cooperation of two linear bearings, the MLSM drives the movable platform
together with the spherical stiffening elements above it to move vertically, thus applying force to the elastic bottom of the culture plate and
stretching the cells cultured on it. (c) The structure of the spherical stiffening element depends on five variables: h, l, ε, r, and a. h is the
distance from the rubber membrane to the lowest bottom of the culture plate. l is the radius of the rubber membrane. For the BioFlex
plates, h = 5mm and l = 16:5mm. ε refers to the extension rate, which is determined for each independent experiment. r refers to the radius
of the spherical part, and a refers to its height. r and a are calculated as follows: ε% = ½ðr∙arcsin ðl/rÞÞ/l − 1� × 100%; a = r −√ðr2 − l2Þ.
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on cell viability and proliferation, but extending the tension
time to 24h would affect cell viability, and continuing to
extend the tension time to 36 h would affect cell viability
and cell proliferation.

4.2. Cyclic Tension from iStrain Influences BMSCMorphology
and Actin Filament Arrangement. By using iStrain, we
applied cyclic tensile strain to BMSCs at a frequency of
0.3Hz for 6 h, 12 h, 24 h, 36 h, and 48 h with a 12% extension
rate. Under the microscope, the unstimulated control BMSCs
were randomly arranged, whereas with the extension of the
application time, the BMSCs exposed to the cyclic tensile
strain were gradually arranged unidirectionally, perpendicu-
lar to the direction of the tensile force, accompanied by elon-
gation of the cell processes and cell body. When the tension
time exceeded 24 h, the intercellular space was gradually
increased, and the cells were sparser (Figure 4(a)). By mea-
suring the cell length under the microscope, we found that
cell length gradually increased with extension of tension time
and reached a peak at 12 h, followed by a decrease in cell
length from 24h to 48h. Nevertheless, the cell lengths of
the 24 h, 36 h, and 48 h groups were still longer than those
of the negative control group (Figure 4(b)). These morpho-
logical and alignment changes were also confirmed by the
arrangement of actin filaments. Immunohistochemistry
staining demonstrated that actin filaments were arranged
parallel in BMSCs treated with cyclic tensile strain but ran-
domly oriented in the control cells (Figure 4(c)). The elonga-
tion of the cell processes and cell bodies was also observed
with immunohistochemical staining of actin filaments.

4.3. Cyclic Tension from iStrain Influences the Expression of
Osteoblastic Differentiation-Related Genes in BMSCs.
Figures 5(a) and 5(b) show the changes in the mRNA expres-
sion of osteoblastic differentiation-related genes in BMSCs
under different force values of cyclic tension for 12 h. The
expression of RUNX2 and osteocalcin (OCN) was increased
in the tension groups and peaked when the extension rate

was 12%. Hence, we chose an elongation of 12% for the sub-
sequent tension experiments.

Figures 5(c)–5(e) show the time course of mRNA expres-
sion of osteoblastic differentiation-related genes in BMSCs in
response to cyclic tension force. Compared with that of the
control group, the mRNA expression of RUNX2, COL-1,
and OPN mRNA, detected by qPCR, gradually peaked at
12 h and 24 h with mechanical tension loading and then
decreased thereafter.

4.4. Cyclic Tension from iStrain Influences the Expression of
Fibroblastic Differentiation-Related Genes in BMSCs.
Figures 5(f)–5(h) show the time course of mRNA expression
of fibroblastic differentiation-related genes in BMSCs in
response to cyclic tension force. Compared with that of the
control group, the mRNA expression of SCX, COL-3, and
TN-C mRNA gradually peaked at 12 h, which was followed
by a gradual decrease.

4.5. Cyclic Tension from iStrain Influences the Expression of
Inflammatory Genes in BMSCs. Figures 5(i) and 5(j) show
the time course of changes in the mRNA expression of
inflammation-related genes in BMSCs in response to cyclic
tension forces. IL-6 and IL-1β mRNA expression, compared
to controls, was upregulated in a time-dependent manner in
the mechanically stimulated groups.

4.6. Cyclic Tension from iStrain Influences the Protein
Expression of Osteoblastic and Fibroblastic Differentiation-
Related Genes in BMSCs. Figures 5(k)–5(q) demonstrate the
changes in the expression of osteogenic-related proteins
and fibroblastic differentiation-related proteins in BMSCs
in response to cyclic tension force. Figure 5(k) shows the rep-
resentative western blot results of RUNX2, COL-1, OPN, SCX,
COL-3, TN-C, and GAPDH. Compared with that of the con-
trol group, the protein expression of RUNX2, COL-1, and
OPN gradually peaked at 12h and 24h of mechanical tension
loading and then decreased thereafter (Figures 5(l)–5(n)). The
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Figure 3: Cell viability of BMSCs under cyclic tension. (a) Live/dead staining of the negative control group and cyclic tension group at 6 h,
12 h, 24 h, 36 h, and 48 h. Live cells are stained with green fluorescence. Dead cells are stained with red fluorescence. (b) CCK-8 assay results
show the effect of tensile strain lasting different times on cell proliferation of BMSCs. Different icons represent the negative control group and
different time groups of 6 h, 12 h, 24 h, 36 h, and 48 h.
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protein expression of SCX, COL-3, and TN-C also gradually
peaked at 12h and 24h of mechanical tension loading and
decreased thereafter (Figures 5(o)–5(q)).

4.7. Cyclic Tension from iStrain Influences the Mineralization
of BMSCs. Figure 6 shows the Alizarin red staining result of
BMSCs in the different time groups. Alizarin red staining
revealed a time-dependent increase in the color intensity,

which suggests the mineralization ability increasing in
BMSCs with the extension of tension time.

5. Discussion

In this research, to study the effects of tensile strain stimuli on
BMSCs, we developed a small-scale program-controlled
mechanical tension device, iStrain. By using this device, we

NC 20 × 6h 20 × 12h 20 ×

6h 10 ×NC 10 × 12h 10 ×

48h 10 ×36h 10 ×24h 10 ×

24h 20 × 36h 20 × 48h 20 ×

100 μm 100 μm 100 μm

50 μm50 μm50 μm

100 μm 100 μm 100 μm

50 μm50 μm50 μm

(c)

Figure 4: Cyclic tension influences BMSC arrangement and morphology. (a) Morphology and arrangement of BMSCs observed under the 4x
and 10x microscopes after 6 h, 12 h, 24 h, 36 h, and 48 h of cyclic tension compared with those of the control group (without loading). Scale
bars: 500 μm/200 μm. (b) Cell length of BMSCs measured under the microscope after 6 h, 12 h, 24 h, 36 h, and 48 h of cyclic tension compared
with that of the control group. ∗∗P < 0:01 and ∗∗∗P < 0:001. (c) The green fluorescence indicates the F-actin. The blue fluorescence indicates
the cell nucleus. Representative photographs of the control and cyclic tension groups at 6 h, 12 h, 24 h, 36 h, and 48 h under 10x and 20x
microscopy are shown. Scale bars: 100 μm/50μm.
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Figure 5: Continued.
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first investigated the suitable extension rate for BMSCs.
According to similar preliminary experimental research
methods, the elongation rate of the BMSC tension assay
was mostly set to vary from 10% to 15% [11, 12]. Considering
that the force application method of iStrain may be different
from that used by other researchers, we first set the extension
rate to three values: 9%, 12%, and 15%. We examined the
mRNA expression of RUNX2 and OCN in each group by
RT-qPCR and found that the expression of RUNX2 and
OCN increased in the tensile groups, and the peak appeared
in the group with a 12% extension rate. Therefore, we chose
the 12% extension rate for subsequent experiments, includ-
ing microscope observation, immunohistochemistry stain-

ing, RNA and protein extraction, and Alizarin red staining.
Then, we utilized RT-qPCR and western blotting to analyze
the mRNA and protein expression of osteogenic differentia-
tion- and fibroblastic differentiation-related genes. Cyclic
tensile strain stimuli will promote the osteogenic and fibro-
blastic differentiation of BMSCs, as shown by the increased
expression of RUNX2, COL-1, OPN, SCX, COL-3, and TN-
C. In the mechanical tension-stimulated groups, the mRNA
and protein expression of most genes peaked when the ten-
sion duration was between 12h and 24 h rather than longer
time point. There are two possible factors to explain this.
First, cell viability and proliferation will be harmed by long-
term tensile strain, as we noted before. Second, with the
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Figure 5: Cyclic tension promotes BMSC osteoblastic and fibroblastic differentiation. The mRNA expression levels of RUNX2 (a) and OCN
(b) in response to cyclic tension force under different tension force values (including the control or with extension rates of 9%, 12%, and 15%)
for 12 h. The mRNA expression levels of RUNX2 (c), COL-1 (d), OPN (e), SCX (f), COL-3 (g), TN-C (h), IL-6 (i), and IL-1β (j) in response to
cyclic tension force with a 12% extension rate for the control or 6 h, 12 h, 24 h, 36 h, or 48 h of loading. Gene expression was calibrated using
the GAPDH housekeeping gene. Data represent the mean ± SD; ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. the control. (h)
Representative chemiluminescent images of western blot analysis of RUNX2, COL-1, OPN, SCX, COL-3, TN-C, and GAPDH in BMSCs.
(l-q) Western blot analysis of RUNX2 (l), COL-1 (m), OPN (n), SCX (o), COL-3 (p), and TN-C (q). Gray value was calibrated using
GAPDH. Data represent the mean ± SD; ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. the control.
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Figure 6: Cyclic tension promotes BMSC mineralization. The Alizarin red staining result of BMSCs in the control group and mechanically
stimulated groups of 6 h, 12 h, 24 h, 36 h, and 48 h. Scale bars: 500μm.
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Figure 7: Strain of the membrane and BMSCs. (a) The strain on the membrane with different extension rates based on the three-dimensional
finite element analysis. No friction between the membrane and the spherical stiffening elements supposed. The strain is determined as the
ratio of the distances between two points under the stretched and unstretched conditions. (b) The three-dimensional rendering model of
the distribution of tension force. (c) The three-dimensional finite element analysis of strain on the membrane under different frictions
with 12% extension rate. (d) The distribution of strain from the central area to the peripheral area of the membrane. (e) The strain of the
membrane equals extension rate times the primary length of the elastic membrane (2l = 33mm). (f) The theoretical value of cell carpet
strain is equal to the primary length times extension rate. The theoretical value of cell bodies and process strain is equal to half of the
primary length times extension rate.
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extension of time, the inflammatory reactions in BMSCs may
be intensified, which will be harmful for osteoblastic and
fibroblastic differentiation of BMSCs. The harmful effect of
long-time cyclic tension on cell viability and proliferation
can also explain the reason of the phenomena of increased
intercellular space and sparse BMSC arrangement when the
tension time exceeds 24 h, as less cell renewal and more cell
death under long-time cyclic tension. The reason of why
there are slight differences of mRNA and protein expression
peak between different genes is correlated with different
timing of the appearance of relevant markers. For example,
compared with OPN, RUNX2 is a relative early marker of
the osteogenic process. The mRNA and protein expression
of RUNX2 peaked at 12 h, suggesting that early osteogenic
differentiation activity is more active when the tension time
is closed to 12 h, while the mRNA and protein expression
of OPN peaked at 24 h, suggesting that late osteogenic differ-
entiation activity is more active when the tension time is
closed to 24h.

When using iStrain for force application, BMSCs seeded
on the elastic membrane will be strained together with the
membrane. According to the manufacturer’s protocols, the
material of the bottom of BioFlex® culture plates is a type
of flexible silicone elastomer, which is linear elastic isotropic.
When we used iStrain to stretch the membrane, the deforma-
tion of the membrane is always in the range of elastic defor-
mation. Plus, the surface of the spherical stiffening elements
is designed as frictionless and stainless to minimize the fric-
tion between the elements and the membrane.

We also analyzed the strain of the membrane using three-
dimensional finite element analysis by ANSYS® Software,
version 19.0 (ANSYS Inc., Canonsburg, PA, USA). In the sit-
uation where friction was negligible, we compared the strain
of the membrane with different extension rates. The results
showed that the strain was closed to the theoretical extension
rate in the intermediate area while smaller in the central area
and larger in the peripheral area. The difference of the strain
between different locations was smaller when the extension
rate was relatively small and became larger when the exten-
sion rate increased (Figure 7(a)). The distribution of tension
force was represented by different colors in the three-
dimensional rendering model based on the three-dimensional
finite element analysis, demonstrating an increasing trend from
the central to the peripheral area (Figure 7(b)). And then, we
compared the strain of the membrane under different frictions
with 12% extension rate. The result showed that the strain has
no significant changes between different friction groups
(Figure 7(c)). Moreover, we also examined the strain of the
membrane at different locations with 12% theoretical extension
rate using flour particles asWang et al. applied [13]. The exten-
sion rate was closed to 12% in the intermediate area while
smaller in the central area and larger in the peripheral area,
but the difference between them was considered to be accept-
able (Figure 7(d)).

To sum up, the cells in the center of the membrane were
deformed less than the ones next to the edges, once they were
deformed spherically. The curve of the extension rate rose
slowly from the center to the peripheral area and then
ascended steeply in the most peripheral area. So, in our opin-

ion, cell deformation in most part of the membrane could be
considered uniform, except for the most peripheral area. And
the experimental value of the extension rate was close to the
theoretical one. However, the degree of the deviation from
uniform stretching increased with the extension rate. Once
the extension rate exceeded 16%, the nonuniformity of strain
was thought to become unacceptable to be neglected.

The strain of the elastic membrane is equal to the primary
length of the membrane times the extension rate, which can
be written as the strain of the elastic membrane = 2l ×
extension rate (l is the radius of the membrane, which equals
half of the primary length of the membrane) (Figure 7(e)).
According to the research by Bieler et al., cell carpets show
full strain transfer, while cell processes and cell bodies show
about 50% strain transfer [14]. Therefore, the theoretical
value of cell carpet strain is equal to the primary length times
extension rate. The theoretical value of cell bodies and pro-
cesses strain is equal to half of the primary length times
extension rate (Figure 7(f)).
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Background. Tissue engineering of cartilage requires the selection of an appropriate artificial scaffold. Polylactic acid (PLA)
honeycomb films are expected to be highly biodegradable and cell adhesive due to their high porosity. The purpose of this study
was to determine the optimal pore size of honeycomb PLA films for in vitro cartilage formation using synovial mesenchymal stem
cells (MSCs). Methods. Suspensions of human synovial MSCs were plated on PLA films with different pore sizes (no pores, or with
5μm or 20μm pores) and then observed by scanning electron microscopy. The numbers of cells remaining in the film and passing
through the film were quantified. One day after plating, the medium was switched to chondrogenic induction medium, and the
films were time-lapse imaged and observed histologically. Results. The 5μm pore film showed MSCs with pseudopodia that
extended between several pores, while the 20μm pore film showed MSC bodies submerged into the pores. The number of adhered
MSCs was significantly lower for the film without pores, while the number of MSCs that passed through the film was significantly
higher for the 20μm pore film. MSCs that were induced to form cartilage peeled off as a sheet from the poreless film after one day.
MSCs formed thicker cartilage at two weeks when growing on the 5μm pore films than on the 20μm pore films. Conclusions.
Honeycomb PLA films with 5μm pores were suitable for in vitro cartilage formation by synovial MSCs.

1. Background

Tissue engineering of cartilage requires the appropriate selec-
tion of cells [1]. Several cell candidates are currently available,
including chondrocytes, induced pluripotent stem (iPS) cells,
and mesenchymal stem cells (MSCs). The use of chondro-
cytes is invasive, as cell collection requires that normal carti-
lage be sacrificed [2]; however, iPS cells require more time
and effort than other cell types for cartilage differentiation
[3]. MSCs are therefore more useful, as their cell sources
are easy to harvest, the cells proliferate well, and they can
be induced to differentiate into cartilage. Synovial MSCs are
particularly attractive as a cell source for tissue engineering
of cartilage because of their high chondrogenic differentia-
tion potential [4, 5].

The appropriate selection of artificial material is also
important for cartilage engineering [6] in addition to the

selection of synovial MSCs. Several artificial scaffold mate-
rials are already in clinical use [7]. In the field of orthopedics,
one of the most popular scaffold materials is polylactic acid
(PLA) because of its biodegradability; however, cells can have
difficulty adhering to it. For this reason, PLA is not yet in
common use as a scaffold for cells used clinically for cartilage
regeneration. Efforts made to overcome this adhesion prob-
lem have included spinning of PLA nanofibers and arranging
PLA fibers in lattice patterns [8, 9], but the types of PLA scaf-
folds that are most suitable for tissue formation have not yet
been identified.

PLA can be prepared in the form of honeycomb-like
sheets, and these are expected to show highly biodegradabil-
ity and improved cell adhesion due to their high porosity
[10]. Porous films can be formed from water droplet tem-
plates by the breath figure method, and this method has
attracted considerable interest because of its simplicity and
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wide applicability to a variety of materials. Recently, honey-
comb films have been prepared by the breath figure tech-
nique [11, 12]; however, the best pore size for efficient cell
adhesion and cartilage formation has not been established.
The purpose of the present study was to determine the opti-
mal pore size of honeycomb PLA films for in vitro cartilage
formation by synovial MSCs.

2. Methods

2.1. Preparation of Synovial MSCs. All methods were carried
out in accordance with relevant guidelines and regulations.
All procedures performed in the study involving human par-
ticipants were in accordance with the Declaration of Helsinki
[13]. This study was approved by the Medical Research
Ethics Committee of Tokyo Medical and Dental University
(M2017-142), and informed consent was obtained from all
study subjects.

Human synovium was harvested from the knees of
patients with osteoarthritis who underwent total knee arthro-
plasty operations, and cell culture was performed according
to the method established in our previous reports [4, 14,
15]. Briefly, the synovium was minced and digested at 37°C
for 3 h in a solution of 3mg/mL collagenase (Sigma Aldrich,
MO, USA), and the digested cells were filtered through a
70μm cell strainer (Greiner Bio-one GmbH, Kremsmuen-
ster, Austria). The obtained nucleated cells were cultured in
150 cm2 culture dishes (Nalge Nunc International, Thermo
Fisher Scientific, MA, USA) in 18mL alpha minimum essen-
tial medium (αMEM, Thermo Fisher Scientific) containing
10% fetal bovine serum (FBS, Thermo Fisher Scientific).
The cells were treated with 0.25% trypsin-EDTA (Thermo
Fisher Scientific) at 37°C for 5min, harvested, and cryopre-
served as passage 0. For cell culture, the frozen cells were
slowly thawed, plated, and incubated for 4 days as passage
1. These passage 1 cells were then replated at 50 cells/cm2,
cultured for 14 days, and the resulting passage 2 cells were
used for analyses.

2.2. Differentiation Assays. The differentiation potential of
the MSCs was evaluated as in previous studies [15–17].
Chondrogenesis was examined by suspending 1:25 × 105
synovial MSCs in 0.5mL chondrogenic induction medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific) containing 10 ng/mL transforming
growth factor-β3 (TGF-β3, Miltenyi Biotec, Bergisch Glad-
bach, Germany), 500 ng/mL bone morphogenetic protein 2
(BMP-2, Medtronic, MN, USA), 40μg/mL proline (Sigma-
Aldrich), 100 nM dexamethasone (Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan), 100μg/mL pyruvate
(Sigma-Aldrich), 50μg/mL ascorbate-2-phosphate (Fujifilm
Wako Pure Chemical Corporation), and 50mg/mL 1% ITS
Premix (BD: Becton, Dickinson and Company, NZ, USA).
The cells were pelleted by centrifugation at 500 × g for
10min and then cultured for 21 days. After centrifugation,
the pellets were sectioned and stained with toluidine blue
(FujifilmWako Pure Chemical Corporation) for morpholog-
ical analysis. Adipogenesis was determined by suspending
100 synovial MSCs in a 60 cm2 dish and culturing in culture

medium for 14 days to produce cell colonies. The adherent
cells were cultured for a further 21 days in adipogenic induc-
tion medium consisting of α-MEM supplemented with
100 nM dexamethasone, 0.5mM isobutylmethylxanthine
(Sigma-Aldrich), and 50mM indomethacin (Fujifilm Wako
Pure Chemical Corporation). Adipocytes were stained with
oil red O (Muto Pure Chemicals, Tokyo, Japan).

Calcification was studied by plating 100 synovial MSCs in
a 60 cm2 dish and culturing for 14 days in culture medium to
allow formation of cell colonies. The adherent cells were fur-
ther cultured in a calcification induction medium consisting
of α-MEM supplemented with 50μg/mL ascorbic acid 2-
phosphate, 10 nM dexamethasone, and 10mM β-glycero-
phosphate (Sigma-Aldrich). After 21 days, calcification was
assessed by alizarin red staining (Merck Millipore, MA,
USA).

2.3. PLA Honeycomb Films. Circular PLA films with a diam-
eter of 6mm and thickness of 5μm were prepared as three
types: a PLA film without any pores (0μm), one with 5μm
pores, and one with 20μm pores. Before cell plating, the films
were immersed in 70% ethanol, washed with phosphate-
buffered saline (PBS, Thermo Fisher Scientific) for hydrophi-
lization, and incubated with FBS overnight at 4°C.

2.4. Scanning Electron Microscopy (SEM). Synovial MSCs
(1 × 104 cells) were suspended in 500μL αMEM with 10%
FBS and plated on PLA films in a 24-well plate. After 2 h,
the films were fixed in 2.5% glutaraldehyde (TAAB Laborato-
ries and Equipment Ltd., Berks, England) for 2 h and washed
overnight in 0.1M PBS at 4°C. Each film specimen was then
postfixed with 1% osmium tetroxide (TAAB Laboratories
and Equipment Ltd.) for 2 h at 4°C and dehydrated in graded
ethanol solutions (Fujifilm Wako Pure Chemical Corpora-
tion). After exchanging with 3-methyl butyl acetate (Fujifilm
Wako Pure Chemical Corporation) and critical point drying,
the specimen was coated with platinum and the surface was
observed by SEM (S-4500, Hitachi Ltd., Tokyo, Japan) [18].

2.5. Surface Markers. Synovial MSCs (5 × 105 cells) at passage
3 in 500μL αMEM containing 10% FBS were dropped onto
films in the wells of a 24-well plate. A 1mL volume of αMEM
containing 10% FBS was added, and the cells were incubated
for 24 h at 37°C and 5% CO2. Adherent cells were then
detached by treating with 0.25% trypsin-EDTA for 5min.
The cells were suspended in Hank’s balanced salt solution
(HBSS, Thermo Fisher Scientific) at a density of 5 × 105
cells/mL and treated for 30 minutes on ice with antibodies
for CD14, CD29 (integrin β1), CD31, CD44, CD45, CD49c
(integrin α3), CD49f (integrin α6), CD51/CD61 (integrin
αvβ3), CD61, CD73, CD106, and CD146 (all from BD).
The data were analyzed by FACS Verse (BD) and FlowJo
software (Tree Star Inc., OR, USA). Cells positively stained
with Ghost Dye Violet 510 (Tonbo Biosciences, CA, USA)
were removed as dead cells. Isotype controls were prepared
as negative controls (BD). The expressions of CD29,
CD49c, CD49f, and CD51/CD61 by cells seeded on plastic
dishes (just before seeding on the film) were examined in
the same manner.
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2.6. Quantitative Evaluation of Adherent Cells. Synovial
MSCs were stained with DiI (Thermo Fisher Scientific) and
3 × 103 synovial MSCs suspended in 500μL αMEM with
10% FBS were plated on the PLA films in a 24-well plate.
After 24h, the films and plates were fixed with 10% neutral
formalin (Fujifilm Wako Pure Chemical Corporation). The
MSCs remaining on the PLA films and the MSCs passing
through the film to the bottom of the plates were observed,
and the numbers of the cells were counted from the images
obtained with a microscope analysis system (BZ-X810, KEY-
ENCE, Osaka, Japan). Partial images of 4 × 4 area of film and
a 10 × 10 area of bottom were taken at 4x magnification of
the objective lens and automatically combined using software
(BZ-X analyzer, KEYENCE). The regions with a fluorescence
intensity above a fixed value within the film or on the bottom
were defined as cells, and the number of regions was counted
using imaging software (BZ-X analyzer). The numbers of
nonadherent cells were calculated from the numbers of
adherent cells on film and bottoms.

2.7. In Vitro Cartilage Formation of MSCs Plated on PLA
Films. A 500μL volume of αMEM with 10% FBS containing
5 × 105 synovial MSCs was dropped onto films in the wells of
a 24-well plate. A further 1mL αMEM with 10% FBS was
added, and the cells were incubated for 24h. The medium
was then switched to chondrogenic induction medium (this
was considered time 0). The medium was exchanged every
1–3days.

2.8. Time-Lapse Images. Synovial MSCs seeded on PLA films
were observed with a microscope (EVOS XL Core Cell Imag-
ing System, Thermo Fisher Scientific) at time 0, 1, 3, and 5
days. The film and cell sheet areas at each time point were
defined manually using ImageJ software (National Institutes
of Health, MD, USA), and the area ratio was calculated.

2.9. Histology. Synovial MSCs seeded on PLA films were
washed with PBS, fixed in 4% paraformaldehyde (PFA, Fuji-
film Wako Pure Chemical Corporation) at 4°C for 1 h, and
embedded in 2% agarose gel (Fujifilm Wako Pure Chemical
Corporation). The framework of the PLA film was then
removed, and the cylindrical agarose gel holding the PLA
film was embedded in paraffin, sliced, stained with safra-

nin-o/fast green (Fujifilm Wako Pure Chemical Corpora-
tion), and observed with a microscope (BZ-X810).

The cartilage thickness was measured by drawing a single
line along the long axis of the cartilage, determining the mid-
point of both ends of the cartilage on that line, and then
drawing seven perpendicular lines 500μm on both sides of
that midpoint. The midpoints of both ends of the cartilage
were determined on each vertical line, and the minimum
width through these points was determined. Finally, an aver-
age thickness of the cartilage and the coefficient of variance
for cartilage thickness at 7 points were calculated using
ImageJ.

2.10. Statistical Analysis. The Shapiro-Wilk test was used to
confirm the normality of the data (P > 0:05). The analysis
between the two groups were calculated by a paired Student’s
t test. Cell counts and time courses were statistically analyzed
by two-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test using GraphPad Prism 8 software
(GraphPad Software, CA, USA). All statistical analysis
methods are described in the figure legends. Two-tailed P
values of <0.05 were considered statistically significant.

3. Results

3.1. SEM Images of Honeycomb PLA Films after Plating
MSCs. Synovial MSCs showed multipotency for chondrogen-
esis, adipogenesis, and calcification (Figure 1). At 2 h after
plating onto the film without pores (0μm), MSCs showed
extended pseudopodia and attachment to the film
(Figure 2(a)). MSCs on the 5μm pore film also showed pseu-
dopodia that extended and adhered to several pores. MSCs
on the 20μm pore film showed submergence of the cell body
into the pore and pseudopodia extending around the pore.

3.2. Surface Markers of Synovial MSCs Plated onto
Honeycomb Films.One day after seeding onto films with pore
sizes of 0, 5, and 20μm, the MSCs in each film expressed
100% of the positive MSC markers CD44, CD73, and
CD90, and less than 5% of the negative MSC markers
CD14, CD45, CD106, and CD146 (Figure 2(b)). The expres-
sion of the four different integrins in MSCs did not differ
among the films, but the expression of integrin α6 was

Calcification

Alizarin red 

Adipogenesis

Oil red-o

1 cm100 𝜇m

Chondrogenesis

Toluidine blue 

200 𝜇m

Figure 1: Multipotency of synovial MSCs. Synovial MSCs were cultured in chondrogenic, adipogenic, and calcification induction media. A
section of the cartilage pellet was stained with toluidine blue, and the culture dishes for adipogenesis and calcification were stained with oil red
O and alizarin red, respectively.
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significantly lower in MSCs on films than in MSCs cultured
in plastic dishes (Figure 2(c)).

3.3. MSC Numbers Remaining in and Passing through Films.
One day after seeding the MSCs (Figure 3(a)), fewer cells
were observed in the film without pores than in the films with
pores, and more cells were observed in the bottom of the dish
containing the film with 20μm pores than dishes containing
the other film types (Figure 3(b)). The number of cells on the
film with no pores was 770 ± 100 cells, which was signifi-
cantly lower than the cell number of 1110 ± 60 for the 5μm
pore film or 1100 ± 120 cells for the 20μm pore film
(Figure 3(c)). The number of cells on the bottom was essen-
tially 0 cells for both the film with no pores and the 5μm pore
film, which was significantly lower than 170 ± 110 cells noted
for the 20μm pore film. The number of cells not adhered to
the film or the bottom of the dish was 2200 ± 100 cells for
the film with no pores and was significantly higher than the

1900 ± 60 cells obtained with the 5μm pore film. The value
was also significantly higher than 1700 ± 130 cells obtained
with the 20μm pore film.

3.4. The Early Phase of Cartilage Formation. During in vitro
cartilage formation by MSCs, the cell sheet formed by the
plated MSCs peeled off the film without pores at one day,
assumed a round shape at three days, and was maintained
as a cartilage mass at five days (Figure 4(a)). By contrast,
the cell sheets formed by MSCs plated on the 5 and 20μm
pore films remained sheet-like and did not peel off the film.
Quantitative evaluation showed that the area of the sheet of
MSCs plated on the film without pores significantly
decreased to 20 ± 10% at 1 day, while the area of the sheet
of MSCs plated on the film with 5 and 20μmpores was main-
tained at 100% for 5 days (Figure 4(b)).

3.5. Effect of Pore Size of the PLA Film on Cartilage
Formation. Synovial MSCs were plated on the three types
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Figure 2: SEM images and surface markers of synovial MSCs plated onto honeycomb films. (a) SEM images of honeycomb PLA films after
plating synovial MSCs. Synovial MSCs (1:0 × 104 in 500μL medium) were plated on PLA films without pores (0 μm) or with 5μm and 20μm
pores and observed from above after 2 h. Representative pseudopodia are indicated with yellow arrows. (b) Surface markers of synovial MSCs
one day after seeding onto the film. Means and standard deviations are shown (n = 3). (c) Surface markers of synovial MSCs before and one
day after seeding onto 0μm film. ∗P < 0:05. P values were determined by paired Student’s t test.
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of PLA films, cultured in the chondrogenic induction
medium for two weeks, and then observed histologically
(Figure 5(a)). MSCs plated on all three PLA films produced
extracellular matrix, as confirmed by red staining with safra-
nin O and they formed cartilage. The MSCs plated on the
films without pores were spherical in shape, whereas the
MSCs plated on the films with pores were sheet-like. The
thickness of the sheet-like cartilage formed by MSCs plated
on 5μm pore film (Figure 5(b)) was 630 ± 130 μm and was
significantly thicker than the 460 ± 100 μm thick sheet-like
cartilage formed by plating MSCs on the 20μm pore film
(Figure 5(c)). The coefficient of variance for thickness of
sheet-like cartilage measured at seven different points was
0:05 ± 0:01 for MSCs seeded on 5μm pore film and was sig-
nificantly lower than the 0:15 ± 0:11 thickness measured for
MSCs seeded on the 20μm pore film. This suggests the for-
mation of a more even cartilage by MSCs seeded on 5μm
pore film than on 20μm pore film.

3.6. Cartilage Formation of MSCs Plated on 5μm Pore PLA
Films. Synovial MSCs plated on 5μm pore PLA films and
cultured in the chondrogenic induction medium for three

weeks showed multilayered cells above the film and a small
number of cells below the film (Figure 6). A few layers of cells
were observed above and below the film and a slight cartilage
matrix was produced at one week, and the thickness of the
cartilage increased at two weeks and further increased to
300–500μm at 3 weeks. The thickness ratio of the cartilage
above and below the film was approximately 3 : 1.

4. Discussion

Synovial MSCs seeded on PLA films without pores exhibited
extended pseudopodia. Some reports have indicated that the
pseudopodia perform the function of cell adhesion [18, 19];
however, in the present study, the number of adherent cells
was on the film without pores was only about one third of
the number on the PLA films with pores. This finding does
not mean that the pseudopodia of synovial MSCs have no
ability to adhere to films without pores; rather, it means that
the pseudopodia of synovial MSCs are not sufficiently adhe-
sive to withstand removal of the film from the dish, fixation
of the cells with formalin, and microscopy observation. In
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Figure 3: Analysis of numbers of synovial MSCs remaining in and passing through PLA films. (a) Experimental setting. (b) Images of MSCs
remaining on PLA films and MSCs passing to the bottoms of the plates. DiI-stained cells were observed from above and image processed and
are shown in blue. (c) Quantitative evaluation of cell numbers on the films, on the bottoms of the dishes, and nonadherent cells. Means and
standard deviations are shown (n = 10). ∗P < 0:05. P values were determined by one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 5: Histological images and thickness of cartilage derived from synovial MSCs plated on PLA films. (a) Histological images. MSCs
(5:0 × 105 in 500μL medium) were plated, cultured in chondrogenic induction medium for 14 days, and stained with safranin O. The
results of three different samples are shown. (b) Method for measuring the cartilage thickness. A single line was drawn along the long axis
of the cartilage, the midpoint of both ends of the cartilage was determined on this line (point A), and seven perpendicular lines were
drawn every 500μm on both sides from “point A.” The midpoints of both ends of the cartilage were determined on each vertical line
(M1-M7), and the minimum width through these points was determined. (c) Average thickness of the cartilage and the coefficient of
variance for cartilage thickness at 7 points. Means and standard deviations are shown (n = 3). ∗P < 0:05. P values were determined by a
paired Student’s t test.
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other words, pores of a suitable size are useful to ensure effi-
cient functioning of the pseudopodia.

The expression of surface markers by the synovial MSCs
that adhered to the film did not differ with the presence or
size of the pores, but the expression of integrin α6 was
reduced compared to cells cultured on plastic dishes. The
PLA film we used is a thin sheet of less than 10μm thickness
and has softer physical properties than a plastic dish. The
expression level of integrin α6 might be altered when MSCs
adhere to soft PLA materials, since the expression levels of
other integrins depend on mechanosensing of the rigidity
of the materials by the adhering cells [20–24].

Chondrogenic induction was observed in MSCs plated
on the PLA films without pores, but the cell sheet peeled off
from the films after one day and formed a spherical cartilage
mass after two weeks. The ascorbate-2-phosphate contained in
the chondrogenic induction medium promotes the production
of extracellular matrix and the aggregation of MSCs [25]. The
observation of peeling of the cell sheets from the films during
the process of cartilage formation indicates that the strength
of aggregation of the MSCs is greater than the strength of
adhesion of the MSCs to the PLA films without pores.

MSCs plated on 5μm pore films formed the thickest car-
tilage among the three types of films used in this study. This
is because the MSCs did not fall through the pores after plat-
ing; instead, they firmly adhered to the pores via their pseu-
dopodia. This firm adhesion prevented the cells from
peeling off after chondrogenic differentiation. The chondro-
genic differentiation of MSCs using scaffolds is affected by
the size of the scaffold pores [26, 27]. In the current study,
the film with the 5μm pore size was the best of the three
tested films for cartilage formation by synovial MSCs under
the conditions used here. MSCs seeded on 20μm pore films
formed thinner and more uneven cartilage compared to
MSCs seeded on 5μm pore films. The number of cells that
adhered to the film one day after seeding was the same, but
the number of cells that passed through the film and fell to
the bottom was higher for the 20μm pore films.

Although the MSCs extended their pseudopodia and
were caught in the pores, some of the cells passed through
the 20μm pores, probably because the MSC body is less than
20μm in diameter [28] and therefore smaller than the pores.
One possibility why the thickness and smoothness of the car-
tilage formed at 2 weeks differed between the films with 5μm
and 20μm pores, even though the number of cells remaining
in the film at 1 day was the same, might be that cells fell
through the 20μm pores from 1 day to 2 weeks after seeding,
especially in the early period before the cartilage matrix was
fully formed.

The pore size in honeycomb films can be adjusted in a
range from several tens of nanometers to tens of micrometers
by controlling the template water droplets by the breath fig-
ure method. The honeycomb films have the added advantage
of forming uniformly sized pores when compared to conven-
tional porous scaffolds with size-distributed pores [11]. The
pore sizes reported for honeycomb films have been found
suitable for proliferation and function of endothelial cells
[29], myocytes [30], and hepatocytes [31]. Kawano et al.
compared PLA honeycomb films with 1.6μm, 3.2μm, and

4.7μm pores and reported that the number of adherent bone
marrow MSCs increased as the pore size increased [32]. This
finding concurred with our results and suggests that a suit-
able pore size for MSC adhesion to a PLA honeycomb film
is approximately 5μm.

One limitation of our study is that we did not conduct
in vivo investigations of the effectiveness of implanting hon-
eycomb PLA films plated with MSCs into cartilage defects.
Therefore, we cannot say at this time whether cartilage
defects will be repaired when transplanted with undifferenti-
ated MSCs adhering to 5μm pore honeycomb PLA films or
whether the MSCs will require further ex vivo differentiation
into cartilage sheets. We also do not know whether the PLA
film will be absorbed after implantation, or when this will
occur. Another point that requires clarification is whether a
PLA film will be recognized as a foreign substance in the joint
and cause inflammation.

We compared in vitro cartilage sheet formation by syno-
vial MSCs using honeycomb PLA films with 0, 5, and 20μm
pores. MSCs on the 5μm pore film showed pseudopodia that
extended out to several pores. MSCs on the 20μm pore film
showed cell bodies submerged in the pores. MSCs plated on
5μm pore films formed the thickest and most even cartilage
layer among the three types of films. Honeycomb PLA films
with 5μm pores were therefore considered suitable for
in vitro cartilage formation by synovial MSCs.
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PLA: Polylactic acid
MSCs: Mesenchymal stem cells.
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Stem cells can be used to replace damaged cells or regenerate organs and have broadened our knowledge of the development and
progression of certain diseases. Despite significant advances in understanding stem cell biology, several problems limit their use.
These problems are related not only to the growth of tumors in animal models and their rejection in transplant cases but also to
ethical and social issues about the use of embryonic cells. The ethical-scientific debate on this type of cells has taken on great
interest both for their application in regenerative medicine and for the potential possibilities in the field of cell and gene therapy.
Different points of view often have the expression of a perception that depends on scientific goals or opportunities or on
religious traditions and beliefs. Therefore, as the questions and doubts about when life begins, so do the answers for the use of
these cells as therapy or otherwise. So, in addition to the origin of stem cells, there are currently some social bioethical (such as
political and legislative issues) and religious dilemmas. The purpose of the study is aimed at being a narrative on the history of
stem cells and the evolution of their use to date, as well as to clarify the bioethical position of the various religions today in
comparison with the social ones regarding the research and use of embryonic and adult ones. Hence, their biological hypostasis
regarding the concepts of “conception” and “fertilization” and their development and therapeutic use compared to those of the
main theological doctrines.

1. Introduction

Stem cells are undifferentiated cells that have not yet devel-
oped structures or proteins and are characteristic of a specific
type of cell or tissue. Thus, they contribute to the creation of

all mature cells in the human body and are the basis of every
cell, tissue, and organ. A stem cell is able to guarantee both
self-renewal and differentiation. The way to do this is
through its asymmetrical division. However, cell division
can be both symmetrical and asymmetrical. The symmetrical
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division produces identical cells (cell cloning). Asymmetric
division is typical of stem cells and therefore creates cells des-
tined to differentiate (different from the cell of origin)
together with cells identical to those of origin (i.e., still stem
cells). In this way, self-renewal is guaranteed, and at the same
time, a progeny of differentiated cells is created which in turn
will be transferred to the affected tissues or organs [1, 2].
Thus, the stem cells must also be able to differentiate into
the various types of cells and to regenerate functional tissues
in vivo. Stem cells are a population of undifferentiated cells
characterized by (I) their ability to proliferate widely (ability
to self-renew) and to differentiate into different types of cells
and tissues (potential for differentiation) and (II) usually
arise from a single cell (clonal property). There are five types
of stem cells according to their origin: (a) embryonic stem
cells (ESCs) are isolated from the internal cell mass of the
blastocyst. They consist of populations of pluripotent cells
that can produce the primitive ectoderm during embryogen-
esis. A particular group of stem cells is those of the dental-
derived stem cells (d-DSCs) which can differentiate in vitro
into layer-like tissues of mesoderm, endoderm, and ectoderm
such as those of adipocytes and neural cells [2–6]. (b) Amni-
otic epithelial cells (AECs) arise from the amniotic mem-
brane of the human placenta. They express multivalent ESC
markers (such as oct-4, Nanog, and alkaline phosphatase),
do not express telomerase, and do not form teratomas
in vivo after transplantation. They can differ in vitro from
both endoderm (such as pancreatic endocrine cells and hepa-
tocytes), mesoderm (such as cardiomyocytes), and from the
ectoderm (such as in nerve cells) [4, 5]. (c) Fetal stem cells
(FSCs) are mostly isolated (from embryonic cadaver tissue
organs or are from tissue-specific embryonic stem cells), up
to the 12th week of pregnancy. They can therefore be trans-
planted without rejection reactions and have the therapeutic
advantage over ESCs of not causing teratomas in vivo [7–10].
(d) The umbilical cord epithelium (UCE) is derived from the
epithelial amniotic membrane and is a source of pluripotent
stem cells. They can differentiate into various functional pro-
genitor cells (such as hematopoietic, dendritic, neural, hepa-
tocytes, pancreatic cells, and endothelial cells), and (e) adult
somatic stem cells are produced during ontogenesis [11–
13]. They are found in specialized areas in almost all
mammalian organs and tissues such as bone marrow, heart,
kidneys, brain, skin, eyes, gastrointestinal tract, liver, pan-
creas, lungs, breasts, prostate, testicles, and ovaries. More-
over, four types of multipotent adult stem cells have been
described: (1) isolated from long-term cultures of nonpheno-
typic adherent cells from human or mouse/rat mesenchymal
tissue such as bone marrow and muscle tissue, (2) unrestricted
ones isolated from umbilical cord blood (UCSCs) cultures, (3)
inducible (MIAMI) isolated from marrow, and (4) multipo-
tent from human bone marrow (h-BMSC). However, there
is a simpler distinction of stem cells which is the one that
divides them according to their origin and their developmen-
tal plasticity that is in embryonic and somatic. However, there
are multiplicative somatic stem cells (Table 1) [11, 13, 14].

Stem cells are used in the research field of medicine for
the treatment of various diseases such as hematological
(e.g., bone marrow transplantation), ophthalmology (e.g.,

age-related macular degeneration), endocrinological (diabe-
tes), neurological, genetically modified fat cells, and drug
development (Figure 1).

To date, three stem cell-based therapies have been con-
sidered: (a) already differentiated cell transplantation with
specific types of cells that derive from embryonic or somatic
stem cells and include patient’s own stem cells and grow and
differentiate under special processing conditions in the labo-
ratory (e.g., insulin-producing cells for the treatment of
diabetes), (b) stimulation of endogenous stem cells in an
individual (e.g., by administering growth factors) with the
possibility of inducing or increasing the processes of self-
repair, and (c) direct administration of stem cells to the
patient, so that a colonization process begins in the desired
part of the body and thus the differentiation continues into
the desired cell type (Figure 2) [15–18].

However, depending on the choice of technique and the
type of stem cells, we will also have certain limitations
(Table 2). Hematopoietic stem cell transplantation from
bone marrow, peripheral blood, or cord blood is used to treat
hematological malignancies or congenital immunodefi-
ciencies (such as β-thalassemia, Fanconi anemia, sickle cell
anemia, acute and chronic leukemia, F leukemia, non-
Hodgkin’s lymphoma, Hodgkin’s disease, and others). Stem
cell transplantation belonging to the same patient (autolo-
gous) was also used to preserve bone marrow in patients
who had received a high dose of chemotherapy. The use of
h-BMSCs as a therapy to modulate immune responses is
known. In fact, it has been shown that these cells can express
histamine H1, H2, and H4 receptors and histamine itself then
stimulating the production of interleukin 6 (IL-6) [18–20].
Finally, several studies mention the role of stem cells in
the relationship with periodontitis antibodies and particu-
larly in CVD (cardiovascular disease) biomarkers in the
early stages. It was noted that some patients with
periodontitis had serum and salivary increase in Aggregati-
bacter actinomycetemcomitans high IgG titers and high hs-
CRP (high-sensitivity C-reactive protein) with a negative
effect. The burden of periodontal bacteria can lead to an
increase in plasma and salivary levels of suPAR (soluble
urokinase-type plasminogen activator receptor) and hs-
CRP [21–23]. In fact, suPAR proved to be a valuable prog-
nostic biomarker for the correlation between periodontitis
and related cardiovascular diseases [21]. It has recently
been noted that during a periodontal disease that is associ-
ated with endothelial dysfunction, there is a relevant rela-
tionship between the disease and the EPCs (circulating
endothelial progenitor cells) [24]. EPCs are a subtype of
bone marrow-derived stem cells, and they have hematopoi-
etic and endothelial stem cells and thus participate in the
integrity of the vessels. Indeed, EPC has been suggested
as an indicator of endothelial dysfunction and the cumula-
tive risk of cardiovascular disorders. EPC identification
occurs through the search for markers CD34, CD133,
and the kinase insertion domain receptor (KDR). Further-
more, EPCs increase is correlated with the presence of
positive to serum biomarkers [21–24].

Autologous transplantation is also used for the treatment
of difficult autoimmune diseases but also as a means of gene
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therapy which is still in the experimental stage. Additionally,
stem cell transplantation is used as a treatment for some
types of cancer (such as breast and neuroblastoma). As for
the treatment of diabetes, perhaps the production of func-
tional pancreatic cells from stem cells ready for transplanta-
tion could be a new therapeutic approach [25, 26].

Scientific interest has mostly turned to embryonic stem
cells as in the case of certain neurological diseases (e.g.,
stroke, Alzheimer’s disease, and Parkinson’s disease). On this
prospect, the use of neural stem cells (NSCs) as regenerative
therapies, the combination with the cannabinoids for medi-
cal use is very promising. It has been noted that they act as

Table 1: The different sources of stem cells with different plasticity and differentiation.

Stem cell plasticity
Totipotent/omnipotent Pluripotent Multipotent Oligopotent Unipotent

They are cells with the
most undifferentiated cell
form during embryonic
development (e.g., the
fertilized oocyte (zygote))
up to the stage of the first
blastomeres (i.e., three
to four days after
fertilization). Are single
cells that can give rise
to a new organism with
adequate maternal support.
So, it can give rise to all
extra-embryonic tissues,
tissues of the body, and
of the germ line.

They can differentiate into
cell types from the

ectoderm, endoderm, and
mesoderm, which then
produce all cell types for
all tissues and organs. The
best-known pluripotent
stem cells are embryonic
(isolated from the internal
cell mass (ICM) of the

blastocyst).

They can differentiate into
discrete cell types (e.g.,
several types of blood
cell-like lymphocytes,
monocytes, neutrophils,

bone cells or other
nonblood cell type, and

others. The best now is the
mesenchymal cells (MSCs)

in the bone marrow,
adipose tissue, ∗Wharton’s
jelly in umbilical cord
blood, dental tissues,
and peripheral blood.

These stem cells can self-
renew and differentiate

into two or more cells that
belong to a specific type of
tissue (e.g., hematopoietic

stem cells, the
bronchioalveolar stem

cells, or BASCs).

They can self-renew
and differentiate into a
single specific cell type
forming a single cell
line (e.g., the muscle

stem cells).

∗Inside the Wharton’s jelly (substantia gelatinea funiculi umbilicalis) in umbilical cord, there is a cell population that has stem characteristics and is made up of
the mesenchymal cells of the layer (MSCs). They exhibit cell adhesion characteristics while phenotypically expressing a specific set of surface antigens (including
CD73, CD90, and CD105 stem cells).

Experimental phase

• Alzheimer’s disease
• Parkinson’s disease
• Huntington’s disease
• Rheumatoid arthritis 
• Spine injuries 
• Stroke
• Regeneration of tissues or

organs

Hemoglobinopathies

• Sickle cell anemia
• ß-�alassemia

Cancerous conditions

• Burkitt’s lymphoma
• Pediatric chronic myeloid

leukemia 
• Juvenile myelomonocytic

leukemia (JMML)
• Non-Hodgkin’s lymphoma
• Hodgkin’s lymphoma
• Multiple myeloma 
• Neuroblastoma 

Immune deficiencies 

• Severe combined
immunodeficiency (SCID)
(SCID and SCID-ADA) 

• X linked lymphoproliferative
(XLP) syndrome 

• DiGeorge Syndrome 
• Leukocyte adhesion

deficiency (LAD)
• Bare lymphocyte syndrome

Disorders by blood cell
(Myelodysplastic syndromes)

• Aplastic anemia
• Fanconi anemia 
• Red cell aplasia 
• Haematopoietic

thrombocytopenia (SMQ)
• Paroxysmal nocturnal

hemoglobinuria

Clinical trials

THERAPEUTIC USE OF STEM CELLS 

• Liver cirrhosis
•

• Diabetes type 1
• Lupus erythematosus
• Multiple sclerosis 
• Various inherited metabolic

diseases

Heart diseases (myocardial
infarction, cardiomyopathy,
heart failure)

Figure 1: Summary of the diseases treated or even therapies in clinical trials or experimentation with stem cells.
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potent regulators of NSCs, thus, also having the potential to
modulate various neurogenic characteristics. Using embry-
onic stem cells, certain types of nerve cells can be produced
ex vivo, which, if transplanted into the body, could repair
focal organic damage (such as experimentally, even in spi-
nal injuries). Furthermore, using the differentiation power
of stem cells, congenital defects such as Krabbe disease,
cheiloschisis, osteogenesis imperfecta, and others can be
cured [25–29]. In the dental field, dental mesenchymal cell
(MSCs) research can be applied for the replacement of
dental and oral tissues against dental caries, periodontitis,
etc., as well as the use of platelet-rich plasma (PRP) and
platelet-rich fibrin (PRP) extracts for the dental implantol-
ogy process [13, 30–34].

Finally, for treatment in patients with inflammatory
bowel disease (IBD), they develop microbiota dysbiosis with
immune dysregulation. Furthermore, it was noted that mes-
enchymal stem cells (MSCs) can produce similar effects,
and targeted investigations on the interactions between these
cells and gut microbiota could lead to a new therapeutic

approach. The use of probiotics and/or fecal transplantation
can be an effective adjuvant therapeutic strategy [35–39].

2. Stem Cells in the History

2.1. The Early Years. The two zoologists Theodor Heinrich
Boveri (1862-1915) and Valentin Häcker (1864-1927) used
the term stem cell to describe cells committed to give rise to
the germline. Boveri was also a comparative anatomist who
during his cytology and genetic studies discovered that some
cells could regenerate with subsequent functional differentia-
tion. On this basis, he thinks that even cancer cells start from
a cell with chromosome scrambled leading to continuous and
uncontrollably dividing cell [40]. He thus wanted to explain
the theory of embryonic nature tumor etiology and patho-
genesis as previously interpreted by Julius Cohnheim as did
Max Askanazy (1865-1940), Felix Marchand (1846-1928),
and Robert Bonnet (1851-1921) with the blastomere theory
of teratoma-like tumors. However, still today, some oncoge-
netic theories for some tumors still concern the cells of this

Endoderm

Ectoderm

Inner Mass Cells
(Pluripotent)

Mesoderm

MORULA
(Totipotent or Omnipotent) BLASTOCIST

Fertilized
Oocyte

Adult stem cells
(Multipotent and Oligopotent)

Somatic cells
(Unipotent)

Umbilical cord stem cells
(Wharton’s Jelly, umbilical cord blood and peripheral blood)

(Multipotent)

ZYGOTE

Amniotic epithelial cells (hAECs)
(Multipotent) Fetal stem cells

(Multipotent)

Figure 2: The origin, the collection process, and the plasticity of stem cells: after fertilization of the natural oocyte or in vitro the pluripotent
embryonic stem cells are created as internal cell mass inside a blastocyst. The stem cells show that their range of potential is wide and that cells
of one tissue can, under experimental conditions and with appropriate culture cell, reprogram to mature cells in another, different tissue from
which they come from. So, they can function as multiples. This is called plasticity and is the basis of cell therapy. Fetal stem cells are found
within the organs of the fetus. To this source belongs the embryonic corpse tissue (which can be obtained after a spontaneous abortion due to
illness, etc.) and afterwards with the appropriate culture, reprogrammed and functioning such as multipotent cells.

Table 2: Main differences and limitations for use of stem cells.

Limits of stem cells
Embryonic stem cells Adult stem cells

In vitro fertilization Nuclear transport
Production of a limited number of cell types.
They are not found in all tissues. Difficulties
in identification, isolation, preservation,

and cultivation in the laboratory.

Limited number of cell lines for
federally funded research needs.
Risks for the creation of teratomas
(tumors) from the transplantation
of undifferentiated stem cells.

It has not yet been achieved in humans.
Risks for the creation of teratomas (tumors)
from the transplantation of undifferentiated

stem cells.
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type of cells [41–49]. The histologist Franz Ernst Christian
Neumann who was carrying out his studies on bone marrow
and Alexander Alexandrowitsch Maximow (1874-1928)
claim that there is a common cell precursor that differs to
give all the mature blood cells. On this Maximow, he devel-
oped the concept of polyblasts. It will be later that these cells
with the aim of regenerating and differentiating themselves
were called stem cells by Ernst Haeckel (1834-1919). He is
starting from the Mendelian concept thinking that could
not always explain heredity and phenotypic traits and so he
puts into action the new concept of research that he will call
phenogenetics. In fact, he argued that in multicellular beings,
there is a first line of cells that call Stammzellen (Stamm: phy-
lum + zellen: cells) which leads to phylogeny that is to evolu-
tion through evolution proliferation and differentiation
capacity. Then, he introduced the foundations for the theory
of hematopoiesis [50].

In the early 60s, Ernest Armstrong McCulloch (1926-
2011), a biophysicist, and James Edgar Till, (born 1931) a cell
biologist, were the pioneers for the study of stem cells with
the quantitative clonal method. After they had introduced
the cells into the bone marrow of the previously irradiated
laboratory mice, they observed nodules at the level of the
spleen. In fact, these cell colonies each came from a single
progenitor cell [51]. Later together with the molecular biolo-
gist Lou Siminovitch (born in 1920), they realize that cells
could functionally self-renew by creating these colonies
[52]. Thanks to the oncologist and immunologist Georges
Mathé (1922-2010) in 1958, we have the first successful
allogeneic bone marrow transplant with people who are
not relatives, and in 1963, he treated a patient with leuke-
mia for the first time thanks to the bone marrow trans-
plant. Previously, together with Marcel Legrain and René
Kuss, he performed the first kidney grafts among unrelated
donors with success [53].

2.2. Towards the Evolution of the 21st Century Era. In 1981,
the two biologists Sir Martin John Evans (born in 1941) with
Matthew Kaufman (1942-2013) cultivated mouse embryonic
stem cells for the first time in the laboratory, and subse-
quently in 2007, together with Mario Capecchi and Oliver
Smithies, they won the Nobel Prize in physiology and medi-
cine. In 1988, the first umbilical cord blood stem cell trans-
plant took place in a child with Fanconi’s anemia. Since
then, more than 6,000 transplants have been performed in
which the transplant is entrusted to a relative or another stem
cell recipient, provided there is compatibility (heterologous
transplant) [54].

This is because they used embryonic stem cells to induce
specific gene modifications in mice by isolating the embry-
onic stem cell from the embryo and implanting it in adult
female mice. This will open new horizons for research and
therapy. In 1992, the first public and private stem cell bank
was established in the United States. In 1995, umbilical cord
stem cells were introduced of equal value in therapeutic
applications with bone marrow stem cells [54].

In 1998, the biologist James Alexander Thomson through
his research led him to the discovery of human embryonic
stem cells (published under the title Embryonic Stem Cell

Lines derived from Human Blastocysts), and in 2007, he dis-
covered the method of human-induced pluripotent stem cells
(iPS), i.e., by converting skin cells into cells that closely
resemble human embryonic stem cells (published article
under the title Induced Pluripotent Stem Cell Lines Derived
from Human Somatic Cells) [55, 56].

In 2001, the first study on umbilical cord stem cell trans-
plantation in adults was published, and in 2004, Gesine
Koegler and colleagues found that in the umbilical cord
blood, in addition to hematopoietic stem cells, there are
pluripotent stem cells [57].

Finally, in 2012, Shinya Yamanaka and John Gurdon
were awarded the Nobel Prize for Physiology or Medicine
for the discovery that mature cells can be converted to
stem cells; hence, they can be manipulated to become
pluripotent [58].

3. Ethical Issues in the Use of Stem Cells

3.1. Epistemology and Ethical Social Approach. Stem cell
research then is linked to moral issues that are raised around
the world. On the one hand, the development of adequate
and innovative therapies for the treatment of serious diseases
makes their research indispensable, but on the other, moral
questions emerge from the use of embryos and therefore
the limits and conditions of this research. In addition, there
is the question of the limitations of intellectual property on
the use of research materials and how to access medical and
therapeutic technologies. It is important to understand the
future use of gametes, embryos, or somatic cells offered by
donors together with the protection of privacy (including
that of donors). Hence, using them raises questions relating
to personal data [59]. At the same time, there is a debate on
the safety and efficacy of treatments in progress, as well as
on the understanding, by patients, of the origin of the mate-
rials used in the treatments. For stem cells isolated from the
umbilical cord, there are two main related issues: (a) the
appropriate time that donor consent should be obtained for
the use of the resulting medical data and (b) the related issues
concerning maintenance and the cold storage in specific
banks. Concerning bone marrow mesenchymal stem cells,
questions arise regarding pain and risks to the donor during
the cell isolation process [60].

Then, questions are raised relating to complete informa-
tion consent of the participants on the whole experimental
process. The importance of some institutional issues con-
cerns the careful consideration of the intellectual property
right that governs stem cell research related to medical treat-
ments and ethics. In fact, for this reason, the guidelines have
been created over time by the International Society for Stem
Cell Research (ISSCR) [17, 61]. Thus, it is important to
review the objectives of the information and consent process
on cell and tissue donors and to collect data thereafter.
Finally, the collection of other somatic cells (such as adult
skin cells) raises some distinct problems such as limited dis-
comfort and the patient’s physical risk during the isolation
process. In fact, the first source of stem cell production is
the excess fertilized eggs left over from in vitro fertilization,
and that after the removal of the pluripotent stem cells, the
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fertilized eggs are destroyed [62]. This is where two moral
issues arise: (a) that it is intolerable to annihilate (“kill”) fer-
tilized eggs that can potentially develop into a human being;
(b) morally, it is unacceptable to use these “potential” human
beings to an end. However, according to medical and biolog-
ical science, the fertilized egg of the first fourteen days does
not yet contain a personalized life, as it begins to form after
fourteen days of fertilization [63]. Therefore, there is no
existence of a “human person” that can be attributed to the
fetus in the first few days. It is not subject to duties and
rights to be able to recognize a situation like that attributed
as in the human being. Thus, it is not about “killing” by
taking stem cells.

Furthermore, there can be no concern when there are
abortion laws that allow the destruction of the fetus until
the first twelve weeks of pregnancy since the freedom of the
woman is valued by the legislator as a superior legal good
and by the fetus of the first three months. Thus, a possible
source of stem cells is cadaveric embryonic tissue after spon-
taneous or voluntary abortion. But for this to happen, it is
necessary to obtain the consent of the pregnant woman if this
would not lead to an insult to the woman’s personality [64].
Therefore, you must be adequately informed before giving
your consent for both the use of the fetal tissue and the source
of research funding [59]. However, the creation of human
embryos for research purposes only is prohibited.

The distinction between pluripotent and omnipotent
stem cells is seen as ethically crucial in medicine’s science.
After the complete development of the pluripotent stem cells,
there is the possible evolution of them towards complete and
equal organisms such as the embryo of origin [65, 66]. Thus,
it is likely that a reproductive technique may be developed in
the future which will create people with similar external char-
acteristics. This is morally at fault because the creation of
human beings would weigh on the free development of the
personality and on their autonomy of life. This cannot hap-
pen in a society that respects the value of human life. Some
bioethics committee proposes that it would be more ethically
appropriate to strictly prohibit the acquisition of stem cells
for the purpose of culturing omnipotent. Therefore, to obtain
stem cells from fertilized eggs, it is necessary to obtain the
written consent of the gamete donors, as these fertilized eggs
are elements of their personality. This consent must specify
that the fetus will not be used for third party reproductive
purposes and that in case of refusal it will not have negative
consequences on future medical care needs. However,
research on fetal tissue is indicated in case of interruption
of medical problems as it can help to understand the causes
of the anomalies with prenatal or preimplantation tests when
it comes to couples who have resorted to in vitro fertilization.
Thus, thanks to the bioethical dilemmas regarding the extrac-
tion of stem cells from the human embryonic blastocyst, an
attempt was made to extract the stem cells three days after
fertilization in the division phase of 6-8 cells after biopsy
and without altering the development of the embryo which
is then implanted in the uterus [67].

As regards adult stem cells, this source does not present
legal but bioethical problems. This is because it does not
endanger the person from whom they are removed, and for

this reason, scientists should focus on finding these same
stem cells. The condition to be considered is the donor’s con-
sent with the guarantees already provided in detail in the
convention on human rights and biomedicine. As in previous
stem cell sources, the financial counterpart agreement is
being strictly prohibited. It would also be advisable to keep
the donor anonymous as in transplants. Another source of
stem cells would be that of cloning. Cloning as a process is
the replacement of the egg nucleus with the nucleus of a
mature somatic cell, which contains all the genetic informa-
tion necessary to create a human organism.

Nevertheless, reproductive cloning is explicitly prohib-
ited [68]. Therefore, without allowing for an evolution of this
organism but only taking the stem cells in the first days of its
evolution, we can define therapeutic cloning; therefore, the
reception of stem cells by organisms created by intentional
cloning and for the sole purpose of research is prohibited.
Therapeutic cloning should be exempted from the general
prohibition in Article 18 of the Council of Europe Conven-
tion on Human Rights and Biomedicine [69]. The storage
and management of stem cells are important. However,
another aspect of the stem cell issue then is the function of
the banks that store and prepare these cells for use. Precisely
because the use of stem cells as tools for disease treatment is
limited, the existence of such banks has no real value.

However, if these banks exist and operate, it is imperative
that those interested in their services are protected and not
misinformed. Interested parties should be informed about
medical data relating to stem cell research and about the
law on the protection of personal data [67]. Finally, the new
pandemic disease from the novel SARS-CoV-2 coronavirus
and the planned procedures that perform allogeneic and
autologous hematopoietic cell transplantation (HCT) have
been disrupted. The European Society for Blood and Marrow
Transplantation (EBMT) has drawn up guidelines for the
more comfortable management issues of transplant candi-
dates for both recipients and donors [70–72].

3.2. Theological Bioethical Approach Dilemmas on the Use of
Stem Cells. According to the Christian’s doctrine only
Human, such as a psychosomatic unit, from the moment of
conception, can become free thanks to his/her own will by
the grace of God, in communion, that is, with divine energy,
thus, removing his body from tenderness and from decom-
position. From the moment of its conception, the fetus, as a
“potential person,” is a structured psychosomatic entity.
The main approach to the question of the beginning of life
is made by the Christian thought, with spiritual criteria refers
to a human being who was created as an image of the creator
God and exists as an independent being from the first
moment of his conception. After these considerations, we
understand that the Christian point of view is different from
medical epistemology. This is because, only at the beginning
of a pregnancy is the concept of “potential human being”
introduced, and at birth, one can speak of a human face, since
from that moment, the newborn is entitled to special legal
protection. On the other hand, “fertilized eggs” or in vitro
embryos, which are placed in a nutrient medium, will not
grow with certainty. In fact, some may not even reach the
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blastocyst stage or may not be of sufficient quality to be trans-
ferred to the female uterus. Instead, the valid and grown ones
must be cryopreserved after the fifth day in case they are
redundant because otherwise, they will stop growing and
therefore existing. Continuing this previous thought, we
can understand that this “image” is sometimes attributed to
the autonomy of man and sometimes to the soul together
with the body [73–75].

The Roman Catholic Church, represented by the Bishop
or Pope of Rome, is against the use of embryonic stem cells
from embryos created exclusively for therapy and research
(this appears at the Pontifical Academy for Life in August
2000), which concludes with the use of only stem cells by
adults for this purpose. Indeed, there is the suggestion of
the use of adult stem cells and that this type of cell is more
suitable for the advancement of research and therapeutic
applications [73, 75, 76]. The position of the Roman Catholic
Church, from 1869 onwards, is that the moment of concep-
tion is also the beginning of the entity of the human person.
However, the Roman Catholic Church, before 1869, which
by decision of Pope Pius IX, adopted now of conception, as
the beginning of the life of a complete man, according to
Thomas Aquinas. He claimed that the fetus acquires a soul
after 40 days of fertilization. So, during its development, it
is not considered human until it acquires a soul, and it can
happen with a continuing pregnancy. At the beginning, the
embryo lives like a plant because it is not an independent
essence. After the transformation from the state of a vegeta-
ble being into an animal and that only in the final phase of
its development is the rational soul created (which is given
only by God) transforming it into the human essence. Thus,
the Catholic ethical doctrine does not allow the use of embry-
onic stem cells from embryos created exclusively for this
purpose, by means of assisted reproduction procedures or
for the purpose of reproductive cloning [77, 78].

The point of view of the Protestant doctrines on the stem
cell issue presents several points of view. Mainly, the theolog-
ical and ethical point of view begins with the doctrine that rec-
ognizes human beings as entities that will have a relationship
first with God and then with others and with itself. Therefore,
the human fetus is considered a developing human being that,
if not born, will not have these relationships. Thus, he opposes
the use of early embryonic stem cells, as well as the question of
reproductive cloning, because all this is considered against
human dignity [73, 74, 78]. Finally, the Lutheran theologian
and professor of systematic theology at Pacific Lutheran Theo-
logical Seminary (USA), Theodore Frank Peters, have very
moderate ideas. He criticizes the Catholic doctrine for having
combined the concept of the divine union of the soul with the
body (that has become from the animal in Human rational
essence) with the uniqueness of the new genome until it is
deposited on the walls of the uterus between the 12th and
the 14th day later fertilization. He also makes considerations
about the excess and abandoned embryos that are placed for
cryopreservation in the refrigerators of assisted reproduction
clinics; in fact, since they are destined to be destroyed, he
thinks whether they should be attributed to research. Their
use for research purposes can lead to important therapeutic
breakthroughs [79, 80].

In the Orthodox church (former imperial Christian
Roman church) doctrine, represented by the Ecumenical
Patriarch and Archbishop of New Rome or Constantinople
(today Istanbul), the research on the use of embryonic stem
cells is based on the position on the moral status of embryos.
According to this theological doctrine, the psyche (ψυχή) is
an immaterial divine gift that builds the essence of a person-
ality at the origin of its life. Through being it completely dif-
ferentiates itself from the inanimate and unreasonable
creation, summarizing within it (as being with intellect) the
creation both material and spiritual (divine) that causes the
life. The body is initially presented in the form of a single cell,
the fertilized egg, resulting from the fusion of the nuclei of
two germ cells, a male and a female, which through this kar-
yogamy phenomenon unite both the living energies of the
souls of the carriers giving new vital energy, i.e., the psyche.
So, it already preexists from the beginning immediately after
this merger. As the body develops, the psyche also reveals its
energies [81].

Therefore, without psyche, there can be not existing life,
because in biblical theology it is considered as the “breath
of life.” For every scientific process, the Orthodox Church
carefully follows the reasoning and methods that can go to
the detriment of the concepts of the Human “prosopon”
(“face”: as the distinct divine individual energy) and the
Human hypostasis (the individual unique existence) to which
they confer a unique and supreme value in the rational beings
thus the humans [82].

Hence, the fetus has the status of a perfect human being,
to be subsequently perfected by divine energy. The Orthodox
Church considers that God during the creation of the human
being gave him all the necessary conditions to develop his
abilities to exercise for good. This means that man has
acquired a specific divine quality and every scientific achieve-
ment is a consequence of this. However, the Church recog-
nizes the therapies that come from somatic stem cells, but
also expresses her theological objections when derived from
embryonic cells [80]. These concepts determine what is mor-
ally acceptable or not in the Orthodox Church as a funda-
mental bioethical principle. This theological and bioethical
axis has remained unchanged over time in Orthodox theol-
ogy compared to other Western Churches. However, the
theological bioethical theory of the Orthodox Church refuses
to search for stem cells or part of a variety of embryonic stem
cells but has a positive effect on migratory cell search of adult
stem cells. Finally, it allows the research and use of umbilical
cord stem cells, because they come from an adult organism at
the time of delivery and their collection does not present an
ethical or moral theological dilemma [77–80].

According to the Jewish religion, the fetus according to
the Old Testament and in the Talmud after the forty days
of its development is considered in part a human being,
which has respect and protection. Research on embryonic
stem cells is morally acceptable since the embryo before 40
days is “as if it were water” and not an entity with a real soul.

For the Islamic religion, referring to the Koran, the fetus
acquires psyche and image at the end of its fourth month of
pregnancy. He has since been considered a person who
enjoys rights. Hence, stem cell research may be acceptable if
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stem cell research is acceptable because the fetus cannot be
considered a complete human being [65, 75, 78, 79].

In Buddhism, it is particularly important that the use of
embryonic stem cells can be used if one intends to do
research aimed at healing and improving the lives of patients,
but research done for financial gain is not acceptable. In
Hinduism, however, the destruction of embryos is morally
not permissible. However, has no official position on stem
cell research. The issue in Buddhism is that it does not accept
any cause of pain in all living beings but considering that
before 14 days the fetus does not feel pain, we can say that
research on embryonic stem cells can be performed
(Table 3) [65, 75, 78, 83].

4. Conclusions

The use of stem cells in the treatment of diseases is one of the
major research achievements of recent years. Isolating fetal
and adult stem cells is challenging. Umbilical cord blood
stem cells are less of a challenge to isolate as they are obtained
from placental blood at birth after the umbilical cord is cut.
In recent years, adult stem cells can be reprogrammed back
to their pluripotent state. This is an important evolution in
this scientific field. The use of embryonic stem cells is contro-
versial because it requires the destruction of an embryo, and
adult stem cells are preferred for the treatment of diseases.
When the stem cells come from the recipient himself, there
is no risk of rejection. The potential of stem cells is varied
as the stem cells of one tissue can, under appropriate condi-
tions, mature into cells of another different tissue and func-
tion as omnipotent and not simply as multipotent. This
phenomenon is called plasticity and is the basis of cell thera-
pies. Regenerative medicine is the one that could benefit most
from the use of pluripotent stem cells. Activating pluripotent
stem cells to produce specialized cell types will enable a
renewable source of cells and tissues to be used as transplants
and alleviate many diseases and disabilities. Thousands of
patients around the world have already benefited from stem
cell treatment that is still evolving today for many important
pathologies such as neurological ones. Thus, the use of stem
cells contributes to (a) basic research on human develop-
ment, (b) the safe and more specialized development of
drugs, and (c) the treatment of repair or replacement of dam-
aged tissues and organs of the body in the context of the
regenerative medicine field. The embryonic stem cell or the
embryo in vitro could be used for scientific purposes only
because the fate of its survival simply depends solely on its
implantation in the uterus. On the other hand, there is the

opinion that even the embryo in vitro has a potential that is
its ability to evolve into a human being and, therefore, con-
siders every stem cell precious for the same reason. For sci-
ence and in particular, for biologists and doctors, the fetus
is a set of cells without a “substantial” human being and that
“therapeutic” cloning differs from “reproductive” cloning
because it aims at curing diseases and therefore must be mor-
ally acceptable.

In summary, the process of obtaining human embryonic
stem cells from embryos in vitro finds the opposite side of the
Christian Churches, because the embryo becomes a person
from the first moment of conception. But here, we can notice
in an interdisciplinary way, that is, between theology and sci-
ence a different interpretation of terms that leads to a concur-
rent error. It is obvious that the perceptions and objections
that exist today in the main Christian doctrines that are both
in the Catholic and Evangelical and Orthodox Churches
seem to be based on a misunderstanding of what is it, a con-
ception whether made natural or with medical assistance.
Therefore, one cannot speak of an early fetal existence
because it does not exist.

The in vitro fertilized egg, although it is in a nutrient
medium and can grow under suitable conditions (not, obvi-
ously in all cases) to the blastocyst stage, does not constitute
an “embryo”. To do this, it is necessary to transfer it to the
uterus and to grow after successful “implantation.” So, there
is conception (both in the case of in vitro fertilization and
through the natural process) only if the fertilized egg is suc-
cessfully implanted and the pregnancy begins. Otherwise,
there is no conception. Thus, there exists an error interpreta-
tion between the term conception and fertilization, and the
use of the term “embryo” as the fertilized egg (or the embryo
in vitro), which cannot yet be considered as a real fetus but
only if transferred to the uterus for its subsequent develop-
ment. Hence, the definition of the term conception should
not be equated with the term fertilization. Therefore, it can-
not be considered that an early fetal existence exists, even
the egg fertilized in vitro up to the blastocyst stage, does not
constitute an “embryo”. Because, as we have already men-
tioned, its transfer, successful implantation, and thus its
growth in the uterus are mandatory. Finally, it is of funda-
mental importance to start a constructive debate on the issue
that allows the comparison and ethical supervision of embry-
onic stem cells. Due to the recent embryonic stem cell
research, there is still no clear and specific regulation for each
case. The 2016 ISSCR guidelines offer a reason for compari-
son and therefore for updating given the latest knowledge
and experiments.

Table 3: Main bioethical concerns of stem cells.

Bioethical reserves of stem cell resources
Embryonic stem cells Adult stem cells

In vitro fertilization/somatic cell nuclear transfer (SCNT)∗
Nonsignificant bioethical reservations on their use,

which mostly concern informed consent and
noncommercialization

Consent of donors and subsequent destruction of
blastocysts (social/religious questions)
∗The administration of oocytes requires the consent of the donor
and suspicions for their possible use in reproductive cloning.
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Background. The articular cartilage is unique in that it contains only a single type of cell and shows poor ability for spontaneous
healing. Cartilage tissue engineering which uses mesenchymal stem cells (MSCs) and adipose tissue-derived mesenchymal stem
cells (AT-MSCs) is considered an attractive treatment for cartilage lesions and osteoarthritis. The establishment of cartilage
regenerative medicine is an important clinical issue, but the search for cell sources able to restore cartilage integrity proves to be
challenging. The aim of this study was to create cartilage grafts from the combination of AT-MSCs and collagen substrates.
Methods. Mesenchymal stem cells were obtained from human donors’ adipose tissue, and collagen scaffold, obtained from
human skin and cleaned from blood vessels, adipose tissues, and debris, which only preserve dermis and epidermis, were seeded
and cultured on collagen substrates and differentiated to chondrocytes. The obtained chondrocyte extracellular matrix of
cartilage was then evaluated for the expression of chondrocyte-/cartilage-specific markers, the Cartilage Oligomeric Matrix
Protein (COMP), collagen X, alpha-1 polypeptide (COL10A1), and the Collagen II, Human Tagged ORF Clone (COL2A1) by
using the reverse transcription polymerase chain reaction (RT-PCR). Results. Our findings have shown that the dermal collagen
may exert important effects on the quality of in vitro expanded chondrocytes, leading in this way that the influence of collagen
skin matrix helps to produce highly active and functional chondrocytes for long-term cartilage tissue regeneration. Conclusion.
This research opens up the possibility of generating cartilage grafts with the precise purpose of improving the existing limitation
in current clinical procedures.

1. Introduction

Cartilage is one of the most important structural tissues and
together with bone is subjected to deterioration under the

effect of multiple conditions such as aging, metabolic disor-
ders, hormonal deficit, and traumatic injuries [1]. Compared
to bone tissue, cartilage has poor or no capability of self-
repairing due to a complete avascularity and lack of nerve
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and lymphatic support [1]. For this reason, therapeutic
regenerative approaches have encountered strong limitations
and poor outcomes [2]. The chondrocytes are cells of mesen-
chymal origin and form the 5% of the entire cartilage tissue
though they work as main homeostasis factors producing
and regulating the remaining 95% of cartilage compound
made of extracellular matrix (ECM), of which collagen type
2 and proteoglycans (PGs) are the main components [3, 4].

Cartilage tissue histologically consists of four substrates,
the most superficial one in relation with the synovial fluid
and chondrocyte progenitors, the intermediate area contra-
distinguished by round chondrocytes followed by the radial
zone, and a final calcified area close to subchondral bone
(Figure 1) [4, 5]. Any trauma leading to cartilage degenera-
tion, arthritis, affects 26% of adult population of industrial-
ized countries and constitutes one of the highest costs
sustained by the national health system [3].

One of the great challenges in modern surgery and recon-
structive medicine is to achieve an acceptable long-lasting
result of joint biomechanical bone interface functionality and
regeneration due to complexity of the inner structure mainly
composed by cartilage and its extracellular matrix [5–7].
Despite the use of mesenchymal stem cells (MSCs), their
secretome and interactions with bioscaffolds/biomaterials
demonstrated to be a useful tool in regenerative medicine,
showing significant differentiation capacity in endochondral
bone formation; the chondrocyte hypertrophic end stage is
almost inevitable [8, 9].

Currently, few approaches have been used such as surgi-
cal techniques like the use of autologous/allogeneic or cell
regenerative approaches with the infiltration of autologou-
s/allogeneic MSCs and chondrocytes [7, 10–13]. Limitations
to these techniques are seen on medium long-term postsur-
gery/transplantation due to chondrocyte limited self-
regenerative capacity and low number of transplanted cells
during the implantation procedure; additionally, trans-
planted chondrocytes tend to lose their capacity of producing
new ECM over the time, an event which contributes to gen-
erate either inflammation or infection with a consequent loss
and/or rejection of both transplanted tissue and cells [14].

The aim of this study was to present an innovative proce-
dure for the generation of a cartilage-like tissue by using a

regenerative approach with adipose tissue-derived MSCs
(AT-MSCs) seeded on human dermal collagen matrix
obtained from human skin.

2. Materials and Methods

2.1. MSCs from Adipose Tissue Isolating Procedure. All
procedures were performed under informed consent, in
accordance with human study protocols approved by the
Declaration of Helsinki for the reuse of human biospecimens
in scientific research and the Vietnamese National Health
Institute Committee of Biosolution (Research n93IRB-
VN01013; grant number B2019-44-01). Fat tissues were orig-
inally collected from consented donors and tested for differ-
ent panels of infectious agents such as HIV, HBV, HCV,
and VDRL. Abdominal fat was harvested endoscopically in
a lipoaspirate form and transferred to a laboratory facility
for further process [15]. Fat was collected in proper sterile
containers with DMEM/F12 (Gibco, Grand Island NY,
USA), FBS 10%, (Gibco, Grand Island NY, USA), and
gentamicin 50μg/ml (Gibco, Grand Island NY, USA). Tissue
was then transferred into dishes and cleaned with a PBS-
streptomycin-penicillin solution, foreign tissues were
removed, and fat tissues were finely chopped and transferred
into a dispase-collagenase enzymatic solution (3 : 1 ratio) and
incubated for 90 minutes at 37°C. The sample was then cen-
trifuged (Universal 32, Zentrifugen, Germany) for 5 minutes
at a speed of 3,000 rpm; the bottom sediment was collected
and filtered by a cell strainer with diameter of 70μM (BD Fal-
con™). The obtained material was recentrifuged at a speed of
3,000 rpm for 5 minutes, and the sediment was collected and
incubated into T-25 cm2

flask (Nunc, Wiesbaden, Germany)
with DMEM/F12 (Gibco, Grand Island NY, USA) and FBS
10% (Gibco, Grand Island NY, USA) and incubated at 37°C
with 5% CO2. The medium was replaced every 2 days. A tiny
fraction of cells was collected and counted by Trypan Blue
(Merck KGaA, Darmstadt, Germany). After five days, a col-
ony with the typical spindle-like shape started forming, and
at 80–90% of confluence, cells were harvested by enzymatic
digestion by using a combination of Trypsin-EDTA (Gibco,
Grand Island NY, USA) at 37°C for 5 minutes; suspended
cells were collected and washed by PBS and centrifuged for

2-Intermediate area contradistinguished
by round chondrocytes disposed in

columns

1-Synovial fluid the site of
chondrocyte progenitors, flat cells

3-Radial zone

4-Subchondral bone (calcified area)

Figure 1: Structure of human cartilage. The cartilage tissue consists of 4 different substrates: 1, the superficial area, a mélange of synovial fluid,
chondrocytes, stem cells, and flat cells; 2, an intermediate zone; 3, the radial zone; and 4, the subchondral calcified area close to the bone.
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5min at 3,000 rpm; the sediment of attached pellet at the bot-
tom was removed by using serum-free media (Gibco, Grand
Island NY, USA) and cultured in T-25 cm2

flask with 5ml of
DMEM/F12 with 10% FBS. The average amount of adherent
cells was 0:9 ð±0:37Þ × 106 − 107 cells per cm2. Cell viability
at the time of passage was nearly 100%. The MSCs were able
to proliferate up to 3rd generation. The experiment was con-
ducted by proceeding with same methodology with several
fat tissue samples. Cells were tested by flow cytometry for
MSC-specific cluster of differentiation (CD) markers to con-
firm their mesenchymal phenotype. The cells resulted nega-
tive for hematopoietic cell markers including CD14, CD45,
and HLA-DR and were positive for exclusive markers such
as CD73, CD90, and CD105.

2.2. Differentiation of AT-MSCs to Chondrocytes In Vitro.
The MSCs at 80 to 90% of confluence were collected and
transferred in an appropriate container and induced to chon-
drogenic phenotype by using a chondrogenic differentiation
kit (StemPro™ Chondrogenesis Differentiation Kit, Thermo
Fisher, Foster City, CA, USA), following the indications of
manufacturer’s instructions. MSCs were collected and
washed to eliminated basal medium culture and were eventu-
ally cultured with the chondrogenic medium seeded on derm
collagen scaffold and incubated at 37°C for a period between
2 and 3 weeks; the medium was changed every 3 days.
Chondrocyte-like cells were then stained by Alcian Blue,
Safranin-O, and hematoxylin and eosin (H-E) stain [16].
All stained samples were observed at a Nikon Eclipse 1000
optical microscope with different magnifications (Nikon
Corporation, Tokyo, Japan).

2.3. Alcian Blue Staining Procedure. Alcian Blue (Merck
KGaA, Darmstadt, Germany) is a dye used to assess the
presence of chondrocytes; the stain reveals the sulphated pro-
teoglycan in cartilage tissue [16]. Cell samples were deparaf-
finised with xylene substitute, followed by 3 changes of 5
minutes per change. Then, each sample was hydrated in
100% ethanol solution followed by 2 changes of 2 minutes
each. The 3rd step was the hydration of samples in 95% etha-
nol followed by 2 changes of 2 minutes each and again a
hydration in 70% ethanol for 2 minutes with a subsequent
hydration in 50% ethanol for 2 minutes. At this step, samples
were rinsed in di-H2O for 5 minutes and incubated in 3%
acetic acid for 3 minutes and subsequently stained with 1%
Alcian Blue solution with a pH2.5 for 30-60 minutes washed
with tap water for 2 minutes and rinsed in di-H2O. The
samples were cleared in xylene substitute with 2 changes of
2 minutes each.

2.4. Safranin-O Staining Procedure. Safranin-O (Merck
KGaA, Darmstadt, Germany) allowed to confirm the
presence of active chondrocytes by detecting the presence
of cartilaginous proteoglycans, mucin, and mast cell granules
on a formalin-fixed, paraffin-embedded cartilage tissue-like
sample [16]. The final stain confirmed the presence of
cartilage-like tissue andmucin in orange/red color, cell nuclei
were stained in black, and the background appeared in
bluish-green stain. Cell samples were deparaffinised, placed

on a slide rinsed with distilled water, stained for 10 minutes
with Weigert’s iron hematoxylin, and washed with running
tap water for 10 minutes. The cells were then stained with fast
green solution for 5 minutes, rinsed with acetic acid solution,
and stained in 0.1% solution of Safranin-O for 5 minutes. The
samples were dehydrated and cleared with ethyl, alcohol
(95%), ethyl alcohol (100%), and xylene for 2 minutes each,
and resinous medium was used to fix.

2.5. The H-E Staining. The H-E staining technique is one of
the principal tissue stains used in histology. The hematoxylin
stains cell nuclei blue, and eosin stains the extracellular
matrix and cytoplasm pink, with other structures taking on
different shades, hues, and combinations of these colors. H-
E stain was performed using a diagnostic kit (Celnovte Bio-
tech Zhengzhou City, Henan Province, China). Moreover,
in this study, the H-E Saigon (H-SG) staining method was
presented (under patenting). This type of unique stain is sim-
ilar to the more conventional H-E staining methodology, and
the procedure however is highly sensitive for type 2 collagen
and connective tissues. The samples were incubated in
Bouin’s solution to bind the dye to the tissue and let over-
night at room temperature. Then, the samples were briefly
rinsed under water thoroughly and with Weigert’s iron
hematoxylin and phosphotungstic acid (PTAH) for 10-15
minutes then rinsed under water for 5 minutes. The succes-
sive step uses Orange-G to stain the sample for 5-10 minutes,
followed by rinsing under water for 2-3 minutes. Then, it is
possible to proceed with one step blue/green (blue methyle-
ne/fast green) for 10-15 minutes and straight to fuchsin acid
1%, for 1 minute. Finally, the sample was rinsed under run-
ning water, dehydrated, cleared, and mounted in a diagnostic
slide (all reagents were purchased from Merck KGaA,
Darmstadt, Germany).

2.6. RT-PCR Procedure. The chondrocyte phenotype
obtained from AT-MSCs was evaluated for the expression
of chondrocyte-/cartilage-specific markers, the Cartilage
Oligomeric Matrix Protein (COMP), collagen X, alpha-1
polypeptide (COL10A1), and the Collagen II, Human
Tagged ORF Clone (COL2A1) by using the reverse transcrip-
tion polymerase chain reaction (RT-PCR) following the
manufacturer’s instructions. RNA was isolated by using TRI-
zol (Gibco, Grand Island NY, USA) following the manufac-
turer’s protocol. The extracted RNA was dissolved in
diethylpyrocarbonate-treated water and successively tran-
scribed to cDNA by using RT-PCR. cDNA has been ampli-
fied by using Applied Biosystems ABI GeneAmp PCR
(Thermo Fisher, Foster City, CA, USA) system at 94°C for
40 s, 56°C for 50 s, and 72°C for 60 s for 35 cycles after an
initial denaturation at 94°C for 5min [15, 17, 18], using the
primers reported in Table 1 and actin as internal control.

2.7. Collagen Matrix Scaffold from Skin Samples. A collagen
matrix scaffold was obtained from human skin samples
donated by consent patients from the Traumatic Unit of
the Ho Chi Minh City Orthopaedics Traumatic Hospital.
The samples were collected with previous official permission
of three independent institutions: (I) Orthopaedic Traumatic
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Figure 2: Flow cytometry results confirmed the presence of MSC markers (a–u) CD13+CD73+CD90+CD105+ and SSClow and a negative
expression for CD 11b, CD14, CD19, CD34, CD45, and HLA-DR.
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(a) (b)

(c)

Figure 3: AT-MSC chondrocyte-like cells at 14 days: (a) Alcian Blue magnification ×10; (b) Alcian Blue magnification ×40; (c) H-E stain of
chondrocytes magnification ×20.
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Figure 4: RT-PCR cycle threshold shows a positive expression for cartilage extracellular matrix genes: (a) the Cartilage Oligomeric Matrix
Protein-COMP; (b) collagen type 1-COL10A1; (c) the collagen type 2-COL2A1.

(a) (b)

Figure 5: Human skin before the process of creating the skin-derm scaffold at magnification 10x: (a) H-E stain; (b) H-SG stain.
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Hospital Ethic Committee; (II) Ho Chi Minh City Health
Department Ethic Committee; and (III) Ministry of Health
of Socialist Republic of Vietnam (MOH).

Skin sample of the size of 3 cm × 3 cm was collected in
appropriate containers with sterile buffer PBS solution with
gentamycin and brought to the laboratory facility. The sam-
ples were processed in a sterile environment and cleaned
from blood vessels, adipose tissues, and debris preserving
only the dermis and epidermis. Cleared samples were succes-
sively treated with NaCl 1M, EDTA, hypotonic solution, SDS
solution, and PBS.

After each step with the above solution, the samples were
collected and centrifuged at room temperature at 200/rpm
for 5 minutes for 3 times; the samples were then collected
and put in cold temperature to dry up. This step involved 3
subphases in a refrigerator at 4°C for 30 minutes, at -20°C
for 1 hour and, eventually moved at -80°C for 24 hours.
The samples were successively stored for 48 hours at 0.4 mil-
libar pressure. Samples were packed and sterilized with
gamma rays at a dose of 25 kGy and stored at 4°C.

Collagen matrix was evaluated before and after by two
specific methods, the gel permeation chromatography
(GPC) and the high-performance liquid chromatography
(HPLC) to quantify collagen content in collagen dermal scaf-
fold before and after treatment to monitor changes in colla-
gen content in the steps of the treatment process. Scaffold

samples with and without chondrocytes were then photo-
graphed at an APREO scanning electron microscope (SEM)
(Thermo Fisher, Foster City, CA, USA).

In addition, a test of toxicity was performed to assess a
grade of negative effect on cells by the collagen scaffold
(ISO: 10993-5), at 24 hours, 48 hours, and 1 week to show
that all samples were eventually free of toxins or any other
dangerous alteration, and histology outcomes confirmed
the good growth and features of implanted cells.

2.8. Flow Cytometry Analysis and Procedure. The AT-MSCs,
once reaching the enough confluence (80-100%), were enzy-
matically harvested by Trypsin-EDTA (0.25%-0.02%). The
cell suspension was centrifuged at 3000 rpm for 5 minutes.
Pellets were then washed two times by PBS and analysed by
flow cytometry for CD panel expression: CD45, CD34,
CD11b, CD13, CD19, CD14, CD105, CD73, and CD90.
The analysis was performed 3 times, (modality 2-laser, 6-
color) by BD FACSCanto™ (Amersham Biosciences Corp,
Piscataway, NJ, USA), (2-laser, 6-color).

2.9. The Construction of Cartilage-Like Membrane by Using
Human AT-MSC Chondrocytes. At the 3rd passage, the
AT-MSCs were induced to chondrocytes by using the
StemPro™ Chondrogenesis Differentiation Kit. Chondro-
cytes at 90% confluence were enzymatically harvested,

(a) (b)

Figure 6: Human-derived derm-skin after removal of the epidermis, fat tissues, blood vessels, and debris part: (a) H-SG stain, magnification
60x; (b) H-SG stain magnification 10x.

20 μm

(a) (b)

Figure 7: Human-derived derm-skin cartilage with attached mature chondrocytes at 21 days: H-E stain, magnification 20x (a) and
magnification 40x (b).
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106–107 cells/cm2, and seeded on the prepared skin colla-
gen scaffold by using the centrifugation force of
1000 rpm for 1 minute and repeated 5 times. Cells and
scaffold were successively stained by H-E and Safranin-O
and analysed by SEM to assess a 3D presence and distri-
bution of cells on the scaffold.

3. Results

3.1. Isolation Culture, Differentiation of AT-MSCs, and Their
CD Marker Expression. After being isolated and collected
from adipose tissues, cells were successively immerged and
cultured into a basal DMEM plus 10% FBS. The CD panel
expression is as follows: CD13, CD105, CD73, and CD90.

Flow cytometry results showed positive expression for
CD13+CD73+CD90+CD105+and SSClow and negative
expression for markers CD34, CD11b, CD14, CD19, CD45,
and HLA-DR (APC-A (allophycocyanin); fluorescein
isothiocyanate (FITC); forward scattered area (FSC-a);
cytotoxic cryopreservant (Per-CPA)) (Figure 2).

3.2. AT-MSC-Derived Chondrocytes In Vitro Stains and RT-
PCR Outcomes. At week 2, the AT-MSCs were collected
and induced to chondrocytes by using the StemPro™ Chon-
drogenesis Differentiation Kit. The chondrocytes were
successively stained by H-E and Alcian Blue. After 14 days,
the result was a typical cluster of spindle-fibroblast-like cells
which were largely present (Figure 3).

The RT-PCR analysis procedure was used to assess the
expression of typical cartilage extracellular matrix genes like
the COMP, COL10A1, and COL2A1, showing reverse tran-
scription. Genes have been detected with a cycle threshold
(Ct) value of less than 38 cycles of amplification (Figure 4).
Is well known that cycle threshold (Ct) values inversely cor-
relate to the amount of target nucleic acid in the sample.
According to universal standard protocols, a positive result

20 𝜇m

(a)

20 𝜇m

(b)

50 𝜇m

(c)

Figure 8: Cartilage-like tissue stained by Alcian Blue: magnification 20x (a), 40x (b), and chondrocytes embedded in cartilage matrix Alcian
Blue at day 21 (magnification 50x) (c).

×1,000 10 𝜇m 0000

Figure 9: Derm-skin scaffold with collagen sheet, without cells, at
SEM magnification ×1,000 (bar: 10 μm). The scaffold proved to
have adequate intercompartmental space to allot and home
chondrocytes to build up a final cartilage-like matrix.
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indicates that investigated markers were detected with a Ct
value of less than 38 cycles of amplification.

3.3. Results of Collagen Scaffold Obtained fromHuman Derm-
Skin. The derm-skin collagen matrix scaffolds, obtained from
human skin samples and then deeply cleaned and enzymati-
cally treated to obtain a pure matrix without cells or residuals
such as blood, fat deposits, or debris, followed a final sterili-
zation with gamma irradiation. The untreated skin samples
were stained by H-E and H-SG (Figures 5–8), and the
obtained scaffolds were analysed using SEM. The derm/skin
scaffolds showed to have enough intercompartmental space
to allocate and home chondrocytes to build up a final
cartilage-like matrix (Figures 9 and 10).

4. Discussion

In this translational study, we chose to use human dermal
substrate as vector to transduce human AT-MSC-derived
chondrocytes since the human skin/dermis remains one of
the most efficient sites of type II collagen matrix, significant
to accommodate chondrocytes in generating very close biosi-
milar cartilage-like tissue [19, 20]. After a long-term follow-
up (11 years) on 61 patients after autologous chondrocyte
transplantation graft procedures, it was observed that all of
the specimens stained positive for COMP and aggrecan.
Hyaline-like cartilage stained positive for type II collagen in
the predominant part of the tissue (>50%). The fibrous area
stained positive for type I collagen stiffness measurements
in hyaline cartilage which were twice those in fibrous carti-
lage samples [21]. Basically, the repair mechanism was seen

in lesions that were fibrous in appearance, and patients
received native type II collagen (with or without drug support
like acetaminophen) which showed good to excellent long-
term outcomes [22, 23].

Therefore, we anticipate the use of skin/derm as a high
functional biovector for delivery of substitute cartilage-like
substrate. Such approach would potentially allow surgeons
to treat articular cartilage lesions with transduced MSCs in
a comfortable level of security and in a relatively short
healing period.

Furthermore, this strategy may allow us to avoid the cur-
rent adversities coming from the two step-operative method-
ology of current cartilage regenerative approach that involves
the choice of compatible biomaterial, the generation of
in vitro chondrocytes from MSCs, and their insertion into
the damaged articulation. The in vitro-derived MSC chon-
drocytes located within fibrous injured tissue are primarily
spindle-shaped fibroblast-like cells capable of synthesizing
type I collagen that is not fully compatible with the in vivo
normal articular chondrocyte/cartilage tissue conformation.
The outcomes of this technique showed the formation of
fibrocartilaginous or bone-like tissues both histologically
and mechanically different from the surrounding endoge-
nous cartilage tissue [21–24]. These types of side effects are
also common even with the use of the latest generation of
biomaterial solutions such as fibrin glue, acellular matrix,
collagen gels, and alginate up to hyaluronic acid-derived oli-
gostilbenoids, polylactic acid, and polyglycolic acid [25–32].

Technically, the use of autologous chondrocytes is not
always a practice free of several issues. Indeed, they must be
expanded in vitro before being implanted during a second

×1,000 10 𝜇m 0000

(a)

×150 10 𝜇m 0000

(b)

×1,000 10 𝜇m 0000

(c)

×1,000 10 𝜇m 0000

(d)

Figure 10: (a, b) Derm-skin scaffold with collagen sheet, without chondrocytes at SEMmagnification ×1,000 (a) and magnification ×150 (b).
(c, d) The SEM shows the presence of well-integrated chondrocytes at 15-21 days, magnification ×1,000. The chondrocytes were able to
construct and modify the scaffold environment.

9Stem Cells International



surgery that is not always an easy practicability; on the other
hand, the use of autologous cartilage is strictly reserved to the
short availability of autologous tissue.

Thus, the limitations are seen either in terms of biointe-
gration or purely as surgical procedure. For instance, fibrin
glue inserted might be gradually replaced by fibrous tissue
in a period of less than 21 days and it could function as the
main barrier against chondrocyte migration which con-
strains the correct healing process [20, 33]. The typology of
chondrocytes obtained are collagen type I producer and a
two weeks’ analysis and confirmed a sensitive low and less
amounts of both cartilage-specific chondrocyte DNA and
proteoglycans compared to those seeded with type II collagen
sponges [34, 35]. With regard to hyaluronic compounds,
though representing a valid support in cartilage regenerative
therapy, these products still remain too fluid to be used as
functional scaffolds to accommodate cells. In addition, this
procedure does not solve the problem of collagen type II
matrix, essential for a full recovery of functional cartilage tis-
sue. Moreover, the structural architecture of the scaffold is
equally important. Besides, it should be mentioned that quite
limited other factors may compromise a correct growth and
development of chondrocytes toward their use in cartilage
repair and, as studies have investigated, basal medium used
to growth cells in vitro may also eventually negatively affect
this process [36].

In addition, vitamin D appears to play an important role
in bone and cartilage metabolism since its receptors are
widely found in human articular chondrocytes. Thus, effects
of variation of vitamin D and its supplementation in diet may
directly impact cartilage and bone biology [37–40].

Some studies suggested the direct use of seeded chon-
drocytes on specific semisolid elastic biomaterials that
exhibited the capacity of these cells to produce cartilage
in vivo, due to intrinsic inductive mechanism of the
defected cartilage that may act as a “bioactive chamber
with natural settings” [40–46].

Therefore, those findings, in line with our results, showed
that it is actually possible to carry on with one-step graft and
implantation surgery procedure using a very ductile biocom-
patible material like the autologous skin/derm. This option
may improve the quality of the regenerated articular cartilage
by supporting cell adhesion, cell growth, and gene expres-
sion, specific for cartilage regeneration. Our findings showed
that the dermal collagen may exert important effects on the
quality of in vitro expanded chondrocytes, leading in this
way that the influence of collagen skin matrix helps to pro-
duce highly active and functional chondrocytes for long-
term cartilage tissue regeneration. The presented data
showed that skin/derm can function as a very reliable bios-
caffold for AT-MSC-derived chondrocytes and we can also
speculate that the obtained scaffold fit into an articular carti-
lage defect (Figures 5–8). Chondrocytes seeded onto derm/-
skin scaffold acquired the typical columnar conformation
and shape of those found on human cartilage (Figures 9
and 10). This solution avoids also collateral effects and rejec-
tion associated with allograft transplants. Thus, the idea was
to combine a very ductile technical solution with autologous
MSC transplantation that not necessarily should come from

adipose tissue but from the bone marrow, dental compart-
ment, synovial fluid, and/or peripheral blood.

5. Conclusion

In summary, there is a huge promise to advance current carti-
lage therapies toward achieving a consistently successful
approach for addressing cartilage afflictions. The results of
the current in vitro study showed a biocartilage graft solution,
which demonstrated chondrocyte formation. These findings
confirm that the cells on the skin/derm scaffold were able to
produce cartilage tissue gradually throughout collagen type I
and II matrix as well as on the surface of the substrate. There-
fore, these results may be considered a valid and solid first step
toward the generation of a complete and full-scale compatible
portion of cartilage-like tissue containing both chondrocyte
and essential substrates such as collagen type II and solid car-
tilage to support and replace injured tissues. Further in vivo
research and investigation are necessary to establish whether
this approach would be pertinent in the context of articular
joint cartilage repair. Translational cooperation between
research groups and clinicians is key to the safe and successful
progression of tissue engineering for cartilage regeneration
therapy, with the ultimate goal of providing all patients who
have cartilage-related diseases with the opportunity to repair
and conserve their joint rather than replacing it.
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