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Abstract. Joint cartilage damage affects 10‑12% of the world's 
population. Medical treatments improve the short‑term 
quality of life of affected individuals but lack a long‑term 
effect due to injury progression into fibrocartilage. The use 

of mesenchymal stem cells (MSCs) is one of the most prom‑
ising strategies for tissue regeneration due to their ability to 
be isolated, expanded and differentiated into metabolically 
active chondrocytes to achieve long‑term restoration. For this 
purpose, human adipose‑derived MSCs (Ad‑MSCs) were 
isolated from lipectomy and grown in xeno‑free conditions. 
To establish the best differentiation potential towards a stable 
chondrocyte phenotype, isolated Ad‑MSCs were sequentially 
exposed to five differentiation schemes of growth factors in 
previously designed three‑dimensional biphasic scaffolds 
with incorporation of a decellularized cartilage matrix as a 
bioactive ingredient, silk fibroin and bone matrix, to generate 
a system capable of being loaded with pre‑differentiated 
Ad‑MSCs, to be used as a clinical implant in cartilage lesions 
for tissue regeneration. Chondrogenic and osteogenic markers 
were analyzed by reverse transcription‑quantitative PCR 
and cartilage matrix generation by histology techniques at 
different time points over 40 days. All groups had an increased 
expression of chondrogenic markers; however, the use of 
fibroblast growth factor 2 (10 ng/ml) followed by a combi‑
nation of insulin‑like growth factor 1 (100 ng/ml)/TGFβ1 
(10  ng/ml) and a final step of exposure to TGFβ1 alone 
(10 ng/ml) resulted in the most optimal chondrogenic signa‑
ture towards chondrocyte differentiation and the lowest levels 
of osteogenic expression, while maintaining stable collagen 
matrix deposition until day 33. This encourages their possible 
use in osteochondral lesions, with appropriate properties for 
use in clinical patients.

Sequential growth factor exposure of human Ad‑MSCs improves 
chondrogenic differentiation in an osteochondral biphasic implant
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Introduction

Joint cartilage damage derived from trauma, disease and life‑
time physical wear affects 10‑12% of the world's population (1). 
This percentage is continuously growing due to an aging and 
increasingly overweight society (2). Cartilage consists of an 
extracellular matrix secreted by chondrocytes (3). This tissue 
provides multiple mechanical properties, such as elasticity, 
water retention and friction reduction in joints. The treatment 
for chondral diseases usually focuses on symptomatic relief by 
local or systemic drug treatments and repair procedures such as 
cartilage autograft, autologous chondrocyte implantation and 
subchondral bone microfracture (4). These treatments improve 
the short‑term life quality of patients but lack long‑term effects 
due to their progression to fibrocartilage tissue without the 
elastic properties of the native cartilage (5,6).

Novel alternative therapies for long‑term restoration of 
cartilage damage are in constant development. Among these, 
the use of human mesenchymal stem cells (MSCs), alone or in 
combination with biological scaffolds, is the most promising 
procedure. MSCs have been proposed as an innovative method 
in regenerative medicine for the development of cell‑based 
therapies and are currently being evaluated in a large number 
of clinical trials for cartilage damage repair (7). In vitro, MSCs 
may be differentiated into a chondrocyte‑like phenotype by 
the use of chemical stimuli such as insulin‑like growth factors 
(IGF), bone morphogenic proteins (BMPs) and TGF (8).

Multiple growth factors have been identified as promoters of 
differentiation from MSCs to chondrocytes, such as fibroblast 
growth factor 2 (FGF2), TGFβ1, TGFβ3, BMP2, BMP7 and 
IGF1 (9‑11). Other differentiation techniques include co‑culture 
with native chondrocytes and microenvironment modulation, 
such as the use of bioactive matrices that simulate the biological 
microenvironment of native chondrocytes, in monolayer condi‑
tions or more suitable three‑dimensional (3D) scaffolding 
culture conditions (12). However, these approaches frequently 
lose effectiveness over time due to hypertrophy of differentiated 
chondrocytes (13). This hypertrophic process is modulated by 
a decrease in the expression of the transcription factor SOX9, 
which serves as the major promoter of chondrogenic differentia‑
tion and their metabolic processes, stimulating factors such as 
collagen type II and proteoglycans, and acting as a suppressor of 
runt‑related transcription factor (RUNX2), which is responsible 
for the initiation of the ossification mechanism (14). RUNX2 
is a key transcription factor in the osteoblastic differentiation 
process, bone formation and skeletal morphogenesis  (2,14). 
Long‑term culture of MSC‑derived chondrocytes leads to inhi‑
bition of SOX9 and to hypertrophic progression, increasing the 
expression levels of RUNX2 and matrix replacement by secre‑
tion of proteins such as collagen type X, VEGF, MMP13 and 
alkaline phosphatase (ALPL) (15).

To achieve MSC differentiation into phenotypically stable 
chondrocytes, and cartilage restoration, it is hypothesized 
that a precise combination of chondrogenic and osteogenic 
factors and temporal changes in the local microenvironment 
is required, along with a 3D scaffold ready for its use in the 
repair of human cartilage damage (16,17).

To investigate this, a 3D scaffold that emulates the 
biological conditions and microenvironment typical for native 
chondrocytes was developed to allow human adipose‑derived 

(Ad)‑MSC differentiation and maintenance of phenotypic 
stability under culture conditions free of animal components 
(xeno‑free). The present results were promising for providing 
an advanced medical therapy product in areas of chondral 
damage. In addition, analysis of the differentiation process was 
performed to study the biological mechanisms involved, which 
may be helpful in future experiments of MSC differentiation 
using growth factors (18).

Materials and methods

Patients and samples. The present study was approved by the 
Institutional Ethics and Research Committees of the Faculty of 
Medicine and University Hospital ‘Dr José E. González’ (HU) 
of the Autonomous University of Nuevo Leon (Monterrey, 
México; registry no. PI17‑00360). Lower abdominal adipose 
tissue was collected from the surgical lipoaspirate waste of 
three healthy females (BMI <30), that were >18 years of age 
and demonstrated negative serology (HIV, hepatitis B and C 
virus). Tissue was obtained at the HU between May 2017 and 
June 2018. The adipose tissue was collected in sterile 50‑ml 
conical tubes (cat. no. 430290; Corning, Inc.) and maintained 
at 4˚C for a maximum of 6 h until processing. All patients 
provided written informed consent for the use of their tissue.

Ad‑MSC isolation under xeno‑free conditions. To isolate 
Ad‑MSCs, a modified version of the isolation protocol described 
in Moncada‑Saucedo et al (19) was followed (20). To achieve 
this, lipoaspirate was centrifuged for 10 min at 1,000 x g in a 4˚C 
refrigerated centrifuge (5804R; Eppendorf), the aqueous phase 
was discarded and the adipose tissue was washed with PBS 
(pH 7.4). Tissue was placed in 200‑ml sterile bottles and incu‑
bated with collagenase I 0.1% (cat. no. 17018029; Gibco; Thermo 
Fisher Scientific, Inc.) for 30 min at 37˚C with low agitation for 
tissue digestion and then left to rest without agitation for 5 min 
to allow cells to form a sediment at the bottom of the bottles. The 
fat phase was removed and the aqueous phase and cells were 
centrifuged at 1,000 x g for 5 min at 4˚C to obtain the cell pellet. 
After washing with sterile PBS, the supernatant was discarded 
and cells were resuspended in DMEM (cat. no. 11995065; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% human 
serum (HS; serotype AB+, obtained from healthy donors after 
informed consent was signed) and antibiotic‑antifungal (peni‑
cillin 100 U/ml, streptomycin 100 µg/ml and amphotericin B 
0.25 µg/ml; cat. no. 15240062; Gibco; Thermo Fisher Scientific, 
Inc.). Cells were maintained in 25‑cm2 culture flasks (cat. 
no. 430639; Corning, Inc.) at 37˚C with 5% CO2 for 24 h. The 
supernatant with unattached cells was obtained from the culture 
flasks and incubated in a new 25‑cm2 flask at 37˚C and 5% CO2 
(subculture) for 5 days. The subculture was washed with sterile 
PBS to remove traces of erythrocytes and other suspended cells 
and was finally maintained at 37˚C and 5% CO2 with a change 
of medium every 2 days until cells reached 90% confluence; 
they were then trypsinized (cat. no. 15050065; Gibco; Thermo 
Fisher Scientific, Inc.) and expanded in 150‑cm2 culture flasks 
(cat. no. 430823; Corning, Inc.).

Proliferation analysis. Proliferation analysis of Ad‑MSCs 
under HS or FBS conditions was performed with alamarBlue 
(cat. no.  DAL1100; Invitrogen; Thermo Fisher Scientific, 
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Inc.). Proliferation was tested in biological triplicate every 
24 h for 6 days. Cells were seeded in 96‑well plates (cat. 
no. 3300; Corning, Inc.) at 10,000 cells/well with DMEM 
(cat. no. 11995065; Gibco; Thermo Fisher Scientific, Inc.) 
and 10% HS or 10% FBS (cat. no. 16140071; Gibco; Thermo 
Fisher Scientific, Inc.) and incubated at 37˚C with 5% CO2. For 
each time point, medium was replaced with 10% alamarBlue 
solution in DMEM, after which cells were incubated for 2 h 
at 37˚C and the supernatant was transferred to 96‑well black 
plates (cat. no. 3915; Corning, Inc.). The fluorescence signal 
of the supernatant was measured at 525 nm using a Glo‑Max 
multi detection system (Promega Corporation).

Expression of multipotential MSC markers. To evaluate the 
undifferentiated stage (multipotential) of the isolated MSCs, 
Nanog homeobox (NANOG) and octamer‑binding transcrip‑
tion factor (OCT3/4), which are transcription factors involved 
in self‑renewal and maintenance of the undifferentiated stage 
of MSCs (21,22), were evaluated by immunofluorescence (IF). 
Stage‑specific embryonic antigen 4 (SSEA4), a cell surface 
antigen of embryonic stem cells, was included as a negative 
control (23,24). The isolated cells in passage 3 were seeded 
in duplicate with a seeding density of 10,000 cells/well in 
8‑well culture chambers (cat. no. 154534; Nunc; Thermo Fisher 
Scientific, Inc.). Once they reached 90% confluence, the culture 
medium was removed and the cells were washed with PBS 
followed by 5 min of incubation at room temperature with 
cytoskeleton buffer (CB) composed of the following: 2‑ethane‑
sulfonic acid (10 mM), NaCl (150 mM), EGTA (5 mM), MgCl 
(5 mM) and glucose 5 (mM). CB was then removed and fixa‑
tion was performed with 3% formaldehyde (cat. no. HT501128; 
Sigma‑Aldrich; Merck KGaA) diluted in CB for 10 min at 
room temperature. Cells were permeabilized with 0.05% Triton 
X‑100 (cat. no. T8787; Sigma‑Aldrich; Merck KGaA) for 5 min, 
then washed with PBS and blocked for non‑specific sites by 
treatment with 0.5% bovine serum albumin (cat. no. A3294; 
Sigma‑Aldrich; Merck KGaA) for 30 min at room temperature.

Cells were incubated overnight at 4˚C with a 1:100 dilution of 
specific primary antibodies against NANOG (cat. no. sc‑293121), 
OCT3/4 (cat. no. sc‑5279) and SSEA4 (cat. no. sc‑21704; all from 
Santa Cruz Biotechnology, Inc.) in a wet chamber. Samples 
were then washed with PBS‑Tween 20 (0.01%) and incubated 
with anti‑mouse IgG secondary antibody conjugated with Alexa 
Fluor® 488 (cat. no. ab150113; 1:1,000) and rhodamine phalloidin 
(cat. no. ab235138; 1:60; all from Abcam) for 2 h at room temper‑
ature to stain actin filaments. After the final wash, assembly 
of the culture slides was performed with VectaShield (cat. 
no. H‑1200‑10; Vector Laboratories, Inc.; Maravai LifeSciences) 
mounting medium containing DAPI as a counterstain for nuclei. 
The slides were observed under a fluorescence microscope 
(magnification, x20; Olympus AX70; Olympus Corporation) and 
whole sections were analyzed. Selected markers were expected 
to exhibit green fluorescence for NANOG and OCT3/4, with a 
counterstain of blue fluorescence for the nuclei and red for actin 
filaments of the cytoskeleton.

Biphasic scaffold manufacturing. Bovine cartilage matrix 
was obtained from the scrapings of femoral condyles from 
19 fresh bovine knees obtained through a certified slaugh‑
terhouse and decellularized with hypotonic buffers (19). Full 

decellularization was assured by H&E staining. Bovine bone 
chips were obtained by perforation of the same bovine knees 
after cross‑sectional slicing of the condyle area, followed by 
decellularization with hydrogen peroxide according to the 
decellularization method described by Pérez‑Silos et al (25) to 
avoid host rejection of the material (26).

The 3D biphasic scaffolds were assembled as previously 
described (19) to generate a 2‑mm cartilage upper phase and 
a 4‑mm bone phase at the bottom. The 1:1 mixture of decel‑
lularized bovine cartilage matrix and NaCl with a particle size 
of 77‑177 µm, selected by sifting through sieves (Mont Inox), 
was placed inside polytetrafluoroethylene (PTFE) molds with 
an internal diameter of 6 mm, previously sealed at the bottom 
with sealing film (cat. no. P7793‑1EA; Parafilm). The mixture 
was slightly compacted at the bottom of the mold and 8% 
of silk fibroin (cat. no. 5154‑20ML; Advanced BioMatrix), 
previously lyophilized and dissolved in hexafluoroisopropanol 
(cat. no. 105228‑1006; Sigma‑Aldrich; Merck KGaA), was 
added and the mixture was left to rest for 2 min to achieve 
a homogeneous distribution between the NaCl and cartilage 
matrix. Subsequently, a bone chip was submerged in 90% 
methanol; the excess of methanol was removed and the bone 
chip was slightly compressed over the mixture in the PTFE 
mold to maintain the union between all of the components. 
PTFE molds with the mix were covered and left to rest for 
24 h, and then the sealing film was removed and molds were 
submerged in 90% methanol for 1 h. Biphasic scaffolds were 
removed from the molds and washed for 3 days in ultrapure 
water to remove the NaCl and obtain pores of the desired size 
(77‑177 µm). The scaffolds were freeze‑dried, sterilized with 
ethylene oxide and stored at room temperature until use.

Ad‑MSC chondrogenic differentiation protocol. Ad‑MSCs 
were initially divided into five groups (A to E; Fig. 1) and 
differentiated in DMEM with added dexamethasone 100 nM 
(cat. no.  D2915‑100MG; Sigma‑Aldrich; Merck KGaA), 
L‑ascorbic acid 50 µg/ml (cat. no. 013‑19641; FUJIFILM Wako 
Pure Chemical Corporation) and insulin‑transferrin‑selenium 
10 µg/ml (cat. no. 25‑800‑CR; Gibco; Thermo Fisher Scientific, 
Inc.).

In the first step, all groups were exposed to human 
recombinant FGF2 (cat. no. SRP4037‑50UG; Sigma‑Aldrich; 
Merck KGaA) at 10 ng/ml for 5 days until cells reached 90% 
confluence in 150‑cm2 culture flasks (cat. no. 430823; Corning, 
Inc.). After this period, human recombinant growth factors 
IGF1 (100 ng/ml; cat. no. SRP3069‑100UG; Sigma‑Aldrich; 
Merck KGaA) and TGFβ1 (10 ng/ml; cat. no. T7039‑2UG; 
Sigma‑Aldrich; Merck KGaA) alone or in combination were 
added to each one of the five groups, following the scheme 
presented in Fig. 1. Exposure to growth factors was performed 
in a monolayer until day 9, following which the cell monolayer 
was trypsinized and cells were seeded in the chondral phase 
of the biphasic scaffolds by injection of 300,000 cells/scaffold. 
The cells in the scaffold were maintained with the exposure 
scheme in 48‑well cell culture plates (cat. no. 142475; Nunc; 
Thermo Fisher Scientific, Inc.) until day 40. The scaffolds 
were processed, and reverse transcription‑quantitative PCR 
(RT‑qPCR) for chondrogenic and osteogenic markers (by trip‑
licate) and histological techniques at different time points (by 
duplicate) were performed.
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RNA isolation and expression analysis. Total  RNA was 
isolated with TRIzol® reagent (cat. no. 15596018; Invitrogen; 
Thermo Fisher Scientific, Inc.). The two‑phase scaffold 
was separated into its cartilage and bone phases, cartilage 
phase was homogenized by cutting it into small pieces with 
sterile scissors followed by mechanical disaggregation with 
TissueRuptor II (cat. no. 9002756; Qiagen GmbH) using a 
steel probe. The homogenized sample was then centrifuged at 
14,000 x g for 10 min at 4˚C and the supernatant was collected 
and processed according to the manufacturer's protocol. 
The RNA was resuspended in 50 µl ultrapure water and the 
integrity was analyzed via electrophoresis in 1% agarose gel. 
The purity and concentration of RNA were determined using 
a NanoDrop™ 1000 (NanoDrop Technologies; Thermo Fisher 
Scientific, Inc.).

RNA was retrotranscribed from 1 µg of total RNA with 
the High‑Capacity cDNA Reverse Transcription Kit (cat. 
no. 4368813; Applied Biosystems; Thermo Fisher Scientific, 
Inc.) following the manufacturer's protocol with the use of 
random hexamers at a final volume of 20 µl. The temperature 
program was as follows: 25˚C for 10 min, 37˚C for 120 min 
and 85˚C for 5 min. cDNA stored at ‑20˚C until use.

Expression analysis of the differentiation groups was 
performed at 0, 5, 9, 12, 26, 33 and 40 days using three scaffolds 
for each time point (biological triplicate). The expression levels 
of the genes SOX9, aggrecan (ACAN), cartilage oligomeric 
matrix protein (COMP), collagen type II α 1 chain (COL2A1), 
COL10A1 (chondrogenic markers), RUNX2, ALPL, MMP13, 
COL1A2, COL10A1 and osteopontin (SPP1) (osteogenic 
markers) were determined. Thy‑1 cell surface antigen (THY1; 
CD90) gene expression (MSC marker) was also assessed. 
qPCR was performed with mRNA‑specific primers previously 
designed with Oligo 7 software v7.6 (Table I) using 100 ng of 
cDNA and PowerUp SYBR Green Master Mix (cat. A25776; 
Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR 
was conducted in a StepOnePlus thermal cycler (cat. 4376600; 
Applied Biosystems; Thermo Fisher Scientific, Inc.) with the 
following cycling conditions: 50˚C for 2 min, and 40 cycles of 
denaturation at 95˚C for 15 sec and annealing/extension at 60˚C 

for 1 min. Results were analyzed with the 2‑∆ΔCq method (27) 
using GAPDH as an endogenous control.

Histological analysis. Histological analysis in duplicate was 
performed on the cellularized scaffolds at different time 
points (12, 19, 33 and 40 days). The scaffolds were withdrawn 
from the growth medium, washed with PBS and fixed in 10% 
formalin solution for 48 h at room temperature. Scaffolds were 
decalcified with 14% EDTA for 7 days, followed by gradual 
dehydration with acetone‑xylol, to be embedded in paraffin. 
Longitudinal sections (5 µm) of the paraffin scaffolds were 
stained with H&E (28) to evaluate the cell distribution after 
3 days of scaffold cellularization, as well as new matrix forma‑
tion within the scaffold at the specified time points (12, 19, 
36 and 40 days). Collagen formation and extracellular matrix 
fibrosis were evaluated with Masson's trichrome staining (29) 
at the specified time points (12, 19, 36 and 40 days). Slides 
were observed under a microscope (magnification, x10 and 
x20; Leica DMRA; Leica Microsystems GmbH) and histo‑
logical qualitative results were determined by blinded analysis 
of at least 3 optical fields by a pathology expert.

Statistical analysis. Values are expressed as the mean ± stan‑
dard deviation. Statistical analysis was performed with 
GraphPad Prism 5 software (GraphPad Software, Inc.) using 
one‑way ANOVA with Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Isolation and standardization of the xeno‑free cell culture. 
Isolation of Ad‑MSCs was performed from lipoaspirate. Cells 
obtained after the subculture process exhibited typical MSC 
characteristics, such as adherence to plastic substrate and 
fibroblastoid morphology, reaching a high confluence after 
10 days of isolation (Fig. 2A). Identification of MSC surface 
markers CD73, CD90 and CD44, and positive three‑lineage 
differentiation, assessed previously by our research group by 
Moncada‑Saucedo (20).

Figure 1. Growth factor treatment schedules designed for chondrogenic differentiation of adipose‑derived mesenchymal stem cells. Schematic diagram of 
the five differentiation scheme groups. Triplicate samples were set up for each time point of marker expression analysis (0, 5, 9, 12, 19, 26, 33 and 40 days) 
and duplicates for each histology analysis timepoint (12, 19, 33 and 40 days). At day 9, cells were transferred from the monolayer to the biphasic scaffold. 
IGF, insulin‑like growth factor; FGF, fibroblast growth factor.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  1282,  2021 5

Ad‑MSC proliferation was analyzed in the presence of 
FBS and HS. The relative cell proliferation in HS medium was 
almost two times higher than that in FBS medium on day 6 of 
proliferation (Fig. 2B), thereby improving the culture of the 
cells under xeno‑free conditions.

In addition, IF detection of principal transcription factors 
present in adult isolated stem cells (NANOG and OCT3/4), 
along with SSEA4 as a negative control, was performed to 
evaluate the multipotent characteristics of the Ad‑MSCs 
(Fig. 3). IF analysis of isolated Ad‑MSCs demonstrated the 
presence of NANOG and OCT3/4 in the cells; NANOG was 
observed in both the nuclei and cytoplasm, while OCT3/4 had a 
specific nuclear compartmentalization. SSEA4 was confirmed 
to be negative in the adult isolated stem cells.

Osteochondral biphasic scaffold manufacture and cell 
migration evaluation. The described method allows for the 
generation of easily reproducible biphasic scaffolds (Fig. 4A), 
able to maintain the cartilage structure until the differentiated 
cells secrete the new cartilage matrix. Migration analysis of 

pre‑differentiated cells indicated that these cells have a strong 
preference for the chondral phase (Fig. 4B), maintaining tropism 
for the bioactive material of the chondral phase (decellularized 
bovine cartilage matrix), as indicated in previous experiments 
performed by our research group (19). H&E staining suggested 
that Ad‑MSC cells migrated into the scaffold and 1 or 2 cells 
were located in the empty spaces corresponding to the native 
chondral lagoons, forming isogenic groups (Fig. 4C). These 
results demonstrated that these cells were able to adopt a 
cellular conformation similar to that of native cartilage tissue.

Sequential exposure differentiation and expression analysis. 
Evaluation of differentiation and hypertrophy of Ad‑MSCs was 
performed by measuring the relative expression of chondrogenic 
and osteogenic mRNA markers via RT‑qPCR. The expression 
levels of the mesenchymal marker THY1 increased during 
preconditioning with FGF2, with a subsequent decrease when 
FGF2 was removed at early culture times in the 3D scaffold to 
finally increase to its maximum at 26 days of differentiation 
and decrease in the late stages of differentiation (Fig. 5A).

Table I. PCR primers designed for mesenchymal, chondrogenic and osteogenic markers.

A, Chondrogenic markers

Gene	 Forward primer (5'-3')	 Reverse primer (5'-3')

SOX9	 AACGGCTCCAGCAAGAACAAG	 GCTCCGCCTCCTCCACGAAG
ACAN	 CAACAATGCCCAAGACTACCAG	 TTCCACTCGCCCTTCTCGTG
COMP	 CAGACAATGAACAGCGACCC	 GCCTGCCAATACGTTTGCTC
COL2A1	 TCATCCAGGGCTCCAATGACGTG	 AACAGTCTTGCCCCACTTACCG

B, Osteogenic markers

Gene	 Forward primer (5'-3')	 Reverse primer (5'-3')

RUNX2	 GAACTCGTCCGCACCGACAG	 ATCGTTACCCGCCATGACAGT
ALPL	 CGGCCTGGACCTCGTTGACA	 ACGTTGTTCCTGTTCAGCTCGTA
MMP13	 CGCCAGACAAATGTGACCCTT	 AAAACAGCTCCGCATCAACC
COL10A1	 CGCCAGACAAATGTGACCCTT	 AAAACAGCTCCGCATCAACC
COL1A2	 TAGAAAGAACCCAGCTCGCACA	 GGTTTCGCCAGTAGAGAAATCACA
SPP1	 AAGAAGTTTCGCAGACCTGACATCC	 TGCACCATTCAACTCCTCGCTTT

C, Mesenchymal marker

Gene	 Forward primer (5'-3')	 Reverse primer (5'-3')

THY1	 CACACATACCGCTCCCGAAC	 CTGATGCCCTCACACTTGACCA

D, Endogenous gene

Gene	 Forward primer (5'-3')	 Reverse primer (5'-3')

GAPDH	 ACAACAGCCTCAAGATCATCAGC	 TCACGCCACAGTTTCCCGGAG

THY1, Thy‑1 cell surface antigen; ACAN, aggrecan; COMP, cartilage oligomeric matrix protein; COL2A1, collagen type  II α 1 chain; 
RUNX2, runt‑related transcription factor 2; ALPL, alkaline phosphatase; SPP1, osteopontin.
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Analysis of chondrogenic marker expression (Fig. 5B) 
demonstrated maximal expression of SOX9 between 12 and 
19 days of exposure, decreasing over time in all scheme 

groups. Furthermore, the expression of the chondrogenic 
markers ACAN and COL2A1 increased for up to 19 days 
of differentiation, reaching its maximum level at 26 days, 

Figure 2. Isolation and proliferation of Ad‑MSCs. Ad‑MSCs were observed after isolation from adipose tissue and relative proliferation was assessed under HS 
and FBS conditions. (A) Cells were evaluated for cell morphology and confluence at 3, 6 and 10 days after isolation. Red blood cells were observed at day 3 as 
small circular cells. Ad‑MSCs displayed adherence to culture flasks, with a fibroblastoid morphology (scale bars, 100 µm). (B) Relative cell proliferation was 
analyzed for 6 days; the relative proliferation increased significantly with cell culture under HS conditions. *P<0.05 vs. 10% FBS. Ad‑MSCs, adipose‑derived 
mesenchymal stem cells; HS, human serum.

Figure 3. Immunofluorescence analysis of pluripotent factors in adipose‑derived MSCs. MSC pluripotential markers NANOG and OCT3/4 were visualized 
by secondary antibody conjugated with Alexa 488 (green fluorescence). The negative control SSEA4 did not exhibit a signal in the cells. Nuclei and actin fila‑
ments were visualized with DAPI and rhodamine phalloidin, respectively (scale bars, 100 µm). MSCs, mesenchymal stem cells; NANOG, Nanog homeobox; 
OCT3/4, octamer‑binding transcription factor; SSEA4, stage‑specific embryonic antigen 4.
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Figure 4. Cell migration into the biphasic scaffold. Cell migration inside the biphasic scaffolds was analyzed by H&E staining. (A) Macroscopic view of the 
biphasic scaffold, in which the CP and OP may be observed. (B) Microscopic view of the interphase between the CP and OP. The dotted line indicates the 
phase borderline and Ad‑MSCs were present only in the CP of the scaffold (blue arrows). No cells were present in the OP, where empty lacunae can be observed 
(green arrows) (scale bar, 200 µm). (C) Zoom view of the CP. Ad‑MSCs may be observed inside the cartilage lacunae (blue arrows), individually aligned or 
forming isogenic groups (scale bar, 100 µm). Ad‑MSCs, adipose‑derived mesenchymal stem cells; CP, chondrogenic phase; OP, osteogenic phase.

Figure 5. Expression of mesenchymal and chondrogenic markers in Ad‑MSCs determined by reverse transcription‑quantitative PCR. Ad‑MSCs subjected 
to the differentiation schemes A‑E were analyzed for (A) mesenchymal marker [THY1 (CD90)] and (B) chondrogenic marker (SOX9, ACAN, COMP and 
COL2A1) expression at different time points of exposure. Dotted lines indicate the change from monolayer to biphasic scaffold. *P<0.05 (group B vs. all 
other groups). Ad‑MSCs, adipose‑derived mesenchymal stem cells; THY1, Thy‑1 cell surface antigen; ACAN, aggrecan; COMP, cartilage oligomeric matrix 
protein; COL2A1, collagen type II α 1 chain.
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to decrease at 33 days. At this point, ACAN and COL2A1 
(two of the main components of the cartilage matrix) had an 
increased expression in group B compared with other differ‑
entiation schemes. COMP (chondrogenic marker) underwent 
a ‘reset’ or decreased expression during the monolayer culture 
transfer to the biphasic scaffold, before increasing in the 3D 
scaffolds; high expression was sustained in groups B and E. 
The expression patterns of the chondrogenic markers indi‑
cated that all groups underwent a process of chondrogenic 
differentiation; however, group B [FGF2 (10 ng/ml) followed 
by IGF1 (100 ng/ml)/TGFβ1 (10 ng/ml) followed by TGFβ1 
(10 ng/ml)] had the highest capacity towards chondrocyte 
differentiation.

On the other hand, analysis of osteogenic markers (Fig. 6) 
provided different expression signatures depending on the 
differentiation protocol. RUNX2 expression was increased 
since the preconditioning with FGF2 and maintained across 
the differentiation stages. Expression analysis indicated a 
linear and steady expression of RUNX2 until day 40. The 
osteogenic marker ALPL maintained a relatively low expres‑
sion for 33 days with a high increase at 40 days, with notably 
increased expression in the D group [IGF1 (100 ng/ml)]. The 
expression of the metalloprotease MMP13 increased to a 
maximum at 26 days, while COL10A1 expression started at 

day 19, increasing to a maximum between 26 and 33 days, 
particularly in group E [TGFβ1 (10 ng/ml)] and decreasing 
at day 40. COL1A2 and SPP1 displayed a similar expression 
pattern, maintaining reduced expression throughout the differ‑
entiation process with an increase at day 40, where group A 
exhibited the biggest increase of these markers.

Histological analysis. Histological analysis revealed new 
acidophilic amorphous material formed over time, which 
produced a homogeneous tissue similar to native cartilage 
(Fig. 7). In addition, the biodegradability of silk fibroin was 
observed over time, with only traces on day 40. The remodeling 
of the cartilage matrix was evaluated with Masson's trichrome 
staining, where collagen was stained blue and fibrous tissue 
turned into a reddish color. In most groups, collagen decreased 
over time, while the amount of fibrous matrix increased at later 
stages (Fig. 8).

Group B maintained the most stable collagen matrix until 
day 33; however, an apparent fibrotic process began between 
days 33 and 40. In groups A, C, D and E, the fibrotic process 
started before day 33, with a small amount of collagen and 
high calcification observed at day 40. These observations 
suggested that, despite the presence of certain hypertrophic 
markers, group B maintained the lowest levels of osteogenic 

Figure 6. Expression of osteogenic markers in Ad‑MSCs determined by reverse transcription‑quantitative PCR. Ad‑MSCs subjected to the differentiation 
schemes A‑E were analyzed for osteogenic markers (RUNX2, ALPL, MMP13, COL10A1, COL1A2 and SPP1) at different time points of exposure. Dotted 
lines represent the change from monolayer to biphasic scaffold. Ad‑MSCs, adipose‑derived mesenchymal stem cells; RUNX2, runt‑related transcription 
factor 2; COL1A2, collagen type I α 2 chain; ALPL, alkaline phosphatase; SPP1, osteopontin.
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expression, while it had higher expression of chondrogenic 
markers compared with the other groups, retaining its prop‑
erties until day 33 at the histological level. It was indicated 
that group B was subjected to the most optimal protocol of 
growth factor application for chondrogenic differentiation of 
Ad‑MSCs with conditions suitable for human use.

Discussion

Native cartilage properties hinder its regenerative abilities 
once tissue reaches maturity and, despite being generated by 
a single cellular lineage, the medical approaches to regen‑
erate a damaged area face a big challenge that has not been 
surpassed (30,31). MSCs are undifferentiated cells with the 
ability to proliferate, migrate and differentiate into different 
cell lineages. In vivo, these cells support the maintenance, 
renewal and regeneration of human tissues (32). For this reason, 
isolation and in vitro differentiation of MSCs is a promising 
therapy for the regeneration of most human tissues (18,33,34). 
However, optimal culture and differentiation conditions for 
this purpose are still in development (35,36).

MSCs may be isolated from multiple human tissues (bone 
marrow, dental pulp and umbilical cord)  (37). However, 
adipose tissue, usually obtained from surgical waste, is easily 
accessible and contains a relatively high number of MSCs, 
with adequate properties for cell culture, proliferation, differ‑
entiation and minimum ethical considerations (38), which may 

be used to generate a chondrocyte‑like phenotype through its 
stimulation for chondrogenesis.

Biological chondrogenesis is regulated by signaling 
molecules (growth factors), and by cell‑cell and cell‑matrix 
interactions. In vitro models of MSCs are capable of inducing 
chondrogenic differentiation by the use of growth factors 
and/or biomaterials  (39,40). In the present study, it was 
proposed that the simultaneous use of a combination of growth 
factors and matrix stimuli (bioactive scaffold) on Ad‑MSCs 
may achieve stable chondrogenic differentiation, with the aim 
of developing a long‑term therapy for human cartilage injuries, 
in the form of a medical implant loaded with pre‑differentiated 
Ad‑MSCs, to generate a medical implant capable of assisting in 
cartilage regeneration. The scaffolds should have the following 
properties: i)  Biocompatibility with the adjacent tissue; 
ii) biodegradability; iii) allow cellular migration and adhesion; 
and iv) ability to resist the mechanical load until the tissue is 
fully regenerated (5,41). To achieve these properties, a biphasic 
scaffold with decellularized cartilage as a bioactive ingredient 
was developed by our group, which has been demonstrated to 
promote MSC migration, adhesion and cell‑matrix signaling 
that may improve chondrogenic differentiation (19,42). Silk 
fibroin was used as the adhesive material to hold together the 
fragments of cartilage. It had the properties of being able to 
generate pores for cell migration and hold together bone and 
cartilage phases, as well as flexibility to allow mechanical 
load (43).

Figure 7. H&E staining of cellularized biphasic scaffolds. Matrix formation in cellularized biphasic scaffolds subjected to the aforementioned differentiation 
schemes was analyzed by H&E staining at different times of exposure (12, 19, 33 and 40 days). The generation of a filling tissue may be observed as an 
amorphous and acellular tissue between cartilage matrix fragments (scale bar, 100 µm).
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In the present study, the biphasic scaffolds developed had 
an upper 2‑mm thick phase that simulates native cartilage 
conditions for further implantation, with native cartilage char‑
acteristics, such as flexibility, water retention and mechanical 
resistance to compression (25). The lower 4‑mm thick phase 
of decellularized bone matrix chips served as support for the 
cartilage phase implantation and integration of cartilage with 
adjacent tissue. Pre‑differentiated Ad‑MSCs were introduced 
into the biphasic scaffold via direct injection of a cell suspen‑
sion into the chondral phase of the biphasic scaffold, where the 
pore size, growth conditions and cartilage substrate allowed 
the migration of cells within the whole scaffold.

For efficient differentiation, a precise balance of chondro‑
genic and osteogenic factors with temporal changes in the 
local microenvironment is required (41). RUNX2 is neces‑
sary at the first step of differentiation (together with SOX9) 
to achieve chondrogenic differentiation, also acting as an 
osteogenic marker after differentiation and at the beginning 
of the hypertrophic process (44). In addition, native embryonic 
cells express RUNX2 during the early stages of chondrocyte 
differentiation, and the generation of mice deficient in RUNX2 
leads to a lack of chondrocyte maturation (45). Thus, a proper 
combination of microenvironment modulation, the appropriate 
stimuli and an adequate period of exposure are necessary for 
the maintenance of a stable phenotype.

Previous research has demonstrated that the addition of 
FGF2 in the expansion phase of MSC culture increases their 

proliferation, and predisposes cells to undergo chondrocyte 
differentiation and matrix secretion in a SOX9‑independent 
mechanism, by its coupling to the FGF receptor (46‑48). In 
addition, IGF1, a growth factor commonly used for chondro‑
genic differentiation, is capable of MSC differentiation and 
increase of extracellular matrix secretion at the first stages of 
differentiation, but is also one of the principal promoters of the 
hypertrophic process and matrix replacement in the late stages 
of chondrogenic differentiation; that is why IGF1 needs to be 
removed from the differentiation scheme after the first stages. On 
the other hand, TGFβ1 inhibits hypertrophic differentiation (49), 
and promotes SOX9 activation and chondrogenic differentia‑
tion, with a synergistic effect with IGF1 (50) in the first stages of 
biological MSC differentiation to chondrocytes (9,51).

In the present study, all of the tested schemes achieved 
differentiation of Ad‑MSCs to a chondrocyte‑like phenotype; 
however, there were differences between group schemes, 
depending on the sequential order and concentration of the 
growth factors. The expression analysis and histological 
results indicated that group B [FGF2 (10 ng/ml), followed by a 
combination of IGF1 (100 ng/ml)/TGFβ1 (10 ng/ml) and a final 
exposure step of TGFβ1 alone (10 ng/ml)] led to a more efficient 
chondrogenesis and decreased hypertrophic progression.

The use of IGF1 at a continuous dose led to the lowest degree 
of differentiation and matrix generation, while the synergistic 
effect of the use of IGF1 plus TGFβ1 in the differentiation of 
MSCs to the chondrocyte phenotype (50), which was validated 

Figure 8. Masson's trichrome staining of cellularized biphasic scaffolds. Matrix formation in cellularized biphasic scaffolds exposed to the aforementioned 
differentiation schemes was analyzed by Masson's trichrome staining at different times of exposure (12, 19, 33 and 40 days). Collagen matrix with blue staining 
and fibrous tissue with red staining may be observed (scale bar, 100 µm).
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by the expression analysis of group D (with IGF1 alone) and 
group E (with TGFβ1), the combination of which (group B) 
achieved preferable differentiation results.

Maintaining differentiated cells with low levels of TGFβ1 
(1 ng/ml) (group A) failed to prevent endochondral ossification, 
leading to the highest levels of certain osteogenic markers. 
This may be due to the following: i) An insufficient concentra‑
tion of TGFβ1 to maintain the chondrogenic phenotype and to 
avoid endochondral ossification; ii) natural degradation of the 
growth factor over time; iii) a lower rate of diffusion inside 
the biphasic scaffold; or iv) a low ratio between the TGFβ1 
concentration and cell number after proliferation inside the 
scaffold. Finally, a higher concentration of TGFβ1 (10 ng/ml) 
in the candidate scheme (group B) maintained chondrogenic 
differentiation while cell hypertrophy was decreased, even 
under extensive growing times (until >33 days).

The unexpected behavior of the CD90 mesenchymal 
marker along the exposure period is consistent with the study 
by Hagmann et al (46), who reported that the addition of FGF2 
to the culture medium alters the expression patterns of the 
CD90 marker in MSCs.

Comparison among the test conditions for differentiation 
used in the present study indicated that group B had the most 
effective differentiation potential towards more phenotypi‑
cally stable chondrocytes. However, an important limitation 
of the present study was the lack of a non‑differentiated group 
for RT‑qPCR and histology, to determine the absolute values 
in the differentiation groups in comparison to MSCs without 
differentiation.

For the adequate clinical use of regenerative therapy, it is 
important that isolation and culture methods are performed under 
conditions that may be extrapolated for medical use (xeno‑free 
conditions), which allows the use of Ad‑MSCs for a wide range 
of clinical applications, minimizing the possibility of an adverse 
reaction or host rejection, in addition to inhibiting changes in 
molecular signaling pathways. The present study focused on 
chondrocyte differentiation under clinically relevant conditions, 
with the use of decellularized materials and animal‑free medium 
conditions with the use of HS (to avoid cellular signaling changes 
and immune response), which also demonstrated improved 
proliferation compared with FBS conditions.

In conclusion, the present results demonstrated that the use 
of clinically relevant conditions, together with an improved 
differentiation protocol of growth factors in sequence 
and concentrations to emulate biological chondrogenesis 
(group B), in a 3D scaffold that simulates native cartilage, 
allows the possible use of these differentiated cells in an 
implant for cartilage damage. Future perspectives of this work 
include pre‑clinical testing of the present method, the use of 
decellularized human cartilage and bone materials, and cell 
differentiation in a porcine model of cartilage damage to 
examine the safety, biodegradability and regenerative capacity 
of the technique of differentiation in the 3D scaffold.
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