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The inability of cartilage to self-repair necessitates an effective therapeutic approach to restore damaged tissues. Extracellular
vesicles (EVs) are attractive options because of their roles in cellular communication and tissue repair where they regulate the
cellular processes of proliferation, differentiation, and recruitment. However, it is a challenge to determine the relevant cell
sources for isolation of EVs with high chondrogenic potential. The current study aims to evaluate the chondrogenic potential
of EVs derived from chondrocytes (Cho-EV) and mesenchymal stem cells (MSC-EV). The EVs were separately isolated from
conditioned media of both rabbit bone marrow MSCs and chondrocyte cultures. The isolated vesicles were assessed in terms of
size, morphology, and surface marker expression. The chondrogenic potential of MSCs in the presence of different
concentrations of EVs (50, 100, and 150μg/ml) was evaluated during 21 days, and chondrogenic surface marker expressions
were checked by qRT-PCR and histologic assays. The extracted vesicles had a spherical morphology and a size of 44:25 ± 8:89
nm for Cho-EVs and 112:1 ± 10:10 nm for MSC-EVs. Both groups expressed the EV-specific surface markers CD9 and CD81.
Higher expression of chondrogenic specified markers, especially collagen type II (COL II), and secretion of glycosaminoglycans
(GAGs) and proteoglycans were observed in MSCs treated with 50 and 100μg/ml MSC-EVs compared to the Cho-EVs. The
results from the use of EVs, particularly MSC-EVs, with high chondrogenic ability will provide a basis for developing
therapeutic agents for cartilage repair.

1. Introduction

Articular cartilage (AC) does not have blood vessels and pos-
sesses low cell density; therefore, even minor injuries can lead
to disorders such as osteoarthritis (OA) [1]. Traditional thera-
peutic methods that include drug therapy and surgery are
unable to completely heal the injured cartilage [2, 3]. Among
various novel approaches, administration of extracellular ves-

icles (EVs) is under consideration as a cell-free and noncellular
approach. EVs overcome the challenges attributed to stem cell
therapy such as immunogenicity and tumorigenesis [4, 5].

EVs are vesicles that have lipid bilayer membranes, which
can be isolated from a variety of cells as well as body fluids
such as serum, saliva, cerebrospinal fluid, and synovial fluid
[6, 7]. The results of the studies show that the contents of
EVs are representative of the cells fromwhich they are isolated

Hindawi
BioMed Research International
Volume 2021, Article ID 9011548, 12 pages
https://doi.org/10.1155/2021/9011548

https://orcid.org/0000-0002-9461-4964
https://orcid.org/0000-0002-8482-2786
https://orcid.org/0000-0002-5701-6666
https://orcid.org/0000-0002-1036-0072
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9011548


[8–10]. Among various cell sources, EVs derived from mesen-
chymal stem cells (MSC-EVs) have been extensively used to
repair different tissues, including the heart and kidneys [11,
12]. Several research groups have also studied the effect of
EVs isolated from different MSC sources on cartilage tissue
repair. Zhang et al. evaluated the regenerative ability of EVs iso-
lated from human embryo-derived MSCs on osteochondral
defects. They observed the formation of subcartilaginous
bone-like tissue and hyaline cartilage tissue after 12 weeks in
the knee that was treated with EVs, whereas fibrocartilage
formed in the control group [13]. Zhang et al. investigated the
effect of MSC-derived EVs on cell growth and migration,
immune response, and ECM synthesis through s-ACAN and
collagen type II (COL II) at the osteochondral defects. Their
findings confirmed an increase in growth and migration of
chondrocytes in groups treated with EVs [14]. It has been
demonstrated that embryonic stem cell-induced MSC-derived
exosomes can mitigate cartilage destruction and matrix degra-
dation in destabilized medial menisci (DMM) in C57BL/6
mouse models of OA. Their results indicated a reduction in
ADAMTS5 expression in the presence of IL-1β and an eleva-
tion in COL II synthesis [15]. Genetically modified cells were
also used to enrich the EV content. The results of these studies
revealed that anymodifications to cell sources would impact the
EV contents and confirmed the role of the microenvironment
on determining the EV content [16, 17]. In a study performed
by Tao’s group, EVs isolated from manipulated synovial MSCs
led to increased proliferation and differentiation into chondro-
cytes in vitro. These EVs could also prevent the progression of
OA in a rat model [18]. Although the positive effect of EVs
on cartilage regeneration has been addressed, researchers have
yet to clarify whether EVs isolated from different cell sources
have similar chondrogenic capacities.

Chondrocytes are another cell source in cartilage tissue in
addition to chondrocyte progenitor cell (CPC) and BMSCs.
According to Wang et al., both CPCs and chondrocytes are
more capable of chondrogenesis than BMSCs [19]. Thus,
chondrocytes provide a convenient cell source for EV isola-
tion, and it is expected that they can repair cartilaginous tissue
because of their location in the cartilaginous niche. However,
there has been little investigation of chondrocyte-isolated
EVs. In an initial study, Chen et al. injected exosomes derived
from rabbit chondrocytes and MSCs into a CPC construct to
stimulate ectopic cartilage regeneration in subcutaneous
spaces in mice. They investigated the effect of MSC- and
chondrocyte-exosomes on the proliferation and differentia-
tion of CPCs in vitro. According to this study, exosomes
derived from chondrocytes stimulated CPC proliferation and
increased the expressions of chondrogenic markers [20]. More
recently, Ma et al. investigated the impact of human
chondrocytes-EVs on chondrogenic differentiation of umbili-
cal cord-derived stem cells (HUCMSCs). They found that
chondrocyte-EVs promoted chondrogenesis of HUCMSCs
compared to an untreated group [21]. Although these studies
attempted to show the chondrogenic potential of chondro-
cyte-EVs, the difference between chondrogenic potential of
MSC-EVs and chondrocyte-EVs on MSCs should be
addressed. Additionally, the effective concentration of EVs is
one challenge that should be examined in greater detail.

Therefore, we conducted the current study to evaluate
and compare the chondrogenesis capability of MSCs and
chondrocyte-isolated EVs on bone marrow-derived MSCs
in vitro. We also sought to determine the effective concen-
tration of EVs for cartilage regeneration. The EVs were iso-
lated from MSCs and chondrocytes, and we compared their
characteristics. Finally, a cell micromass was established as
an in vitro chondrogenic culture model to assess the chon-
drogenic potential of these isolated EVs.

2. Materials and Methods

2.1. Mesenchymal Stem Cell (MSC) Isolation, Culture, and
Characterization.MSCs were aspirated from the bone marrow
of White New Zealand male rabbits. The isolated MSCs were
cultured in 75 cm2 T-flasks that contained DMEMmedia sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin at 37°C and 5% CO2 [22]. The medium was
changed twice weekly until the cells reached 80% confluency.
Passage-3 cells were used for further experiments. The expres-
sions of surface markers CD34 (CD34 Antibody, bs-2038R,
Biocompare, USA), CD19 (CD19 Antibody (FITC), HIB19,
eBioscience, USA), CD45 (CD45 Antibody, orb435180, Bior-
byt, USA), CD90 (CD90 Antibody, MCA47FT, Bio-Rad,
USA), CD105 (CD105 Antibody [SN6] (FITC), GTX11415,
GeneTex, USA), and CD73 (CD73 Antibody, bs-4834R, bios-
susa, USA) were assessed by flow cytometry to confirm the
mesenchymal phenotype of the isolated cells. These isolated
cells were also characterized based on their differentiation abil-
ity into osteoblasts and adipocytes. For this purpose, 1 × 105
cells were cultured in each well of a 6-well culture plate. The
basic culture media was replaced by osteogenic or adipogenic
induction media when the cells reached 70–80% confluency.
The wells that contained basic media were considered the con-
trol group. The cells were stained with alizarin red S (ARS) and
oil red O on day 21 to evaluate the osteogenic and adipogenic
differentiation potential, respectively. We used a micromass
culture system to induce chondrogenic differentiation of the
isolated cells. Briefly, 2:5 × 105 passage-3 rabbit bone marrow
MSCs were centrifuged at 1200 g for 5min to form cell pellets
for micromass formation in a chondrogenic medium. The
cells were maintained in this medium for 21 days at 37°C
and 5% CO2, with twice-weekly medium changes. Chondro-
genic differentiation was assessed by safranin O and toluidine
blue staining of the pellet sections.

2.2. Chondrocyte Isolation and Culture. Cartilage tissues were
dissected from the knees of the rabbits in accordance with
the standard operating procedures approved by the Animal
Care and Ethics Committee at Royan Institute, Tehran, Iran.
The specimens were transferred to the laboratory where the
cartilage layer was aseptically dissected from the knee condyle
by a surgical razor. Next, the cartilages were cut into 2–3mm
pieces and kept overnight in a 0.8% collagenase solution at
37°C. The isolated chondrocytes were collected by centrifuga-
tion at 1200 rpm for 5min and subsequently transferred to a
cell culture plate. The culture media was changed every three
days, and the cells were passaged weekly. We used cells at pas-
sage two for further experiments.

2 BioMed Research International



2.3. Extracellular Vesicle (EV) Isolation. The EVs were sepa-
rately isolated from the culture media that contained the
MSCs or chondrocytes. The MSCs were cultured in basic
DMEM culture media supplemented with 15% EV-free
FBS and 1% penicillin/streptomycin. Chondrocytes were
cultured in basic media that contained 10% EV-free FBS
and 1% penicillin/streptomycin. The condition media of
both cells were collected every other day for one week.

We used ultracentrifugation to collect the EVs from the
conditioned medium. First, the media were centrifuged at
1500 × g for 15min to remove the nonviable cells, followed
by centrifugation at 20 000 × g for 15min. Then, the super-
natants were centrifuged twice at 100 000 × g for 2 h, after
which the supernatant was discarded. The precipitate that
contained the EVs was suspended in sterile phosphate-
buffered solution (PBS) and kept at -80°C until further anal-
ysis. The MSC-EVs represented EVs that were isolated from
MSCs, and the Cho-EVs were isolated from chondrocytes.

To reduce the batch effect, we cultured the cells, collected
all media, and isolated EVs from the pool of conditioned
medium. Next, the isolated EVs were characterized and ali-
quoted and just one EV batch was used for all experiments.

2.4. Extracellular Vesicle (EV) Characterization. The average
diameter of the isolated EVs was determined by dynamic
light scattering (DLS) measurement with a Zetasizer (Mal-
vern Instrument, UK). We diluted the samples 1 : 1000 in
PBS to a total volume of 1ml. Next, three measurement runs
were performed with a refractive index of 1.331, viscosity of
0.9, and a temperature of 25°C. Data were analyzed by Mal-
vern Zetasizer Software (Malvern Instrument, UK).

The morphology of EVs was characterized using a scan-
ning electron microscope (SEM). Fresh EVs were first
diluted in PBS, and 5μl of the prepared mixture was placed
on a glass slide. Subsequently, the samples were coated with
spray gold (SCD005, Bal-Tec, Switzerland) and images were
taken by the SEM (XL30, Philips, The Netherlands).

Calcein green fluorescent dye (calcein, AM, c3099, Invitro-
gen, USA) was used to evaluate MSC uptake of the EVs. We
incubated 10μg/ml of exosomes in 1 × 10–6M dye for
30min at 37°C. After resuspension in PBS, the exosomes were
centrifuged (100 000 × g for 1h). The seededMSCs were incu-
bated at 37°C until they became 60% confluent; then, they
were labeled with PKH26 (PKH26-Red, PKH26GL, Sigma,
Germany) overnight. Subsequently, they were incubated over-
night with calcein-stained exosomes. In order to visualize their
nuclei, the cells were stained with DAPI (aqueous DAPI
(Fluoroshield) ab104139, Abcam, UK). The stained and fixed
cells were subsequently imaged.

2.5. Western Blot Analysis. The EV concentration was quanti-
fied by the BCA Protein Assay Kit (Millipore, Germany)
according to the manufacturer’s instructions. A total of 15μg
of EV protein from each sample were suspended in sample
loading buffer solution at an equal volume, sonicated, and
heated to 95°C for 5min. The samples were separated on
12% polyacrylamide gels and transferred onto an electropho-
retic (Bio-Rad) polyvinyl difluoride (PVDF) membrane
(Millipore, Germany) (semidry method, 120V, and 75min).

The membrane was blocked with 5% bovine serum albumin
(BSA) for one hour at room temperature, followed by incuba-
tion overnight at 4°C with primary antibodies specific to
CD81 (EX203, Cell Guidance Systems, UK) and CD9
(GTX76182, GeneTex, USA), and the negative organelle
marker, calnexin (1 : 500, sc-11397, Santa Cruz Biotechnology,
USA). The membranes were subsequently incubated with goat
anti-mouse HRP-conjugated secondary antibodies (1 : 5000,
ab6789, Abcam, US) for 2h at room temperature. After three
washes with 1x TBST, we added enhanced chemiluminescence
(ECL) to the blots and the protein bands were visualized by a
chemiluminescence device (Uvitec, Cambridge, UK).

To evaluate the expression level of chondrogenic pro-
teins in the isolated EVs, we also performed wet western blot
analysis with the COL II (COL2A1, 250484, Abbiotec, USA),
aggrecan (ACAN) (NB600-504, Novus Biologicals, USA),
and COL X (COL10A, ab58632, Abcam, UK) primary anti-
bodies. The labeled protein bands were analyzed with ImageJ
analysis software.

2.6. Chondrogenic Potential of the Extracellular Vesicles (EVs).
To evaluate the chondrogenic potential of the EVs, 2:5 × 105
passage-3 MSCs were centrifuged at 1200 g for 5min to form
cell pellets for micromass formation. Micromass facilitates
cell-cell interactions by providing a three-dimensional envi-
ronment. Micromass were cultured in a chondrogenic
medium (CM) that contained high-glucose DMEM supple-
mented by 10ng/ml transforming growth factor-β1 (TGF-
β1, Sigma, Germany), 1% insulin-transferrin-selenium (ITS,
Gibco, USA), 10−7M dexamethasone (Sigma), 50μg/ml ascor-
bate-2-phosphate, and 1% nonessential amino acids in the
presence of different concentrations (50, 100, and 150μg/ml)
of EVs for 21 days. The rabbit bone marrow MSC cell pellets
that were cultured in CM without EVs were considered to be
the negative control groups. All the experiments were con-
ducted in three independent biological replicates.

2.7. qRT-PCR. qRT-PCR was used to analyze the expressions
of genes related to chondrogenesis (Acan, Col II, and Sox9),
and Col X (hypertrophy marker). RNA extraction and
simultaneous cDNA synthesis from the cell micromass were
performed with a cell-to-cDNA kit. The qRT-PCR interac-
tions were conducted with a Maxima SYBR Green/ROX
qPCR Master Mix (Yekta Tajhiz, Iran) in an Applied Biosys-
tems Step One Plus Real-time PCR system. The specified
strip was set on the ice according to the number of samples.
The samples were collected from three independent biologi-
cal replicates. Each sample was repeated twice, and two neg-
ative controls were considered for each primer. Table 1
shows the primers used for this assessment.

2.8. Histology and Immunohistochemistry. Cell aggregates
were fixed in 4% paraformaldehyde at 4°C and embedded in
paraffin. Next, they were cut into 6μm thick sections, dehy-
drated with alcohol, and stained with safranin O and toluidine
blue (TB). The slides were photographed by an optical micro-
scope (Olympus BX51; Olympus, Tokyo, Japan).

Immunohistochemistry staining was used to characterize
the density of the chondrogenic proteins of COL II and
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ACAN. After 21 days of culture, the aggregates were fixed in
4% paraformaldehyde at 4°C and 6μm thick sections were
prepared. After dehydration with alcohol, antigen retrieval
was performed with 0.05% trypsin for 30min at 37°C. The
sections were blocked with 1.5% goat serum in PBS and
treated overnight at 4°C with rabbit anticollagen type II
(250484, Abbiotec, USA) and ACAN (NB600-504, Novus
Biologicals, USA) primary antibodies. Next, they were incu-
bated for one hour with anti-mouse (A2554, Sigma-Aldrich,
Germany) and anti-rabbit (ab97051, Abcam, UK) secondary
antibodies. Images were acquired by an optical microscope
(Olympus BX51; Olympus, Tokyo, Japan), and the density
of the staining was assessed by Image-Pro Plus 6 software.

2.9. Statistical Analysis. Data were analyzed by t-test for two
groups, and the results were compared between each group
using one-way ANOVA analysis with GraphPad Prism soft-
ware. Data are presented as mean ± SEM. The results were
considered statistically significant at p < 0:05.

3. Results

3.1. Isolation, Proliferation, and Characterization of
Mesenchymal Stem Cells (MSCs). We isolated and expanded
plastic-adherent cells that had a spindle-like shape. These cells
proliferated and formed discrete colonies (Figure 1(a)). The
expression levels of CD90 and CD34 surface markers were
evaluated by flow cytometry. The results showed that the
majority of bone marrow-derived cells were positive for
CD90 (89.4%), CD 73 (98.4%), and CD 105 (98.9%). They
were also negative for CD 19 (0.496%) and CD 45 (0.193%).
Only 4.43% of the isolated cells expressed CD34, a hematopoi-
etic marker (Figure 1(b)). The MSCs gave rise to osteogenic,
adipogenic, and chondrogenic lineages when cultured in their
related induction media. ARS results confirmed the osteogenic
potential of these MSCs by the presence of bone-like nodules
in the extracellular matrix (ECM) (Figure 1(c), A and B). Sim-
ilarly, we observed the accumulation of intracellular oil drop-
lets in the MSCs (Figure 1(c), C and D). We sought to verify
that the MSCs differentiated into a chondrogenic lineage.
After 21 days in a chondrogenic medium, the cells were
stained with safranin O and toluidine blue in order to detect
the presence of proteoglycans (Figure 1(c), E and F).

3.2. Characterization of Isolated Extracellular Vesicles (EVs).
EVs isolated from MSCs and chondrocytes were character-
ized in terms of size, morphology, and EV-related markers.
SEM images confirmed the spherical morphology of the iso-
lated EVs for both MSCs and chondrocytes (Figure 2(a)).
Western blot analysis indicated the presence of the specific
surface proteins CD81 and CD9 in the samples. The Cho-
EVs had a higher level of CD81 expression compared to
MSC-EVs (Figure 2(b)). Isolated EVs were also negative
for calnexin. DLS assessment verified that the Cho-EVs were
44:25 ± 8:89nm in diameter and the MSC-EVs were 112:1
± 10:10nm in diameter (Figure 2(c)). Figure 2(d) shows
the internalization of the calcein-labeled EVs by MSCs after
24 h. Fluorescence microscopy images revealed the presence
of calcein-labeled EVs in the cytoplasm of the MSCs, which
confirmed that the isolated EVs were successfully internal-
ized by the MSCs.

The western blot analysis of EV’s chondrogenic and hyper-
trophic markers in isolated EVs is shown in Figure 2(e). Inter-
estingly, both MSC-EVs and Cho-EVs contained COL II and
ACAN proteins. However, the expression level of ACAN was
lower than COL II in both EVs (p < 0:05). MSC-EVs had a
higher level of COL II compared to Cho-EVs (p < 0:05). The
similar level of ACANwas observed in both groups. The hyper-
trophic marker of COL X was also detected in both MSC-EVs
and Cho-EVs, but its level was higher in Cho-EVs (p < 0:05).

3.3. The Effect of Isolated Extracellular Vesicles (EVs) on
Chondrogenic Differentiation of Mesenchymal Stem Cells
(MSCs). Figure 3 shows the expression level of specific chon-
drogenic genes including Col II, Acan, Sox 9, and Col X ana-
lyzed using qRT-PCR. The gene expression level of Col II
significantly increased in the groups that received MSC-EVs,
compared with the Cho-EV group and the control group.
The cell pellets that had 50μg/ml MSC-EVs expressed a higher
level of the Col II gene compared with the 100μg/ml MSC-EV
and 150μg/ml MSC-EV groups (p < 0:0001; p < 0:01). In the
groups that received Cho-EVs, we observed higher expression
levels of Col II in the 50 and 100μg/ml Cho-EV groups com-
pared with the control group (p < 0:05). The Acan gene signif-
icantly increased in the 50μg/ml MSC-EV group (p < 0:001).
Although we observed an increased expression level of Acan
in the other groups compared to the control group, these
increases were not statistically significant. The Sox 9 gene had
the highest expression in the MSCs treated with 100μg/ml
MSC-EV compared with the other groups (p < 0:05). The
other groups showed slight increases in Sox9 gene expression
compared to the control group. Col X expression, a hypertro-
phic marker for chondrogenic differentiation, was also
assessed. We did not observe any significant increase in the
expression of Col X in any of the Cho-EV concentrations com-
pared to the control group. Among theMSC-EV groups, MSCs
exposed to the 50μg/ml MSC-EV had the highest expression
level of Col X; a very slight increase in Col X was observed in
the 100 and 150μg/ml MSC-EV groups (p < 0:0001).

Glycosaminoglycan- (GAG-) rich sites turned red after
safranin O staining, which verified the efficient chondrogenic
differentiation of MSCs in groups that contained EVs com-
pared to the control group. The MSCs treated with 100μg/

Table 1: List of primers used in qPCR for chondrogenic genes.

Genes Primer sequences

Col X
F: GAACCCAGAATCCATCTGAG

R: GGCATAGGGAATGAAGAACTG

Sox9
F: AGTAGGCAATAGTGTAGAGGAC

R: CGGTGTTTAAGGCTCAAGG

Col II
F: CAAGTCCCTCAACAACCAG

R: TATCCAGTAGTCACCGCTC

Acan
F: TGCCACTGTGAGAGTTCC

R: ACATTCCACACCCAGAGTT
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ml MSC-EV, 50μg/ml MSC-EV, and 150μg/ml Cho-EV had
the highest amounts of GAGs, respectively (p < 0:0001), which
led to better differentiation among all of the groups. We
observed a similar intensity in red color in the MSCs that
received 150μg/ml MSC-EV and 100μg/ml Cho-EV
(p < 0:05); however, there was no significant increase detected
in the 50μg/ml Cho-EV group compared to the control group
(Figure 4(a)). The pericellular matrix in the lacuna became pur-
ple after TB staining, which indicated their metachromatic
properties. As can be seen in Figure 4(a) and the histogram
in Figure 4(b), the 150μg/ml Cho-EV, 50μg/ml MSC-EV,
and 100μg/ml MSC-EV groups showed similar intensities in
the purple color and the highest chondrogenic differentiation

among all groups (p < 0:0001).We observed that metachroma-
sia in the cell pellets exposed to 100μg/ml Cho-EV was statis-
tically significant compared to the control group (p < 0:0001).
There were no differences between the 50μg/ml Cho-EV and
150μg/ml MSC-EV groups compared to the control group.

The results of immunohistochemical staining and related
histograms of differentiated cell micromasses in the presence
of different concentrations of Cho-EVs and MSC-EVs against
the COL II and ACAN proteins are shown in Figures 5(a) and
5(b). There was significant expression of the COL II protein in
the groups that contained MSC-EVs (all concentrations) and
Cho-EVs (100 and 150μg/ml) compared to the control group
(p < 0:0001; p < 0:01). A comparison of COL II expression
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Figure 1: Characterization of mesenchymal stem cells (MSCs) derived from rabbit bone marrow. (a) Primary culture of cells derived from
bone marrow. (b) Flow cytometry analysis of the expressions of the MSC surface markers. (c) Differentiation of multipotent MSCs into (a)
osteocytes and (b) the control group after 21 days. Differentiation of multipotent MSCs into (c) adipocytes and (d) the control group after 21
days. Differentiation of MSCs into chondrocytes after 21 days; safranin O (e) and toluidine blue staining (f).
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levels between the MSC-EVs and the Cho-EVs indicated that
the group that containedMSC-EV had higher expression levels.
The increased expression level of the ACANprotein showed the
same trend as COL II in all groups; the increase in 50μg/ml
Cho-EV, 100μg/ml Cho-EV, and 150μg/ml MSC-EV was not
statistically significant compared to the control group.

4. Discussion

The lack of self-repair capability in cartilage tissue necessi-
tates the use of therapeutic approaches to prevent the injury
and disease progression [23]. Recently, EVs have emerged as
a therapeutic agent to promote tissue repair without the dif-
ficulties associated with cell therapy. In the present study, we
evaluated the chondrogenic potential of EVs isolated from
MSCs and chondrocytes to find an ideal cell source that
could be used to isolate EVs for cartilage tissue regeneration.

We successfully isolated MSCs from rabbit bone marrow
and confirmed their characteristics according to their fibro-
blastic and spindle-like appearance, plastic-adherent ability,
expression of specific cell surface markers, and differentia-

tion potential into mesenchymal lineages. Analysis of cell
surface markers revealed that isolated cell populations
expressed the mesenchymal cell marker CD90, CD73, and
CD105 and were negative for CD34, CD19, and CD45 which
supported findings from previous studies [24]. We examined
the ability of the isolated cells to differentiate into a skeletal lin-
eage. The ability of MSCs from the bone marrow to differenti-
ate into a mesodermal lineage is well-documented [25]. In this
study, the osteogenic, adipogenic, and chondrogenic abilities
of the isolated cells were supported by the appearance of min-
eralized nodules, oil droplets, and proteoglycan-rich areas that
stained positively after the addition of alizarin red, oil red O,
and specific chondrogenic staining, respectively.

Analysis of the isolated EV characteristics showed that
the MSC-EVs were approximately 112nm in size. These
results agreed with other studies that characterized EVs from
MSC sources [26, 27]. In comparison, the Cho-EVs were
smaller than the MSC-EVs. A recent study reported that
EVs ranged from 30 to 200nm for those isolated from rabbit
chondrocytes and bone marrow MSCs. Our results were also
within this range [20]. However, they found no difference
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Figure 2: Characterization of extracellular vesicles (EVs) derived from chondrocytes (Cho-EVs) and mesenchymal stem cells (MSCs)
(MSC-EVs). (a) Scanning electron microscope (SEM) images of Cho-EVs and MSC-EVs. (b) Western blot analysis of specific EV surface
marker expression, including CD9 and CD81 and calnexin. (c) Particle size distribution measured by dynamic light scattering (DLS). (d)
Uptake of EVs by calcein staining. (e) Western blot analysis of EV proteins, including COL II, ACAN, and COL X. kDa: kilodalton.
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between both EVs in terms of size and diameter. This dis-
crepancy might be allocated to the different EV isolation
techniques. The diameter of the isolated EVs agreed with
the results obtained from SEM micrographs. Moreover, both
groups expressed the protein surface markers, CD81 and
CD9, and were negative for calnexin in accordance with
standard definitions of EVs and the International Society
of Extracellular Vesicles (ISEV) [28, 29].

To address the chondrogenic potential of MSC-EVs and
Cho-EVs, we first evaluated the expression levels of
chondrogenic-related genes Col II, Acan, and Sox9, and a
hypertrophic marker of Col X. Col II and Acan are important
genes in the cartilage ECM, and their upregulation indicates
differentiation into a chondrocyte lineage. COL II is the pre-
dominant component of the cartilage matrix. COL II with
other proteins and proteoglycans provide complex extracel-
lular substrates for the attachment of chondrocytes, extracel-
lular matrix (ECM) molecules, and growth factors [30]. It is
an important extracellular signaling molecule that can pro-

mote chondrocyte proliferation, differentiation, and ECM
deposition [31]. Our results are consistent with previous
studies that have shown that Acan and Col II were expressed
as chondrogenic markers in the late stage of chondrogenic
differentiation [21, 32]. Herein, a higher expression level of
these genes in the MSC-EV group revealed that MSC-EVs
were more efficient than the Cho-EVs for chondrogenesis.
Sox9 encodes one of the important transcription factors in
differentiation into the chondrocyte lineage, which induces
the expression of other genes (Col II and Acan) involved in
this pathway [33, 34]. We observed the expression of this
gene, particularly the 100μg/ml concentration, in the
MSC-EV containing groups. Previous studies have reported
the increase of cartilage-specific genes in the groups that
contained MSC-derived EVs, which confirmed the results
of the present study. On the other hand, the expression level
of genes in the MSCs exposed to Cho-EVs was lower than
the MSC-EV groups, which contrasted with the results of a
study reported by Chen et al. The expression level of genes
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in their study for the formation of ectopic cartilage in vivo was
reported to be the same for both chondrocyte- and MSC-
derived EVs [20]. The difference between that study and the
present study was the evaluation of the differentiation poten-
tial of cartilage in vitro. In a study by Chen et al., there was
no difference in size and the expression levels of the surface
markers were reported for both EV groups. However, the iso-
lated EVs in the present study differed in both the size and
expression levels of the surface markers. This result could lead
to a difference in the functionality of the two EVs. The expres-
sion of the Col X hypertrophic marker was also evaluated in
both the Cho-EV and MSC-EV groups. The Col X gene is
expressed in hypertrophic chondrocytes and is an important
marker for endochondral ossification, which involves a pro-
grammed process of chondrocyte hypertrophy. About 45%
of the expressed collagens of hypertrophic chondrocytes con-
sist of this type [35, 36]. Hypertrophy is one challenge for

using chondrocytes that are differentiated from bone marrow
MSCs in vitro [37]; this differentiation leads to an unstable
and unsuitable chondrogenic phenotype for therapeutic
approaches. The Col X gene was highly expressed in groups
that received 50μg/ml of MSC-EVs. However, an increase in
EV concentration resulted in the downregulation of this gene.
A recent study reported that a certain threshold of Col X
expression was necessary for matrix formation during MSC-
mediated chondrogenesis. Once Col X knockdown was more
than 80%, major ECM components, including Col II and Acan,
significantly downregulated [38, 39]. On the other hand, Col X
expression was lower in the Cho-EV groups compared to the
MSC-EV groups. Studies have shown that MSC-EVs have the
potential for hypertrophic cartilage formation [20]. Thus, it
may be rational to expect that the expression of this gene would
be higher in the MSC-EV groups in comparison with the Cho-
EV groups.
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Figure 4: Histological analysis. (a) Safranin O and toluidine blue (TB) staining of mesenchymal stem cells (MSCs) that differentiated into
chondrocytes in the presence of extracellular vesicles (EVs) derived from chondrocytes (Cho-EV) and MSCs (MSC-EV) after 21 days. (b)
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Histological and immunohistochemical analyses were
also performed. The tissue sections showed that the cells
had a normal cartilage-like pattern in the cell micromass.
The cells located in the outer layer of the micromass formed
a perichondrium-like layer and surrounded the inner cells.
The cartilage matrix contained GAG. This was attributed
to the presence of carbohydrates and high amounts of nega-
tively charged sulfate groups that, in conjunction with GAG,
resulted in the metachromatic properties seen with TB stain-
ing. The pericellular matrix of cells in the lacuna was stained
purple (basophilic). The cells that were present in the
lacuna-like cavities were spherical, whereas cells that were
located in the marginal areas were relatively elongated. We
observed chondrogenic differentiation in the MSC-EV-
containing groups, which agreed with the qRT-PCR results.
Overall, the groups that received EVs particularly MSC-EVs
showed higher chondrogenic differentiation compared to

the control group. Notably, we believe the reason behind
the downregulation of chondrogenic genes and decrease of
proteoglycans in a group that received 150μg/ml of MSC-
EVs is attributable to the size of EVs. Since MSC-EVs had
a larger size compared to Cho-EVs, the higher concentration
of large MSC-EVs may prevent the cells to be dense suffi-
ciently. In the process of cartilage differentiation, the first
major factor is the density of MSCs, which occurs with the
help of growth factor and expression of Sox9 [40, 41]. Dense
and contracted MSCs during 21 days of culture promote the
production of proteoglycans and Col II which has not
occurred in 150μg/ml of the MSC-EV group.

We sought to explain why higher chondrogenic differen-
tiation occurred in the MSC-EV-containing groups than
Cho-EVs. The contents of EVs with regard to chondrogenic
markers were characterized. Surprisingly, both MSC-EVs
and Cho-EVs contained COL II, ACAN, and COL X. The
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Figure 5: Immunohistochemical analysis of chondrogenic proteins. (a) IHC staining of type II collagen (Col II) and aggrecan (ACAN). (b)
Histograms show the intensity of Col II and ACAN proteins expressed in mesenchymal stem cells (MSCs) that differentiated into
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presence of COL II, ACAN, and COL X in the EVs was
believed to be the rationale behind their chondrogenic
potential. The improved chondrogenic ability of MSC-EVs
may allocate to their higher level of COL II. As mentioned
above, COL X expression occurred within the first few days
of the chondrogenesis process. It has also been reported that
there is a close relation between COL II and COL X, which
their expression almost simultaneously occurs during early
chondrogenic differentiation [39]. Therefore, the existence
of these markers in isolated EVs would be rational. Although
the reason MSC-EVs and Cho-EVs have similar contents is
unclear, it could be related to their intrinsic properties. More
recently, Fabre et al. reported that chondrocytes and MSCs
share similar biological characteristics as evidenced by flow
cytometry analysis of classical MSC markers and BMMSCs
represented higher chondrogenic potential among various
sources of MSCs [42].

These results suggest that MSC-isolated EVs that carry
chondrogenic markers would be a better choice for chondro-
genic differentiation compared to chondrocyte-isolated EVs.

5. Conclusion

Our results demonstrated that EVs from chondrocytes and
MSCs could enhance the chondrogenesis of MSCs in a cell
micromass culture that is induced by TGF-beta signaling. This
in vitro study showed that both MSCs and chondrocyte-
derived EVs affected chondrogenic differentiation; however,
EVs derived from MSCs were more efficient, especially at the
100μg/ml concentration. We demonstrated that EVs could
modulate chondrogenic differentiation via Col II and Sox9
expression and reduce the hypertrophic marker of Col X.
MSC-EVs demonstrated a beneficial effect on chondrogenicity
bymodification of the synthesis of the chondrogenic ECM and
specific genes and proteins. This indicates a potential use for
these EVs as a new tool for cartilage repair because of their
ability to enhance cartilage differentiation. Further experi-
ments are necessary to clearly elucidate the molecular mecha-
nisms implicated in the acceleration of chondrogenesis related
to EVs.

Data Availability

All data generated or analyzed during this study are included
in this article. Further inquiries can be directed to the corre-
sponding author.

Ethical Approval

All procedures were approved by the Animal Care and
Ethics Committee at Royan Institute, Tehran, Iran
(IR.ACECR.ROYAN.REC.1398.245).

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

M.H and S.H. and M.B.E conceived and designed the exper-
iments. M.H. carried out the experiments. M.H and S.H
wrote the manuscript and analyzed the data. A.K. performed
the histological analysis. All authors discussed the results
and commented on the manuscript.

Acknowledgments

This study was financially supported by the Iran National
Science Foundation (INSF) under the Award number of
96008901. Mrs. Sara Farahi is gratefully acknowledged for
her assistance with real-time PCR analysis.

References

[1] N. Nasiri, S. Hosseini, M. Alini, A. Khademhosseini, and M. B.
Eslaminejad, “Targeted cell delivery for articular cartilage
regeneration and osteoarthritis treatment,” Drug Discovery
Today, vol. 24, no. 11, pp. 2212–2224, 2019.

[2] Y. Krishnan and A. J. Grodzinsky, “Cartilage diseases,”Matrix
Biology, vol. 71-72, pp. 51–69, 2018.

[3] B. G. Ochs, C. Müller-Horvat, D. Albrecht et al., “Remodeling
of articular cartilage and subchondral bone after bone grafting
and matrix-associated autologous chondrocyte implantation
for osteochondritis dissecans of the knee,” The American Jour-
nal of Sports Medicine, vol. 39, no. 4, pp. 764–773, 2011.

[4] N. Heldring, I. Mäger, M. J. A. Wood, K. Le Blanc, and S. E. L.
Andaloussi, “Therapeutic potential of multipotent mesenchy-
mal stromal cells and their extracellular vesicles,” Human
Gene Therapy, vol. 26, no. 8, pp. 506–517, 2015.

[5] C. H. Woo, H. K. Kim, G. Y. Jung et al., “Small extracellular
vesicles from human adipose-derived stem cells attenuate car-
tilage degeneration,” Journal of Extracellular Vesicles, vol. 9,
no. 1, article 1735249, 2020.

[6] T. Katsuda, N. Kosaka, F. Takeshita, and T. Ochiya, “The ther-
apeutic potential of mesenchymal stem cell-derived extracellu-
lar vesicles,” Proteomics, vol. 13, no. 10-11, pp. 1637–1653,
2013.

[7] S. Keller, J. Ridinger, A.-K. Rupp, J. W. G. Janssen, and
P. Altevogt, “Body fluid derived exosomes as a novel template
for clinical diagnostics,” Journal of Translational Medicine,
vol. 9, no. 1, p. 86, 2011.

[8] O. G. de Jong, M. C. Verhaar, Y. Chen et al., “Cellular stress
conditions are reflected in the protein and RNA content of
endothelial cell-derived exosomes,” Journal of Extracellular
Vesicles, vol. 1, no. 1, 2012.

[9] A. Esmaeili, S. Hosseini, andM. Baghaban Eslaminejad, “Engi-
neered-extracellular vesicles as an optimistic tool for micro-
RNA delivery for osteoarthritis treatment,” Cellular and
Molecular Life Sciences, vol. 78, no. 1, pp. 79–91, 2021.

[10] H. Valadi, K. Ekström, A. Bossios, M. Sjöstrand, J. J. Lee, and
J. O. Lötvall, “Exosome-mediated transfer of mRNAs and
microRNAs is a novel mechanism of genetic exchange
between cells,” Nature Cell Biology, vol. 9, no. 6, pp. 654–659,
2007.

[11] S. Gattiv, S. Bruno, M. C. Deregibus et al., “Microvesicles
derived from human adult mesenchymal stem cells protect
against ischaemia-reperfusion-induced acute and chronic

10 BioMed Research International



kidney injury,” Nephrology Dialysis Transplantation, vol. 26,
no. 5, pp. 1474–1483, 2011.

[12] L. Timmers, S. K. Lim, F. Arslan et al., “Reduction of myocar-
dial infarct size by human mesenchymal stem cell conditioned
medium,” Stem Cell Research, vol. 1, no. 2, pp. 129–137, 2008.

[13] S. Zhang, W. C. Chu, R. C. Lai, S. K. Lim, J. H. P. Hui, and
W. S. Toh, “Exosomes derived from human embryonic mesen-
chymal stem cells promote osteochondral regeneration,” Oste-
oarthritis and Cartilage, vol. 24, no. 12, pp. 2135–2140, 2016.

[14] S. Zhang, S. J. Chuah, R. C. Lai, J. H. P. Hui, S. K. Lim, andW. S.
Toh, “MSC exosomes mediate cartilage repair by enhancing
proliferation, attenuating apoptosis and modulating immune
reactivity,” Biomaterials, vol. 156, pp. 16–27, 2018.

[15] Y. Wang, Y. Dongsheng, Z. Liu et al., “Exosomes from embry-
onic mesenchymal stem cells alleviate osteoarthritis through
balancing synthesis and degradation of cartilage extracellular
matrix,” Stem Cell Research & Therapy, vol. 8, no. 1, p. 189,
2017.

[16] J. M. Cha, E. K. Shin, J. H. Sung et al., “Efficient scalable pro-
duction of therapeutic microvesicles derived from human
mesenchymal stem cells,” Scientific Reports, vol. 8, no. 1,
p. 1171, 2018.

[17] G. Mao, Z. Zhang, S. Hu et al., “Exosomes derived from miR-
92a-3p-overexpressing human mesenchymal stem cells
enhance chondrogenesis and suppress cartilage degradation
via targeting WNT5A,” Stem Cell Research & Therapy, vol. 9,
no. 1, p. 247, 2018.

[18] S.-C. Tao, T. Yuan, Y.-L. Zhang, W.-J. Yin, S.-C. Guo, and C.-
Q. Zhang, “Exosomes derived frommiR-140-5p-overexpressing
human synovial mesenchymal stem cells enhance cartilage tis-
sue regeneration and prevent osteoarthritis of the knee in a rat
model,” Theranostics, vol. 7, no. 1, pp. 180–195, 2017.

[19] K. Wang, J. Li, Z. Li et al., “Chondrogenic progenitor cells
exhibit superiority over mesenchymal stem cells and chondro-
cytes in platelet-rich plasma scaffold-based cartilage regenera-
tion,” The American Journal of Sports Medicine, vol. 47, no. 9,
pp. 2200–2215, 2019.

[20] Y. Chen, K. Xue, X. Zhang, Z. Zheng, and K. Liu, “Exosomes
derived from mature chondrocytes facilitate subcutaneous sta-
ble ectopic chondrogenesis of cartilage progenitor cells,” Stem
Cell Research & Therapy, vol. 9, no. 1, p. 318, 2018.

[21] K. Ma, B. Zhu, Z. Wang et al., “Articular chondrocyte-derived
extracellular vesicles promote cartilage differentiation of
human umbilical cord mesenchymal stem cells by activation
of autophagy,” Journal of Nanobiotechnology, vol. 18, no. 1,
p. 163, 2020.

[22] M. A. Khalilifar, M. B. Eslaminejad, M. Ghasemzadeh,
S. Hosseini, and H. Baharvand, “In vitro and in vivo compar-
ison of different types of rabbit mesenchymal stem cells for
cartilage repair,” Cell Journal, vol. 21, no. 2, pp. 150–160, 2019.

[23] M. B. Eslaminejad and E. M. Poor, “Mesenchymal stem cells as
a potent cell source for articular cartilage regeneration,”World
journal of stem cells, vol. 6, no. 3, pp. 344–354, 2014.

[24] A. Bakhtina, M. Tohfafarosh, A. Lichtler, and T. L. Arinzeh,
“Characterization and differentiation potential of rabbit mes-
enchymal stem cells for translational regenerative medicine,”
In Vitro Cellular & Developmental Biology Animal, vol. 50,
no. 3, pp. 251–260, 2014.

[25] G. Sheng, “The developmental basis of mesenchymal stem/
stromal cells (MSCs),” BMC Developmental Biology, vol. 15,
no. 1, 2015.

[26] Z. Wen, Z. Mai, X. Zhu et al., “Mesenchymal stem cell-derived
exosomes ameliorate cardiomyocyte apoptosis in hypoxic con-
ditions through microRNA144 by targeting the PTEN/AKT
pathway,” Stem Cell Research & Therapy, vol. 11, no. 1, p. 36,
2020.

[27] R. Vogel, A. K. Pal, S. Jambhrunkar et al., “High-Resolution
Single Particle Zeta Potential Characterisation of Biological
Nanoparticles using Tunable Resistive Pulse Sensing,” Scien-
tific Reports, vol. 7, no. 1, article 17479, 2017.

[28] J. Lötvall, A. F. Hill, F. Hochberg et al., “Minimal experimental
requirements for definition of extracellular vesicles and their
functions: a position statement from the International Society
for Extracellular Vesicles,” Journal of Extracellular Vesicles,
vol. 3, no. 1, p. 26913, 2014.

[29] C. Théry, K. W. Witwer, E. Aikawa et al., “Minimal informa-
tion for studies of extracellular vesicles 2018 (MISEV2018): a
position statement of the International Society for Extracellu-
lar Vesicles and update of the MISEV2014 guidelines,” Journal
of Extracellular Vesicles, vol. 7, no. 1, article 1535750, 2018.

[30] C. Lian, X. Wang, X. Qiu et al., “Collagen type II suppresses
articular chondrocyte hypertrophy and osteoarthritis progres-
sion by promoting integrin β1−SMAD1 interaction,” Bone
Research, vol. 7, no. 1, p. 8, 2019.

[31] N. H. Veilleux, I. V. Yannas, and M. Spector, “Effect of passage
number and collagen type on the proliferative, biosynthetic,
and contractile activity of adult canine articular chondrocytes
in type I and II collagen-glycosaminoglycan matrices
in vitro,” Tissue Engineering, vol. 10, no. 1-2, pp. 119–127,
2004.

[32] S. Kim, Y. Sur, M.- L. A. Cho et al., “Atelocollagen promotes
chondrogenic differentiation of human adipose-derived mes-
enchymal stem cells,” Scientific Reports, vol. 10, no. 1, article
10678, 2020.

[33] S. W. Yi, H. J. Kim, H. J. Oh et al., “Gene expression profiling
of chondrogenic differentiation by dexamethasone-conjugated
polyethyleneimine with SOX trio genes in stem cells,” Stem
Cell Research & Therapy, vol. 9, no. 1, p. 341, 2018.

[34] N. Saidi, M. Ghalavand, M. S. Hashemzadeh, R. Dorostkar,
H. Mohammadi, and A. Mahdian-shakib, “Dynamic changes
of epigenetic signatures during chondrogenic and adipogenic
differentiation of mesenchymal stem cells,” Biomedicine &
Pharmacotherapy, vol. 89, pp. 719–731, 2017.

[35] P. LuValle, K. Daniels, E. D. Hay, and B. R. Olsen, “Type X col-
lagen is transcriptionally activated and specifically localized
during sternal cartilage maturation,” Matrix, vol. 12, no. 5,
pp. 404–413, 1992.

[36] G. Shen, “The role of type X collagen in facilitating and reg-
ulating endochondral ossification of articular cartilage,”
Orthodontics & Craniofacial Research, vol. 8, no. 1, pp. 11–
17, 2005.

[37] P. Zimmermann, S. Boeuf, A. Dickhut, S. Boehmer, S. Olek,
and W. Richter, “Correlation of COL10A1 induction during
chondrogenesis of mesenchymal stem cells with demethyla-
tion of two CpG sites in the COL10A1 promoter,” Arthritis
and Rheumatism, vol. 58, no. 9, pp. 2743–2753, 2008.

[38] C. A. Knuth, J. Witte-Bouma, Y. Ridwan, E. B. Wolvius, and
E. Farrell, “Mesenchymal stem cell-mediated endochondral
ossification utilising micropellets and brief chondrogenic
priming,” European Cells and Materials, vol. 34, pp. 142–161,
2017.

[39] M. B. Mueller and R. S. Tuan, “Functional characterization of
hypertrophy in chondrogenesis of human mesenchymal stem

11BioMed Research International



cells,” Arthritis and Rheumatism, vol. 58, no. 5, pp. 1377–1388,
2008.

[40] S. Ghosh, M. Laha, S. Mondal, S. Sengupta, and D. L. Kaplan,
“In vitro model of mesenchymal condensation during chon-
drogenic development,” Biomaterials, vol. 30, no. 33,
pp. 6530–6540, 2009.

[41] I. G. Kim, J. Ko, H. R. Lee, S. H. Do, and K. Park, “Mesenchy-
mal cells condensation-inducible mesh scaffolds for cartilage
tissue engineering,” Biomaterials, vol. 85, pp. 18–29, 2016.

[42] H. Fabre, M. Ducret, O. Degoul et al., “Characterization of dif-
ferent sources of human MSCs expanded in serum-free condi-
tions with quantification of chondrogenic induction in 3D,”
Stem Cells International, vol. 2019, Article ID 2186728, 19
pages, 2019.

12 BioMed Research International


	Higher Chondrogenic Potential of Extracellular Vesicles Derived from Mesenchymal Stem Cells Compared to Chondrocytes-EVs In Vitro
	1. Introduction
	2. Materials and Methods
	2.1. Mesenchymal Stem Cell (MSC) Isolation, Culture, and Characterization
	2.2. Chondrocyte Isolation and Culture
	2.3. Extracellular Vesicle (EV) Isolation
	2.4. Extracellular Vesicle (EV) Characterization
	2.5. Western Blot Analysis
	2.6. Chondrogenic Potential of the Extracellular Vesicles (EVs)
	2.7. qRT-PCR
	2.8. Histology and Immunohistochemistry
	2.9. Statistical Analysis

	3. Results
	3.1. Isolation, Proliferation, and Characterization of Mesenchymal Stem Cells (MSCs)
	3.2. Characterization of Isolated Extracellular Vesicles (EVs)
	3.3. The Effect of Isolated Extracellular Vesicles (EVs) on Chondrogenic Differentiation of Mesenchymal Stem Cells (MSCs)

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

