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Highlights

What are the main findings?

• Human dental pulp stem/stromal cells (hDPSCs) and adipose-derived stem/stromal
cells (hAD-MSCs) grown on a poly(L-lactide-co-caprolactone) (PLCL) scaffold showed
chondrogenic potential and an expression of chondrogenesis-related proteins similar
to those of primary chondrocytes grown on PLCL.

• PLCL scaffold induces a microenvironment that enhances hDPSC, hAD-MSC, and
chondrocyte adhesion, growth, and immunophenotypic stability.

What are the implications of the main findings?

• hDPSC/PLCL and hAD-MSC/PLCL showed good biocompatibility and might be
considered as a bioimplant in cartilage engineering.

• Revealed chondrogenic potential of hDPSCs and hAD-MSCs, and their ability to
synthesize a matrix, indicate that stem/stromal cells derived from different tissues are
suitable for cartilage regeneration.

Abstract

Cartilage engineering is a new therapeutic approach in regenerative medicine. This study
explored the chondrogenic potential of human dental pulp stem/stromal cells (hDPSCs)
and adipose-derived stem/stromal cells (hAD-MSCs) grown on a hydrolytically modified
poly(L-lactide-co-caprolactone) (PLCL) electrospun scaffold in relation to the phenotype
of primary chondrocytes on PLCL. The effects of PLCL scaffold on the biological features
of hDPSC, hAD-MSC, and their chondrogenic differentiation and chondrocytes biology
were evaluated via flow cytometry, immunochemistry, biochemistry, and RT–PCR. The
results demonstrated that PLCL supported hDPSC, hAD-MSC, and chondrocyte viability
and cellular attachment. The chondrogenic potential of hDPSCs and hAD-MSCs on PLCL
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scaffold was evidenced by the mRNA expression of the cartilage-specific genes. Collagen
type II (Col II) and aggrecan (Acan) gene expression and their proteins significantly increased
in chondrogenically differentiated hDPSCs and hAD-MSCs on PLCL compared with un-
differentiated stem/stromal cells on PLCL. The phenotype of differentiated hDPSCs and
hAD-MSCs was comparable to primary chondrocytes grown on PLCL. The results of this
study showed that PLCL scaffold promoted chondrogenic differentiation of hAD-MSCs
and hDPSCs toward chondrocytes with phenotypic similarities to native chondrocytes. The
PLCL scaffold composition has a positive effect on hDPSC, hAD-MSC, and chondrocyte
behavior, chondrogenic gene expression, and matrix protein synthesis.

Keywords: stem/stromal cells; hDPSCs; hAD-MSCs; chondrocytes; chondrogenesis;
poly(L-lactide-co-caprolactone) (PLCL); cartilage engineering

1. Introduction
Injury of the articular cartilage can cause the degeneration of adjacent cartilage tissue,

leading to osteoarthritis (OA), a degenerative disease characterized by bone and cartilage
degradation [1]. During OA, chondrocytes release proteolytic enzymes that degrade colla-
gen and proteoglycan, resulting in cartilage destruction [2]. Cartilage tissue repair is limited
due to low chondrocyte proliferation and lack of blood vessels [3]. Many treatment ap-
proaches have been used for cartilage damage repair, such as microfractures, subchondral
drilling, cartilage angioplasty, and nanofractures, which are mainly based on the stimu-
lation of the bone marrow mesenchymal stem/stromal cells (BM-MSCs) [2,4]. Because
surgical therapies are invasive and carry a risk of chronic infections and nerve damage,
innovative therapies such as autologous chondrocyte implantation (ACI), matrix-assisted
autologous chondrocyte implantation (MACI), or mesenchymal stem cells (MSCs) have
been used for cartilage defect repair; however, clinical outcomes remain heterogeneous and
unconvincing [3–7]. ACI and MACI have certain limitations associated with aging, dedif-
ferentiation of chondrocytes into fibroblasts, and their low proliferative capacity, and these
therapies can temporarily restore normal function in persons with cartilage degeneration,
but joint replacement surgery may still be necessary [3,8]. Studies focusing on the use of
MSCs in cartilage regeneration showed promising results [4,6,9]. MSCs have an unlimited
therapeutic potential because they can differentiate into multiple cell lineages and have
a greater proliferative capacity than chondrocytes and promote the formation of hyaline
rather than fibrocartilage [10–12]. Adult MSCs can be isolated from almost every tissue
of the body but have a different chondrogenic potential [4,6,13,14]. The most common
source of MSCs used in cartilage repair is the bone marrow mesenchymal stromal cells
(BM-MSC). Despite an established regenerative potential of BM-MSCs in animal models of
cartilage defect similar to chondrocytes and also in several clinical trials, BM-MSCs have
shown severe limitations, including an invasive harvesting procedure and a limited abun-
dance [4,14–16]. Alternatively, human adipose-derived MSCs (hAD-MSCs) and human
dental pulp stem cells (hDPSCs) showing similar properties to BM-MSCs, such as growth
potential, biomarker expression profile, and differentiation capacity, are also used in carti-
lage repair [4,9,17,18]. There are studies that support chondrogenic potential of hDPSCs
and suggest that dental pulp tissue may be a useful source of mesenchymal cells for use
in articular cartilage repair [9,19]. The stromal vascular fraction (SVF) obtained through
the enzymatic digestion of human adipose tissue or from mechanical micro-fragmented
adipose tissue (MFAT) has been used for cartilage regeneration [20]. An in vitro study
showed that hAD-MSCs and hDPSCs have a greater proliferation capacity than BM-MSCs
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and, after implantation into knee with OA, demonstrated regenerative potential [17,21–26].
However, only about 3% of MSCs suspension into synovial space remain in the knee joint
in the short term, and few cells attach to the cartilage surface due to a lack of homing ability
and poor engraftment and cellular retention at the injured sites, providing only transient
pain reduction [27,28]. To overcome these limitations, different natural or synthetic bio-
materials have been considered as platforms for cells in cartilage engineering [9,26,29,30].
Various scaffolds that promote chondrocyte growth and can support the adhesion, pro-
liferation, and chondrogenic potential of MSCs have been investigated [9,12,14,24,31–33].
The mechanical and biological features of the scaffold should enable the creation of a
microenvironment resembling native hyaline cartilage, rich in proteins such as collagen
type II (Col II) and aggrecan (Acan); free of collagen type I (Col I), collagen type X (Col X),
and MMP-13 enzyme expression; and able to integrate with the native cartilage [9,32–37].
Hyaluronic acid, gelatin, chitosan, alginate, and collagen scaffolds are frequently used
in cartilage repair due to their good biocompatibility, biodegradability, and biological
properties supporting the adhesion, proliferation, and chondrogenic differentiation of stem
cells [30–33,35,36]. Unfortunately, they have disadvantages related to rapid hydrolysis,
which leads to a loss of properties suitable for the scaffold structure and low mechanical
stability [29]. Polyglycolic acid (PGA), polylactic acid (PLLA), polystyrene, polycaprolac-
tone (PCL), and poly-DL-lactic-co-glycolic acid (PLGA) scaffolds are more promising in
cartilage regeneration because of their mechanical properties and a more suitable degrada-
tion rate in cartilage repair [38–43]. However, their bioactivity is not without limitations,
as it presents the risk of rejection by the host organism and a lack of desirable biological
properties [29,38]. Nevertheless, some of these materials have been approved by the Food
and Drug Administration (FDA) for human clinical use [39,40,43]. Besides promising
results of the use of bioscaffolds in cartilage engineering, it is not clear which properties
of constructs determine successful cartilage regeneration, and their function in vitro and
in vivo studies are poorly understood [29,32,33,37,38,44,45]. Recently, hybrid scaffolds
for cartilage tissue engineering have been in development as 3D membranes (sponges),
hydrogels, and nonwovens (nanofibers) [29,36,39–42,44,46–48]. Chondrotissue® (Biotissue)
is one of few hybrid scaffolds that have undergone clinical trials; five years of clinical
trials have confirmed good outcomes, providing stable results with a future potential in
hyaline cartilage regeneration [49]. There are data-recommended PLCL scaffolds com-
bined with chondrocytes, BM-MSCs, or AD-MSCs, but not with hDPSCs for cartilage
regeneration [50–53]. Our earlier results showed that hydrolytically modified electrospun
PLCL scaffold characterized by high porosity and good mechanical properties has a better
impact on hDPSCs’ osteogenic potential than a nonwoven hyaluronic acid (HYAFF-11™)
scaffold [48]. An important advantage of co-polymer PLCL membrane is that they do not
lose its strength in the aquatic environment, and its mechanical and biological durability
is significantly better than that of the collagen substrate [52]. In this context, it would be
interesting to investigate the effect of PLCL on hAD-MSCs and hDPSCs chondrogenesis.
Growing evidence indicates that hybrid scaffolds provided the most promising results
in articular cartilage regeneration; however, no scaffold has so far been developed that
fully fulfills its proper roles in hyaline cartilage regeneration [29,40,44,50,53–56]. Despite
the promising results showing that primary chondrocytes and chondrocytes derived from
chondrogenic-differentiated BM-MSCs and hAD-MSCs on natural and synthetic scaffolds
synthesize Col II in equal amounts up to now, there are not enough data to design a bio-
construct reflecting cartilage structure [57–59]. Given that the results regarding PLCL use
for cartilage repair are limited, it seems important to analyze their biocompatibility with
different cells in order to design a bioconstruct for cartilage regeneration that resembles
native cartilage tissue. To our knowledge, there are no data on a comparison between
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chondrocytes derived from hAD-MSCs and hDPSCs upon chondrogenic differentiation
on PLCL and primary chondrocytes cultured on a PLCL scaffold. Therefore, the aim of
the study was to assess the biological behavior and chondrogenic potential of hDPSCs
and hAD-MSCs growing on a PLCL scaffold using morphological, immunohistochemi-
cal, and molecular analyses in order to compare their chondrogenic potential with native
chondrocytes growing on PLCL.

2. Materials and Methods
2.1. Biomaterial
Poly(L-lactide-co-caprolactone) (PLCL) Scaffold

In this study, an electrospun PLCL nanofiber scaffold (Purasorb 7015, Purac-Corbion,
Amsterdam, The Netherlands), composed of 70% L-lactide and 30% caprolactone units, with
an inherent viscosity of 1.5 dL/g was used as a platform for stem cells and chondrocytes.
PLCL fabrication was performed according to the Good Manufacturing Practices certificate
and used for the production of medical devices. Electrospinning was carried out in a
Fluidnatek LE-50 chamber equipped with a humidity and temperature control module
(Bioinicia, Valencia, Spain). The PLCL nanofiber scaffold was hydrolytically modified by
immersing it in a 10% NaHCO3 aqueous solution for 4 days at 37 ◦C. The molecular weight
and dispersion of the polymer were measured using gel permeation chromatography (GPC,
Nexera LC-40, Shimadzu, Kyoto, Japan). The morphology of the PLCL nanofiber scaffold
was assessed using scanning electron microscopy (SEM, JSM 6390 LV, Jeol, Tokyo, Japan)
with 10 kV accelerating beam energy, as described in our earlier study. PLCL nanofiber
scaffold has dispersity (Ð) 3.8, average fiber diameter between 3.1798 ± 0.7510 µm, and
porosity achieve 73%. The average thickness of the PLCL nanofiber scaffold was close to
120 µm [60].

2.2. Methods of Stem/Stromal Cell and Chondrocyte Analysis
2.2.1. Tissue Collection

Human dental pulp tissue was extracted from the third molars of three healthy volun-
teers (aged 14–28 years) undergoing routine tooth extraction. Adipose tissue was collected
from the dermis of deceased organ donors (n = 3), aged 23–59 years, with the consent
of the local Bioethics Committee (No. KB 792/2019). Cartilage fragments were removed
from the apparently healthy regions of the internal femoral condyle from three patients
by arthroscopic biopsy [61]. All study participants provided informed signed consent
following a detailed explanation of the research procedure. All procedures regarding tissue
collection and in vitro analysis of stem/stromal cells and chondrocytes were approved by
the Bioethics Committee of the Medical University in Wroclaw, Poland (No. KB 513/2019
and No. KB 311/2024).

2.2.2. Tissue Collection and hDPSC, hAD-MSC, and Chondrocyte Isolation and Culture

Human dental pulp tissue was used for stem/stromal cell isolation. hDPSCs were
isolated and cultured according to the previously reported protocol [60]. The dental pulp
tissue was separated from the teeth and digested for 1 h at 37 ◦C in a minimum essential
medium (α-MEM; Gibco, Karlsruhe, Germany) containing 3 mg/mL of collagenase type
I from Clostridium histolyticum (Sigma-Aldrich, St. Louis, MO, USA) and 4 mg/mL of
dispase II (Gibco, Life Technologies, New York, NY, USA). Next, hDPSCs were cultured
in flasks at 37 ◦C and 5% CO2 in α-MEM (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Gibco), 100 IU/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich).
hAD-MSC isolation and culture were performed as described in detail [62]. hAD-MSCs
were isolated from adipose tissue by digestion with 0.01% collagenase from C. histolyticum

https://doi.org/10.3390/cells15131168

https://doi.org/10.3390/cells15131168


Cells 2026, 15, 1168 5 of 28

(Sigma-Aldrich) at 37 ◦C for 20 min of incubation and culture in α-MEM (IITE, Wroclaw,
Poland), as previously described [62]. According to the recommendations of the Interna-
tional Society for Cellular Therapy (ISCT) [63] on the nomenclature and functional capacity
of mesenchymal/stromal stem cells, hDPSCs and hAD-MSCs were investigated for the
main features recommended by the ISCT to confirm stem cell origin, such as adherence
to plastic, expression of specific cluster differentiation markers (CD), and tri-lineage dif-
ferentiation potential for chondrogenesis, osteogenesis, and adipogenesis, as reported
earlier [48,60,62]. Chondrocytes were isolated and cultured as previously described in
detail [61,64]. The cartilage was digested in a growth medium (DMEM/F12) (Thermo
Fisher Scientific, Rockford, IL, USA) containing 0.8 mg/mL collagenase II (Sigma-Aldrich)
for 4 h at 37 ◦C, with 5% CO2 concentration. The isolated chondrocytes were cultured in a
DMEM/F12 medium with 2 mM glutamax (Thermo Fisher Scientific), supplemented with
10% FBS, 100 IU/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich) [61]. All
experiments were performed using hDPSCs, hAD-MSCs, and chondrocytes at the third
passage (P3) in three replicates.

2.2.3. hDPSC and hAD-MSC Phenotypic Characterization Using Flow Cytometry
Analysis (FACS)

Phenotypes of hDPSCs and hAD-MSCs at passage 3 (P3) were characterized with
flow cytometry using selected human-specific monoclonal antibodies detecting markers
expressed by mesenchymal/stromal stem cells, as described in detail in our earlier stud-
ies [60,62]. Briefly, 2 × 105 cells for each marker were resuspended in 50 µL of the PBS
buffer and incubated with selected human-specific monoclonal antibodies, directly labeled
with PE: CD73 (clone AD2), CD90 (clone 5E10), CD105 (clone 266), CD44 (clone 156-3C11),
CD45 (clone HI30), CD31 (clone WM59), HLA ABC (clone G46-2.6), HLA DR (clone G46-6)
(all from BD Pharmingen, San Jose, CA, USA), and Stro-1 (clone STRO-1) (Invitrogen,
Thermo Fisher Scientific). Samples were analyzed using a flow cytometer (FACS Fortessa,
Becton Dickinson, San Jose, CA, USA), and data were analysed using Flowing Software 2
(Flowing Software version 2.5.1., Turku, Finland).

2.2.4. Multilineage Differentiation Potential of hDPSCs and hAD-MSCs

Tri-lineage differentiation of hDPSCs and hAD-MSCs into osteoblasts, chondroblasts,
and adipocytes was performed according to the manufacturer’s protocol used in our previ-
ous experiments [60,62]. The differentiation of hDPSCs and hAD-MSCs into osteoblasts
was confirmed with Alizarin Red S, chondrocytes with Alcian Blue, and adipocytes with
Oil Red O staining [60,62].

2.2.5. hDPSC, hAD-MSC, and Chondrocyte Seeding on a PLCL Nanofiber Scaffold

To assess the biological features of hDPSCs (n = 3), hAD-MSCs (n = 3), and chon-
drocytes (n = 3) growing on a PLCL scaffold, stem/stromal cells and chondrocytes were
seeded at a density of 2 × 104 cells/0.5 cm × 0.5 cm PLCL scaffold and cultured. hDPSCs
and hAD-MSCs with the α-MEM medium for stem cells as described earlier [48,60] and
chondrocytes with DMEM/F12 for 12 days. The stem/stromal cells and chondrocytes
grown on the PLCL scaffold were observed using an Olympus IX73 inverted microscope
(Olympus, Tokyo, Japan). After 12 days of hDPSC, hAD-MSC, and chondrocyte culturing
on PLCL, the obtained bioconstructs were used for further analysis.

2.2.6. Metabolic Activity of hDPSCs, hAD-MSCs, and Chondrocytes Grown on PLCL
Assessed with the MTT Assay

The metabolic activity of hDPSCs, hAD-MSCs, and chondrocytes growing on the
PLCL nanofibrous scaffold was analyzed using the MTT assay. The hDPSCs, hAD-MSCs,
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and chondrocytes were seeded at a density of 1 × 104 on a 0.3 cm × 0.3 cm PLCL scaffold,
cultured in 96-well plates, and incubated at 37 ◦C for 1, 3, and 7 days. Stem/stromal
cells and chondrocytes cultured without the scaffold served as controls. Next, the scaffold
was removed, and 200 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma-Aldrich) was added to the plates with the hDPSCs, hAD-MSCs, and chondrocytes
before incubation at 37 ◦C for 4 h. After 4 h of incubation, the formazan crystals were
dissolved by adding 100 µL of acidic isopropanol (38% HCl in 99.7% isopropanol) [60].
Absorbance was measured at 570 nm using a GloMax® Discover multimode microplate
reader (Promega, Madison, WI, USA). The experiments were performed in three replicates
for each group of cells, and data were calculated as means ± SD.

2.2.7. Morphological Features of hDPSCs, hAD-MSCs, and Chondrocytes Grown on a
PLCL Scaffold

The morphological features of chondrocytes on PLCL and hDPSC, hAD-MSC on
a PLCL scaffold before and after chondrogenic differentiation was examined. For the
analysis of the morphological features of the hDPSCs, hAD-MSCs, and chondrocytes,
PLCL/bioconstructs were fixed in 10% formalin solution (Merck, Saint Louis, MO, USA)
for 20 min and stained with hematoxylin and eosin (H&E) according to the manufacturer’s
protocol. Afterwards, the morphological features and location of cells on the bioconstructs
were examined using a BX51 microscope (Olympus) [48,60].

2.2.8. Cytoskeleton Analysis in hDPSCs, hAD-MSCs, and Chondrocytes Grown on a
PLCL Scaffold

The cytoskeleton of hDPSCs, hAD-MSCs, and chondrocytes grown on a PLCL scaffold
was determined with actin visualization using phalloidin staining. F-actin expression in
hDPSCs and hAD-MSCs grown on PLCL before and after chondrogenic differentiation
was evaluated and compared. Stem/stromal cells and chondrocytes on the PLCL scaffold
were fixed for 15 min at room temperature (RT) in 4% paraformaldehyde. Next, the
cells/scaffolds were treated with 0.1% Triton™ X-100 for 15 min and washed three times
with PBS. hDPSCs/PLCL, hAD-MSCs/PLCL, and chondrocytes/PLCL constructs were
incubated with Alexa Fluor 488-Phalloidin (Thermo Fisher Scientific) (dilution of 5 µL of
methanol stock solution in 200 µL of PBS) for 40 min. In the next step, the cells/PLCL
constructs were stained with 4′,6-diamidino-2-phenylindole (DAPI) for nuclei visualization.
F-actin expression on cells/PLCL and cell distribution on the scaffold were estimated using
a BX61 fluorescence microscope (Olympus), as described earlier in our studies [48,60].

2.2.9. Chondrogenic Differentiation of hDPSCs and hAD-MSCs on a PLCL Scaffold

hDPSCs (n = 3) and hAD-MSCs (n = 3) were seeded at a density of 4 × 103 cells per
cm2 on PLCL and cultured in complete α-MEM medium until 90% confluence was reached.
Next, the culture medium was removed, and the hDPSCs/PLCL and hAD-MSCs/PLCL
constructs were maintained in an hMSC chondrogenic induction medium, serum-free
kit (Provitro, Berlin, Germany), and cultured for 28 days according to our established
protocol [60]. Undifferentiated hDPSCs and hAD-MSCs grown on PLCL served as controls.
The induction medium was changed three times a week.

2.3. Evaluation of the Chondrogenic Potential of hDPSCs and hAD-MSCs on a PLCL Scaffold
2.3.1. Alcian Blue Staining

The functional status of hDPSCs (n = 3) and hAD-MSCs (n = 3) on PLCL differentiated
into chondrocytes was confirmed with Alcian Blue (Abcam Inc., Cambridge, UK) staining
to show the rate of cellular matrix deposition. ECM was also analyzed in chondrocytes
grown on PLCL. Differentiated stem/stromal cells on the PLCL scaffolds and chondrocytes
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on PLCL were washed with PBS, fixed in a 10% formalin solution (Merck), washed again
with PBS, and incubated with Alcian Blue for 30 min in a dark chamber at RT [60]. Finally,
the bioconstructs with differentiated and undifferentiated stem cells and with chondrocytes
were washed once in running tap water and twice in distilled water and analyzed using an
Olympus IX73 microscope (Olympus). Undifferentiated hDPSCs and hAD-MSCs grown
on PLCL served as negative controls [60].

2.3.2. Antibodies

For immunohistochemical staining, the following antibodies were used: anti-collagen
I (Col I) (mouse monoclonal, clone (Col I), dilution 1:2000 (Thermo Fisher Scientific); anti-
collagen II (Col II) (mouse monoclonal, clone M2139), dilution 1:100 (Thermo Fisher Sci-
entific); anti-Sox9 (mouse monoclonal, clone 1B11), 1:200 dilution (Thermo Fisher Scien-
tific); anti-collagen X (mouse monoclonal Col X), dilution 1:1000 (Sigma-Aldrich); and
anti-aggrecan (mouse monoclonal, clone 969D4D11), dilution 1:1000 (Invitrogen, Thermo
Fisher Scientific).

2.3.3. Immunohistochemical Staining (IHC)

Immunohistochemical staining of chondrogenic proteins was performed on speci-
mens before and after hDPSC and hAD-MSC chondrogenic differentiation on PLCL and
chondrocyte growth on PLCL using the Universal Dako REAL EnVision Detection Sys-
tem, Peroxidase/DAB+, Rabbit/Mouse (Dako, Copenhagen, Denmark), and the following
primary antibodies detected Col I, Col II, Col X, Acan, and Sox9. hDPSCs/PLCL, hAD-
MSCs/PLCL, and chondrocytes/PLCL specimens were fixed in a 4% formalin solution
(Merck) for 15 min. Next, endogenous peroxidase reactivity was blocked with the Dako
REAL Peroxidase Blocking Solution (Dako), after which the bioconstruct specimens were
incubated with primary antibodies overnight at 4 ◦C. After washing with a 0.1 M Tris buffer,
pH = 7.4 (TBS), the scaffold specimens were incubated with Dako REAL EnVision/HRP,
Rabbit/Mouse (Dako) for 30 min at RT. The antigen-antibody reaction was visualized using
DAB (3,3 diaminobenzidine) (Dako) as a chromogen for 4 min at RT. The sections were
counterstained with hematoxylin. An incubation buffer (TBS) without primary antibodies
was used as a negative control [60].

2.3.4. Assessment and Interpretation of Immunohistochemical Staining

Expression of the analyzed proteins in undifferentiated and chondrogenic differenti-
ated hDPSCs and hAD-MSCs located on PLCL and in chondrocytes on PLCL scaffold was
assessed semi-quantitatively, taking into account staining intensity and the number of cells
showing immunoreactivity for the analyzed proteins, such as Col I, Col II, Col X, Acan, and
Sox9. The percentage of immunopositive cells for the analyzed proteins was determined by
counting 1000 cells in a randomly selected field of the hDPSCs/PLCL, hAD-MSCs/PLCL,
and chondrocytes/PLCL constructs using an Olympus BX51 microscope (Olympus). Spec-
imens with over 5% of immunopositive cells were considered as positive. The intensity
score was based on the color of the reaction, where no color = no immunostaining, light
yellow color = weak (+), medium brown color = moderate (++), and brown color = strong
(+++) immunostaining [48,60].

2.3.5. Quantitative Polymerase Chain Reaction (qPCR) for Chondrogenic Gene Expression

To evaluate the expression of the chondrogenic marker genes—Sox9, collagen type I
(Col I), Col II, collagen type X (Col X), and Acan—total RNA was extracted from hAD-MSCs-
PLCL, hDPSCs-PLCL, and chondrocytes-PLCL under both control conditions and after
chondrogenic induction. Cells derived from three independent donors were cultured on
a PLCL scaffold for each cell type, and the data were presented as the mean value. RNA
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was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol. RNA concentration and purity were assessed spectrophotomet-
rically. For each sample, 1 µg of total RNA was reverse-transcribed into cDNA using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR
was performed using the ViiA 7 Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) and Power SYBR Green PCR Master Mix (Life Technologies, Warrington, UK).
Gene-specific primers targeting Sox9, Col II, Acan, Col I, and Col X were used to evaluate
chondrogenic differentiation. Reactions were carried out in triplicate using the following
thermal profile: initial denaturation at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C
for 15 s, annealing at 60 ◦C for 1 min, and extension at 72 ◦C for 40 s. Gene expression
levels were normalized to the housekeeping gene β-2 microglobulin (B2M), and relative
expression was calculated using the 2−∆∆Ct method. The results are presented as fold
change in expression. Primer sequences are listed in Table 1.

Table 1. Primers used in qPCR.

Gene Full Name Primer Sequences (5′-3′)

B2M β-2 microglobulin F: AATGCGGCATCTTCAAACCT
R: TGACTTTGTCACAGCCCAAGATA

Sox9 SRY-box transcription factor 9 F: TGGGCAAGCTCTGGAGACTTC
R: ATCCGGGTGGTCCTTCTTGTG

Col II Collagen type II F: CGTCCAGATGACCTTCCTACG
R: TGAGCAGGGCCTTCTTGAG

Acan Aggrecan F: AGGCAGCGTGATCCTTACC
R: GCCCTCTCCAGTCTCATTCTC

Col I Collagen type I F: AGGTGCTGATGGCTCTCCT
R: TGTTCCCACTTTCACCAGG

Col X Collagen type X F: GCAACTAAGGGCCTCAATGG
R: CTCAGGCATGACTGCTTGAC

2.3.6. Statistical Analysis

The data are presented as a mean ± 95% CI. The confidence intervals were calculated
using Wald’s method. The statistical differences between experimental groups in viability
and chondrogenic-related proteins were determined using a Student’s t-test. Statistical
analysis was performed using Statistica version 13 (TIBCO Software Inc., Palo Alto, CA,
USA). For the comparison of chondrogenesis-related gene expression, a one-way analysis
of variance (one-way ANOVA) with Dunnett’s test for multiple comparison procedures
was used. Statistical analysis was performed using GraphPad Prism version 7 (GraphPad
Software, Boston, MA, USA). Statistical significance was considered for p-values < 0.05.

3. Results
3.1. Immunophenotypic Identification of Human MSCs

The antigen profile of hDPSC and hAD-MSC cells was analyzed using flow cytometry.
The results demonstrated that MSCs derived from two different tissue sources showed a
similar morphology in in vitro culture (Figure S1A,B) and were positive for surface markers
such as CD73, CD105, CD90, CD44, as well as HLA ABC and were negative for surface
markers such as CD45, CD31, CD34, and HLA DR. hDPSCs and hAD-MSCs expressed
the STRO-1 marker in a similar percentage of cells (Figure S1C,D). The antigen profile of
hDPSCs and hAD-MSCs was similar, as shown in Figure S1C,D.
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3.2. Differentiation Capacity of MSCs Derived from Different Tissues

Figure S2 presents hDPSC and hAD-MSC tri-lineage differentiation potential. hDP-
SCs and hAD-MSCs differentiated into osteoblasts revealed strong Alizarin S staining
(Figure S2A,B), and both types of cells differentiated into chondrocytes revealed a similar
pattern of Alcian Blue staining, as shown in Figure S2C,D. The adipogenic differentiation
capacity of hDPSCs and hAD-MSCs was confirmed with Oil Red O staining, and MSCs
derived from both tissues had comparable adipogenic capacity (Figure S2E,F).

3.3. Metabolic Activity of Cells Grown on PLCL Membrane

In order to test the cytotoxicity of the PLCL membrane on hDPSCs, hAD-MSCs, and
chondrocytes, an MTT analysis was performed for 1, 3, and 7 days of culture. The metabolic
activity of hDPSCs, hAD-MSCs, and chondrocytes grown on PLCL membrane, as assessed
with the MTT assay, showed good biocompatibility of PLCL. The MTT analysis after 1,
3, and 7 days demonstrated the nontoxic influence of PLCL membrane on cell growth.
As presented in Figure 1A, no statistical differences in hDPSC metabolic activity were
observed between the control group and hDPSCs on PLCL at days 1, 3, and 7 of culture.
The metabolic activity of hDPSCs grown on PLCL showed differences between days 1 and
3 and 7 (p = 0.02, p = 0.0002) and between days 3 and 7 (p = 0.001) (Figure 1A). hAD-MSCs
grown on PLCL showed significantly lower metabolic activity than in the control group
on day 7 (p = 0.002) (Figure 1B). The metabolic activity of hAD-MSCs on PLCL on day 1
was comparable with day 3 (p = 0.059) and was significantly higher at day 7 than at day
1 (p = 0.006) and day 3 (p = 0.02) (Figure 1B). The metabolic activity of chondrocytes on
PLCL on days 1 and 3 was comparable to that of the control group, but was significantly
higher than in the control group on day 7 (p = 0.0007) (Figure 1C). The metabolic activity of
chondrocytes on PLCL showed significant differences between days 1 and 3 (p = 0.0007)
and day 7 (p = 0.004) and between days 3 and 7 (p = 0.0001) (Figure 1C).

3.4. Distribution and Morphological Features of Cells Grown on an Electrospun Nanofibrous
PLCL Scaffold

Distribution, morphology, and F-actin expression of hDPSCs and hAD-MSCs before
and after chondrogenesis on PLCL are shown in Figures 2A–D, 3A–D and 4A–D. Chon-
drocyte features on electrospun PLCL scaffolds are presented in Figure 5A–C. The image
revealed that undifferentiated hDPSCs and hAD-MSCs (Figure 2A,C), differentiated hDP-
SCs and hAD-MSCs grown on the PLCL scaffold (Figure 2B,D), and chondrocytes on
PLCL (Figure 5A) demonstrated good adhesion to the fibrous structure of the scaffolds.
Cells were uniformly distributed along the scaffold, but the majority of stem/stromal cells
before (Figure 2A–C) and after chondrogenic differentiation (Figure 2B–D) and chondro-
cytes (Figure 5A) grew in the central part of the scaffold, rather than at its edges. The
morphological features of undifferentiated and differentiated hDPSCs, hAD-MSCs on
PLCL are presented in Figure 3A–D, and chondrocytes on PLCL scaffolds are shown in
Figure 5B. The morphological characteristics of undifferentiated hDPSCs and hAD-MSCs
exhibit fibroblast-like morphology (Figure 3A,C). Chondrocytes derived from differentiated
hDPSCs and hAD-MSCs (Figure 3B,D) showed many common morphological features with
native chondrocytes (Figure 5B). The cells showed rounded morphology, which is an essen-
tial chondrocyte characteristic, and a tendency to aggregate. A majority of the differentiated
cells presented an oval shape, large nuclei with dense chromatin, and stable cytoskele-
ton. Phalloidin staining of undifferentiated and chondrogenic differentiated hDPSCs and
hAD-MSCs on PLCL showed comparable levels of F-actin expression before (Figure 4A,C)
and after cell differentiation (Figure 4B,D). However, as presented in Figure 5C, F-actin
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fibers staining predominated in primary chondrocytes on PLCL compared to differentiated
hDPSCs and hAD-MSCs (Figure 4B,D).

Figure 1. Metabolic activity diagram of hDPSCs, hAD-MSCs, and chondrocytes grown on PLCL,
analyzed by MTT assay. (A) MTT assay showed significantly higher metabolic activity of hDPSCs
on PLCL on days 3 and 7 than on day 1 (p = 0.02, p = 0.0002, respectively) and on day 7 than on day
3 (p = 0.0001). (B) Significantly lower metabolic activity of hAD-MSCs was found between control
group and hAD-MSCs on PLCL on day 7 (p = 0.002) and higher in hAD-MSCs grown on PLCL on
day 7 than on days 1 and 3 (p = 0.006, p = 0.02, respectively). (C) Metabolic activity of chondrocytes
was significantly higher in control group compared to chondrocytes on PLCL on day 7 (p = 0.0007)
and on day 7 than on days 3 and 1 (p = 0.0001, p = 0.004) and on day 1 than on day 3 (p = 0.0007).
Error bars indicate “mean ± SD”. Statistically significant differences: p < 0.05.
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Figure 2. The distribution of hDPSCs and hAD-MSCs on PLCL scaffold. (A) High density of undiffer-
entiated hDPSCs and (B) differentiated hDPSCs. The distribution of hAD-MSCs on PLCL (C) before
and (D) after chondrogenesis showed a high cell density, visible by cell nuclei counterstained with
DAPI. Nuclei counterstained with DAPI are shown in blue. Scale bars: 100 µm.

Figure 3. The morphology of hDPSCs and hAD-MSCs grown on PLCL scaffold before and after
chondrogenic differentiation. (A) Undifferentiated hDPSCs showed a fibroblast-like shape, and
(B) after chondrogenesis, the differentiated cells revealed changes in morphological features toward
chondrocytes. (C) Undifferentiated hAD-MSCs showed a fibroblast-like shape, and (D) after chon-
drogenesis, the differentiated cells revealed changes in morphological features toward chondrocytes
(H&E). Scale bars: 100 µm.

https://doi.org/10.3390/cells15131168

https://doi.org/10.3390/cells15131168


Cells 2026, 15, 1168 12 of 28

Figure 4. F-actin expression in hDPSCs and hAD-MSCs grown on PLCL scaffold. Immunofluores-
cence staining of F-actain expression in hDPSCs grown on PLCL (A) before and (B) after chondro-
genesis showed a similar pattern of F-actin expression in undifferentiated and chondrogenically
differentiated hDPSCs. Detection of F-actin expression in hAD-MSCs grown on PLCL (C) before and
(D) after chondrogenesis using Alexa Fluor 488-conjugated phalloidin. Nuclei counterstained with
DAPI are shown in blue. Scale bars: 100 µm.

Figure 5. Representative image of chondrocytes grown on PLCL displaying (A) high density of chon-
drocytes on PLCL. Nuclei counterstained with DAPI are shown in blue. (B) Morphological features of
chondrocytes on PLCL. (C) Chondrocytes showed F-actin expression detected by phalloidin staining.
Scale bars: (A,C) 100 µm and (B) 200 µm.
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3.5. In Vitro Pro-Chondrogenic Potential of hDPSCs and hAD-MSCs Grown on a PLCL Scaffold
3.5.1. Proteoglycan Matrix Detection by Alcian Blue Staining

Histological examination of undifferentiated hDPSCs-PLCL and hAD-MSCs-PLCL and
differentiated into chondroblasts showed the differences in GAG production (Figure 6A–D).
The proteoglycan matrix synthesized by differentiated hDPSCs and hAD-MSCs was pos-
itively stained with Alcian Blue (Figure 6B,D). Chondrogenically differentiated hDPSCs
and hAD-MSCs (Figure 6B,D) had a higher GAG content than undifferentiated stem cells
(Figure 6A,C), but lower than native chondrocytes grown on PLCL (Figure 6E). No remark-
able differences in the cartilage matrix formation were observed between hDPSCs and
hAD-MSCs on PLCL after chondrogenesis.

Figure 6. Representative images displaying Alcian Blue staining of chondrogenically differentiated
hDPSCs and hAD-MSCs on PLCL and chondrocytes grown on PLCL. (A) Negative Alcian Blue stain-
ing in undifferentiated hDPSCs. (B) Higher accumulation of GAG found in hDPSC differentiation.
(C) No GAG accumulation in undifferentiated hAD-MSCs. (D) Differentiated hAD-MSCs showed
strong positive Alcian Blue staining. (E) Primary chondrocytes showed very high matrix deposition.
Scale bars: 100 µm.

3.5.2. Chondrogenesis-Related Protein Expression

The expression of Col I, Col II, Col X, Acan, and Sox9 in hDPSCs and hAD-MSCs
grown on PLCL was analyzed before and after chondrogenic differentiation and in na-
tive chondrocytes on PLCL. As presented in Figure 7, a comparative analysis showed

https://doi.org/10.3390/cells15131168

https://doi.org/10.3390/cells15131168


Cells 2026, 15, 1168 14 of 28

significant differences in Col I, Col II, Col X, Acan, and Sox9 protein expression between
undifferentiated and differentiated stem/stromal cells and between the analyzed groups of
cells. All analyzed proteins revealed significantly higher expression in chondrogenically
differentiated hAD-MSCs and hDPSCs than in undifferentiated hAD-MSCs and hDPSCs
(p < 0.05) (Figure 7). A comparison of chondrogenic proteins between undifferentiated
hAD-MSCs/PLCL and hDPSCs/PLCL showed higher expression of Col I, Col X, Sox9, and
Acan in hAD-MSCs than in hDPSCs (p = 0.05) (Figure 7). No differences were observed
in Col II expression between hAD-MSCs and hDPSCs (p > 0.05). A comparison between
undifferentiated hAD-MSCs/PLCL, hDPSCs/PLCL, and chondrocytes/PLCL constructs
revealed that the expression of Col I, Col II, Col X, Acan, and Sox9 was significantly higher
(p < 0.05) in chondrocytes/PLCL than in undifferentiated hAD-MSCs and hDPSCs on the
PLCL membrane, as shown in Figure 7. A comparative analysis of chondrogenic pro-
teins between differentiated hAD-MSCs and hDPSCs on PLCL and between chondrocytes
grown on PLCL showed significant differences. The expression of Col I, Col X, and Sox9
was significantly higher in chondrogenically differentiated hAD-MSCs on PLCL than in
hDPSCs-PLCL (p < 0.05), whereas the expression of Col II and Acan was significantly higher
in differentiated hDPSCs/PLCL than in hAD-MSCs (p < 0.05) (Figure 7). Col I, Col X, and
Sox9 expression was significantly higher in chondrocytes derived from chondrogenically
differentiated hAD-MSCs/PLCL than in native chondrocytes grown on PLCL (p < 0.05)
(Figure 7), but the expression of Col II and Acan showed no differences between differen-
tiated hAD-MSCs and native chondrocytes grown on PLCL (p > 0.05). The expression of
chondrogenic proteins, such as Col I, Col II, and Acan, was higher in differentiated hDPSCs
on PLCL than in native chondrocytes on PLCL (p < 0.05), but Col X expression was higher
in chondrocytes/PLCL than in hDPSCs/PLCL (p < 0.05) (Figure 7). No differences in
Sox9 expression were observed between hDPSCs/PLCL and native chondrocytes/PLCL
(p > 0.05) (Figure 7).

Figure 7. Comparison of chondrogenesis-related proteins expression in hDPSCs, hAD-MSCs, and
chondrocytes grown on PLCL scaffold. Significantly higher expression of Sox9, Col I, Col II, Col
X, and Acan was found in ⋆ hAD-MSCs-PLCL (DC) than hAD-MSCs-PLCL (ND), in hDPSCs-
PLCL (DC) than hDPSC-PLCL (ND), in ■ chondrocytes-PLCL than hAD-MSCs-PLCL(NC), in ◆

chondrocytes-PLCL than hDPSCs-PLCL (ND), in ● hAD-MSCs-PLCL (DC) than hDPSCs-PLCL(CD)
(p < 0.05). ▼ hAD-MSCs-PLCL(ND) revealed higher expression of Sox9, Col I, Col X, and Acan
than hDPSCs-PLCL(ND) (p < 0.05). ✱ Chondrocytes-PLCL exhibited higher Sox9, Col I, and Col X
expression than hAD-MSCs-PLCL(DC) (p < 0.05). ▲ hDPSCs-PLCL(DC) showed higher Col I, Col
II, Col X, and Acan expression compared with chondrocytes-PLCL (p < 0.05). ND-undifferentiated
stem/stromal cells, DC-chondrogenic differentiated. Data are presented as means ± SD. Statistical
significance: p < 0.05.
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The analyzed cartilage-related proteins, after chondrogenic differentiation, hDPSCs
and hAD-MSCs located on PLCL constructs showed different ranges of immunostaining
and immunoenzymatic reaction intensities (Figure 8A–O). As seen in a set of selected micro-
scopic images showing cartilage-related proteins expressed by chondrocytes derived from
hDPSCs and hAD-MSCs, this displayed variable expression of chondroblast/chondrocyte
biomarkers such as Sox9, Col I, Col II, Col X and Acan. The expression of Acan, Col II, and Col
X in differentiated hDPSCs/PLCL (Figure 8B,D,F) and hAD-MSCs/PLCL (Figure 8H,J,L)
was higher than in undifferentiated hDPSCs/PLCL (Figure 8A,C,E) and hAD-MSC/PLCL
(Figure 8G,I,K), but comparable with the expression of Acan, Col II, and Col X in native
chondrocytes grown on PLCL (Figure 8M–O).

Figure 8. Cont.
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Figure 8. Comparison of chondrogenesis-related proteins expressed by hDPSCs and hAD-MSCs
grown on PLCL nonfibrous scaffold before and after chondrogenic differentiation and by chondrocytes

https://doi.org/10.3390/cells15131168

https://doi.org/10.3390/cells15131168


Cells 2026, 15, 1168 17 of 28

grown on PLCL (A–O). Undifferentiated hDPSCs-PLCL with (A) low Acan, (C) Col II, and (E) pattern
of Col X expression. Chondrogenic differentiated hDPSCs-PLCL (B) with high Acan immunopositivity,
(D) strong Col II diffuse immunoreactivity, and (F) strong immunopositivity for Col X found in a
high number of differentiated hDPSCs on PLCL. Undifferentiated hAD-MSCs-PLCL (G) with low
Acan and (I) Col II and (K) Col X expression limited to several immunopositive hAD-MSCs. The
majority of chondrogenically differentiated hAD-MSCs-PLCL showed moderate immunopositivity
for (H) Acan and (J) Col II staining and (L) strong immunostaining for Col X. (M) Acan expression was
found in many chondrocytes on PLCL. (N) Col II immunopositivity was observed in the majority of
chondrocytes on PLCL. (O) Chondrocytes on PLCL showed moderate expression of Col X (EnVision
technique). * indicates a control group. Scale bars: 100 µm.

3.5.3. Chondrogenesis-Related Gene Expression

To assess chondrogenic potential, the expression levels of key cartilage-related genes
(Sox9, Col II, Acan, Col I, and Col X) were measured in hAD-MSC, hDPSCs, and chon-
drocytes, cultured on PLCL under control conditions (not differentiated) or stimulated
for chondrogenic differentiation. The results are presented as mean values (Figure 9).
Sox9, a master transcription factor of chondrogenesis, was significantly upregulated upon
chondrogenic induction in hAD-MSCs/PLCL (RQ 5.90, p < 0.05). hDPSCs/PLCL showed
minimal Sox9 induction, indicating limited activation of early chondrogenic pathways.
Notably, under undifferentiated conditions, hDPSCs-PLCL exhibited a higher relative
expression level of Sox9 compared to untreated hAD-MSCs-PLCL (RQ 4.94 vs. 3.95) and
even higher than native chondrocytes/PLCL (RQ 2.51) (Figure 9A). Col II, a marker of
mature chondrocytes, was markedly upregulated in chondrocytes-PLCL (RQ 2.84). In the
undifferentiated state, the highest Col II expression was observed in hAD-MSCs-PLCL,
while hDPSCs-PLCL showed low expression levels when untreated (RQ 2.68 vs. 1.01). After
chondrogenic induction, Col II expression remained relatively high in hAD-MSCs-PLCL
(RQ 2.55), showing levels comparable to those observed prior to differentiation. hDPSCs-
PLCL demonstrated an increase in expression following chondrogenic stimulation (RQ
2.20) (Figure 9B). The highest Acan expression level was observed in chondrocytes cultured
on PLCL (RQ 2102.79). In hAD-MSCs/PLCL, Acan expression was substantially higher
in the undifferentiated state than after chondrogenic induction, where it was markedly
decreased (RQ 158.91 vs. 3.20, p < 0.01). In contrast, hDPSCs/PLCL exhibited low Acan
expression under control conditions, but following chondrogenic stimulation, expression
significantly increased, indicating enhanced matrix synthesis upon induction (RQ 4.94 vs.
279.28, p < 0.05) (Figure 9C). Chondrocytes cultured on PLCL exhibited very low Col I
expression, representing the lowest level among all analyzed groups (RQ 0.84). In contrast,
both hAD-MSCs/PLCL and hDPSCs/PLCL showed noticeably higher expression levels
under undifferentiated conditions (RQ 2.00 and 1.38, p < 0.001) than chondrocytes/PLCL.
Following chondrogenic induction, Col I expression further increased in both cell types,
indicating substantial upregulation in response to differentiation stimuli (RQ 4.14 for hAD-
MSCs/PLCL and 2.62 for hDPSCs/PLCL, p < 0.01) (Figure 9D). Chondrocytes cultured
on PLCL showed moderate Col II expression level (RQ 5.89). hAD-MSCs-PLCL presented
the highest expression in the control group (RQ 9.93), while hDPSCs-PLCL demonstrated
low baseline levels when not differentiated (RQ 0.77). After chondrogenic induction, Col X
expression decreased in hAD-MSCs-PLCL (RQ 0.27), whereas hDPSCs-PLCL exhibited a
marked increase, indicating significant upregulation upon differentiation (RQ 5.89, p < 0.01)
(Figure 9E).
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Figure 9. Relative mRNA expression of chondrogenic marker genes in hAD-MSCs, hDPSCs, and
chondrocytes under control conditions and following chondrogenic induction. Expression levels of
(A) Sox9, (B) Coll II, (C) Acan, (D) Coll I, and (E) Coll X were assessed using quantitative real-time
PCR in three different cell types cultured on PLCL: human adipose tissue-derived mesenchymal
stem cells (hAD-MSCs), human dental pulp stem cells (hDPSCs), and chondrocytes. Gene expression
was compared between untreated controls (not differentiated) and cells subjected to chondrogenic
differentiation. Data are presented as means ± SD. Statistical significance: * p < 0.05, ** p < 0.01,
*** p < 0.001.

4. Discussion
Therapy with autologous chondrocytes or BM-MSCs is often limited by poor

survival of engraftment cells and uncontrolled chondrogenic differentiation of MSCs
in vivo [2,65,66]. This limitation is not observed in tissue engineering, which is able
to effectively create tissue that mimics native articular cartilage and restores joint func-
tion [29,30,34,40,46,52]. The objective of the present study was to assess the biological
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features and chondrogenic potential of hDPSCs and hAD-MSCs grown on PLCL by an-
alyzing chondrogenic genes/proteins expression and comparing it with the phenotype
of primary chondrocytes grown on a PLCL scaffold in order to design a bioconstruct for
cartilage repair. Based on ISCT criteria, this study revealed that the hDPSCs and hAD-
MSCs display typical MSC features and express molecules CD44, CD73, CD90, CD105,
and STRO-1 at high levels and do not show the expression of the hematopoietic markers
CD45 and HLA-DR [63]. Additionally, the mesenchymal/stromal cell features of hDPSCs
and hAD-MSCs were also proven by their ability to differentiate in vitro into chondro-
cytes, osteoblasts, and adipocytes [48,67]. The obtained results showed that hDPSCs and
hAD-MSCs displayed features recommended by the ISCT, which define their multipotent
parameters and may be considered as a population of MSCs for use in tissue engineer-
ing [63,67]. Increasing evidence indicates that the chondrogenic potential of hDPSCs and
hAD-MSCs grown on different synthetic scaffolds varies [35,36,67–69]. To our knowledge,
there is no data comparing the expression of chondrogenic genes/proteins in chondrocytes
derived from hDPSCs and hAD-MSCs upon chondrogenic induction on PLCL with the
native phenotype of chondrocytes grown on PLCL. Based on our earlier data [48] showing
that a hydrolytically modified PLCL nanofiber mat induces a suitable microenvironment
for hDPSC growth and osteogenesis, thereby in the current study, we investigated the effect
of the PLCL membrane on the chondrogenic potential of hDPSCs and hAD-MSCs and
the biological behavior of analyzed stem/stromal cells and chondrocytes grown on PLCL.
In agreement with a previous study, hDPSCs, hAD-MSCs, and chondrocytes cultured
on the PLCL scaffold had similar metabolic activity rates to control cells at days 1 and 3,
but higher for chondrocytes on PLCL and lower for hAD-MSCs on PLCL compared with
control [48,70]. In line with several reports [48,51,53,70–72], we have confirmed that the
PLCL scaffold is characterized by good biocompatibility because the number of cultured
cells on PLCL increased from 1 to 7 days, which indicated that the chemical components
of the PLCL scaffold promote hDPSC, hAD-MSC, and chondrocyte growth and prolifer-
ation. The nanofibrous architecture of PLCL promoted the attachment and distribution
of hAD-MSCs, hDPSCs, and chondrocytes and did not induce changes in morphologi-
cal features of stem/stromal cells and chondrocytes, which are in accordance with the
previous reports [24,36,58]. We found that the adhesion, elongation, and distribution of
stem/stromal cells and chondrocytes on a PLCL surface may depend on linear attachment
points for cells on PLCL surface [53,54,70,73]. According to reports assessing the effect of
PLCL, PLGA, and gelatin-PCL scaffolds on chondrocyte behavior, the good adhesion and
high proliferation of chondrocytes grown on PLCL, observed in the current study, might
reflect suitable biochemical interactions between the chondrocytes and PLCL composi-
tion [53,74–76]. Furthermore, our data indicated that PLCL provided a microenvironment
that enhances hDPSC, hAD-MSC growth and promotes chondrocyte phenotypic stability, as
has been shown by other authors [49,55,74,77]. Despite the promising results showing good
biocompatibility of PLCL, it is worth emphasizing that the in vitro conditions do not reflect
in vivo, so PLCL behavior might be different after implantation into damaged cartilage
tissue [53]. In this study, F-actin in the stress fibers was found to be a key mediator of the
chondrocyte phenotype, which is strongly involved in the generation of mechanical forces
that drive the development chondrocytes was found in a majority of chondrocytes grown
on PLCL after 12 days, and this observation was comparable with other studies [77,78].
The stabilization of F-actin stress fibers in chondrocytes is associated with actin polymeriza-
tion, which has been shown to be an crucial regulator of the dedifferentiated chondrocyte
phenotype acting in part via the actin-regulated transcription factor MRTF-A, leading to
filamentous F-actin stress fiber arrangement, reducing cartilage matrix expression and their
switch to a fibroblast-like phenotype and production of mechanically weak cartilage, which
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is in accordance with the published data [25,78,79]. This suggestion is supported by our
results showing that culturing chondrocytes on PLCL over a period of 2 weeks not only
produces GAG and expresses Acan and Col II markers of a cartilage/hyaline phenotype,
but also expresses Col I and Col X markers of a hypertrophic phenotype, suggesting that the
actin cytoskeleton status affected the chondrocyte phenotype [76,78,79]. This observation
is consistent with other reports showing that bioengineered cartilage from a 3D culture
of passaged chondrocytes in vitro leads to the reorganization of F-actin stress fibers into
a cortical arrangement and promotes chondrocyte redifferentiation [80]. Several studies
indicate that MSCs isolated from different tissues may exhibit biological diversity that
can determine their chondrogenic potential and cell–scaffold interactions [24,35,81–83].
To verify this hypothesis, in the current study, the expression of chondrogenic-related
genes/proteins and F-actin occurrence was analyzed in undifferentiated and differentiated
hDPSCs and hAD-MSCs on PLCL and compared with native chondrocytes on PLCL. The
lower expression of chondrogenic proteins in undifferentiated hDPSCs and hAD-MSCs
on PLCL than in native chondrocytes on PLCL, observed in this study, indicates that the
synthesis of chondrogenic proteins by hDPSCs and hAD-MSCs is associated with weak
activation of chondrogenic genes [35,58,68,84]. Our results showed F-actin expression in
the majority of hDPSCs and hAD-MSCs after 12 days of culture on PLCL, suggesting that
the cells communicate with one another and cooperate with other microfilament-associated
proteins and intercellular adhesion molecules (ICAMs), which influences the behavior of
stem/stromal cells and determines their chondrogenic potential [80,84,85].

In the next step, we analyzed the chondrogenic potential of hDPSCs and hAD-MSCs
grown on PLCL and compared chondrogenic genes/proteins expression and glycosamino-
glycan (GAG) production in chondrocytes derived from differentiated stem/stromal cells
on PLCL with the phenotype of primary chondrocytes cultured on PLCL. Consistent with
many published reports showing the chondrogenic potential of hDPSCs and hAD-MSCs
grown on different scaffolds, we noted that hDPSCs and hAD-MSCs upon chondrogenic
differentiation on PLCL not only changed their stem/stromal phenotype into chondrogenic,
but also changed their shape from fibroblastic to rounded polygonal [9,26,35,36,69,85,86].
Additionally, the chondrogenic capacity of hAD-MSCs and hDPSCs on PLCL was confirmed
with Alcian Blue strong staining, suggesting the production of sulphated proteoglycans
as an effective indicator of hDPSC and hAD-MSC chondrogenic differentiation, as was
reported by other authors [35,67,87]. Interestingly, Alcian Blue staining of chondrocytes
derived from hDPSCs and hAD-MSCs upon chondrogenic induction on the PLCL scaffold
was comparable to the ECM production of primary chondrocytes on PLCL. These results
are similar to other data showing that in hyaluronic acid and alginate scaffolds, GAG was
produced, and Col II was expressed equally by AD-MSCs, BM-MSCs, and chondrocytes [88].
This observation suggests that hDPSCs and hAD-MSCs differentiate into functional chon-
drocytes on PLCL, inducing ECM deposition on the surface of the bioconstruct [35]. The
chondrogenic potential of hDPSCs and hAD-MSCs grown on different scaffolds was in-
vestigated by measuring the proteins synthesis and genes expression of hyaline cartilage
markers in differentiated stem/stromal cells [24,35,69,89]. The significantly higher expres-
sion of Sox9, Col II, and Acan proteins in differentiated hDPSCs and hAD-MSCs on PLCL
compared to undifferentiated cells observed in the present study suggested a positive effect
of the PLCL nanofiber scaffold on the chondrogenic potential of both stem/stromal cell
types [9,24,36,69,85,86]. Similarly to the PLC, PLA, chitosan, and collagen scaffolds, our
results indicated that the PLCL scaffold induced the chondrogenesis of hDPSCs and hAD-
MSCs and that chondrocytes derived from differentiated hAD-MSCs and hDPSCs have a
phenotype comparable to native chondrocytes [9,24,35,36,69,86]. The higher Acan protein
expression found in chondrocytes derived from differentiated hAD-MSCs and hDPSCs
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on PLCL than in native chondrocytes and a comparable level Col II expression found in
both groups of chondrocytes confirmed the chondrogenically differentiated status of the
stem/stromal cells. These results are similar to studies showing that Col II and Acan are
expressed in hDPSCs and hAD-MSCs exposed to a chondrogenic differentiation medium,
and their chondrogenic potential may depend on the cell source, donor, and scaffold used
as a platform for cells [24,35,67–69,76,83,87,88].

Moreover, according to some reports, the differences in Col II and Acan protein ex-
pression observed in this study in chondrocytes derived from hDPSCs/PLCL and hAD-
MSCs/PLCL may depend on the activity of the Sox9 transcription factor, which regulates
Col II and Acan expression, and the activity of the Acan gene, which affects Col II expres-
sion [16,17,37]. Our results are in line with those obtained by Salvador-Clavell et al. [69],
who detected a higher expression of Col II and Acan in chondrogenically induced hDPSCs
than in control samples and suggested that microtissue enhances extracellular cartilage
matrix production. Westin et al. [89] also observed that hDPSCs are able to effectively differ-
entiate into chondrocytes on a porous chitosan–xanthan scaffold and form collagen fibers.

Similar to the results obtained by Ansar et al. [90] and Mardani et al. [88], we showed
that the levels of Col II and Acan in differentiated hAD-MSCs on PLCL were comparable
to those in native chondrocytes. Moreover, our results revealed that not only chondro-
cytes derived from hAD-MSCs and hDPSCs differentiated on PLCL demonstrated the
expression of hypertrophic proteins, such as Col I and Col X, but is also found in native
chondrocytes grown on PLCL at different levels. These results suggest that a hypertrophic
chondrocyte population is not only generated during 28 days of hAD-MSC and hDPSC
chondrogenesis, but also that this process occurs following 12 days of culture of chon-
drocytes on PLCL. According to published reports, there is a high possibility, as found in
the current study, that hypertrophic chondrocytes start to secrete proangiogenic factors
and metalloproteinases that enhance angiogenesis and matrix remodelling upon in vivo
implantation [69,83,88]. Consequently, we assume that the cartilaginous tissue engineering
using hAD-MSCs-PLCL and hDPSCs-PLCL bioconstruct could be eventually remodelled
into bone by endochondral ossification pathway, increasing endochondral ossification
pathway and matrix mineralization, leading to bone formation [91].

The phenotype of stem/stromal cell-derived chondrocytes and native chondrocytes
on bioconstructs may depend on the expression of the Sox9 gene, which inhibits the
differentiation of chondrocytes into prohypertrophic chondrocytes and F-actin stress fibers
expression, which promotes chondrocyte dedifferentiation and induces a hypertrophic
phenotype [35,68,80,92]. The balance between expression Sox9 and F-actin molecule might
be crucial for chondrocyte phenotype [78,79].

Subsequently, an analysis of chondrogenic gene expression, such as Sox9, Col II, and
Acan provided additional evidence on the chondrogenic potential of hDPSCs and hAD-
MSCs grown on a PLCL scaffold. However, differentiated hAD-MSCs and hDPSCs on the
PLCL scaffold displayed variable gene expression profiles compared to native chondro-
cytes on PLCL. The chondrogenically differentiated hAD-MSCs, hDPSCs, and primary
chondrocytes on PLCL had comparable expression of Col II but different expression of Acan
and Sox9 genes. This was reflected in the ECM staining, which showed a similar uptake
profile. Lee at al. [68] also observed such differences and suggested that Sox9 plays a key
role in cartilage formation in the early stage of chondrogenesis and regulates Col II and Acan
expression. The findings of this study align with other studies showing that the chondro-
genic potential of hAD-MSCs and hDPSCs grown on synthetic scaffolds is associated with
the scaffold geometry, which might have a positive influence on the synthesis of cartilage-
specific molecules in differentiated cells [9,24,35,36,69,85]. On the other hand, a comparable
Col II expression in native chondrocytes and those derived from hAD-MSCs and hDPSCs,
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but higher Acan expression in native chondrocytes seeded on PLCL, indicated the bioactive
ability of the scaffold to support chondrogenic differentiation and stabilize the phenotype
of hyaline cartilage chondrocytes [24]. We observed that chondrogenically differentiated
hAD-MSCs and hDPSCs on PLCL displayed a significantly higher level of Col I than undif-
ferentiated stem/stromal cells and chondrocytes. These results suggested early phenotypic
drift in vitro that induced fibrocartilage-like matrix production under chondrogenic condi-
tions [36,85]. The high expression of Col X mRNA found in native chondrocytes/PLCL and
hDPSCs/PLCL after chondrogenic induction in vitro indicated that among native chon-
drocytes and differentiated hDPSCs, there are chondrocytes with hypertrophic phenotype,
which limits their clinical application in cartilage tissue regeneration because native hy-
pertrophic chondrocytes or hypertrophic differentiation of hDPSCs-derived chondrocytes
can mediate crosstalk by regulating cell-matrix degradation and osteoclast recruitment and
transdifferentiating into osteoprogenitors and mature osteoblasts, causing bone matrix syn-
thesis [35,67]. Transformation into hypertrophic chondrocytes remains an important matter
that needs to be further elucidated to improve the regenerative potential of stem/stromal
cells in cartilage repair. As demonstrated in a previous study showing the usefulness of
PLCL in bone regeneration, our results showed that the PLCL membrane is a suitable
platform for stem/stromal cells and chondrocytes and may be used in cartilage tissue
regeneration [53,60,74,93]. However, there are some limitations: firstly, the architecture of
PLCL scaffold is not similar to that of cartilage tissue; secondly, selecting appropriate cell
sources for cartilage tissue engineering, whose quality and quantity are donor-dependent;
thirdly, there are no in vivo experiments that are needed to show the regenerative potential
of hDPSC- and hAD-MSCs-PLCL and chondrocytes-PLCL bioimplants.

5. Conclusions
The results of this study provide solid evidence that the PLCL scaffold promotes

the chondrogenic differentiation of hAD-MSCs and hDPSCs toward chondrocytes with
phenotypic similarities to native chondrocytes. Moreover, the results highlighted that the
PLCL scaffold composition has a positive effect on the behavior of hDPSCs, hAD-MSCs, and
chondrocytes and that the cell–PLCL interaction may affect chondrogenic gene expression
and matrix protein synthesis. However, further research is needed to recommend hAD-
MSCs-PLCL and hDPSCs-PLCL bioconstructs for cartilage tissue engineering.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells15131168/s1, Figure S1. Morphological and phenotypic characterization
of hDPSCs and hAD-MSCs cultured as a monolayer. Representative image of (A) hDPSCs and
(B) hAD-MSCs after 12 d of culturing examined under an inverted light microscope, showing
good adhesion and fibroblastic morphology. Representative flow cytometry analysis of hDPSC and
hAD-MSC phenotypes. (C) hDPSCs and (D) hAD-MSCs were positive for naïve MSCs biomarkers
CD73+/CD90+/CD105+/CD44 and Stro-1, positive for HLA ABC antigen, and negative for HLA DR
and CD31, CD45 expression. Red-filled histograms correspond to MSCs labelled with the analyzed
antibodies, and empty histograms illustrate isotype controls. For Figure S1A,B scale bars: 100 µm.
Figure S2. Lineage differentiation potential of hDPSCs and hAD-MSCs. (A,B) Osteogenesis was
detected by Alizarin Red S staining of mineralized nodules. (C,D) Chondrogenesis was demonstrated
by Alcian Blue matrix staining. (E,F) Adipogenesis was detected by Oil Red O staining of lipid
droplet formation. Negative control cells cultured in non-differentiation α-MEM medium showed as
stars* in square. In panel (A–D,F), scale bars: 100 µm and (E) 50 µm.
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Abbreviations
The following abbreviations are used in this manuscript:

hAD-MSCs Human adipose-derived stem cells
hDPSCs Human dental pulp stem cells
PLCL Poly(L-lactide-co-caprolactone)
RT-PCR Real-time polymerase chain reaction
Col II Collagen type II
Acan Aggrecan
OA Osteoarthritis
BM-MSCs Bone marrow mesenchymal stem cells
ACI Autologous chondrocyte implantation
MACI Matrix-assisted autologous chondrocyte implantation
MSCs Mesenchymal stem cells
SVF Stromal vascular fraction
MFAT Micro-fragmented adipose tissue
ECM Extracellular matrix
MMP-13 Matrix metaloproteinase-13
PGA Polyglycol acid
GPC Gel permeation chromatography
SEM Scanning electron microscopy
α-MEM α-minimum essential medium
ISCT International Society for Cellular
CD Cluster differentiation
DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12
SD Standard deviation
H&E Hematoxylin and eosin
RT Room temperature
PBS Phosphate-buffered saline
DAPI 4′,6-diamidino-2-phenylindole
GAG Sulfated glycosaminoglycans
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Col I Collagen type I
Col X Collagen type X
TBS Tris-buffered saline
DAB 3,3 diaminobenzidine
RNA Ribonucleic acid
RNeasy Ribonuclease
cDNA Complementary DNA
B2M β-2 microglobulin
MTT Mean transit time
RQ Relative quantity
HLA-DR Human Leukocyte Antigen–DR isotype
Gelatin-PCL Gelatin-polycaprolactone
ICAMs Intercellular adhesion molecules
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