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Influence of bFGF on in vitro expansion and chondrogenic
construction of articular cartilage-derived progenitor cells
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Background: Articular cartilage-derived progenitor cells (ACPCs) possess the properties of both
chondrocytes and bone marrow mesenchymal stem cells (BMSCs). However, the number of ACPCs in
articular cartilage is low, and an effective culture system is needed for their expansion. Basic fibroblast
growth factor (bFGF) promotes the expansion of chondrocytes and BMSCs, as well as the chondrogenic
differentiation of BMSCs. Therefore, the aim of this study was to clarify whether bFGF could be used for
in vitro expansion of ACPCs and whether bFGF promoted chondrogenic construction of ACPCs.
Methods: We applied the fibronectin adhesion method to sort mice ACPCs and compared the proliferative,
osteogenic, and chondrogenic abilities of ACPCs by adding various concentration of bFGF (0, 2, and
5 ng/mL) to the cell culture medium. Then used the best system to construct cartilage with ACPCs in vitro
and in vivo.

Results: The results indicated that bFGF promoted ACPCs proliferation, inhibited osteogenesis, and
promoted chondrogenesis, and that a cell culture system containing 2 ng/mL bFGF was optimal for these
effects. ACPCs constructed cartilage using the filtered culture system presented homogeneous cartilaginous
histological structure iz vitro and in vivo.

Conclusions: By applying this cell culture system, homogenous cartilage tissue was constructed iz vitro
and iz vivo by chondrogenic induction, which provides a stable cell expansion culture method for the

application of ACPCs in cartilage repair.
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Introduction

Autologous repair of cartilage defects is difficult. Cell
therapy is developing rapidly, and mesenchymal stem cells,
such as bone marrow mesenchymal stem cells (BMSCs), are
widely used to treat cartilage defects (1-4). However, BMSCs
take a long time to be induced into cartilage in virro and
regenerated cartilage is unstable in the iz vivo environment,
easily becoming vascularized and fibrotic (5-8).

Articular cartilage-derived progenitor cells (ACPCs)
are derived from articular cartilage accounting for
approximately 0.1% of chondrocytes and are mainly located
in the superficial layer of cartilage, with a small number in
the deep layer (9-11). ACPCs possess both chondrocyte
and BMSC properties, in that they express cartilage-
specific matrix. Moreover, ACPCs have multi-directional
differentiation ability and strong proliferation ability,
making them excellent seed cells. Due to the lack of specific
surface markers, fibronectin adhesion is currently used
to isolate ACPCs. However, as chondrogenesis requires
many functional seed cells, ACPCs need to be massively
expanded, but there is no unified protocol for how to
maintain the stem cell characteristics and chondrogenic
ability of ACPCs during the expansion process. Basic
fibroblast growth factor (bFGF) is a growth factor
commonly used in the culture of chondrocytes and BMSCs
for cartilage tissue engineering (12-15) and can promote
the proliferation of chondrocytes and mesenchymal cells,
as well as chondrogenic differentiation of BMSCs (16-20).
However, there are no relevant reports on whether it can be
used for the mass expansion of ACPCs.

The mouse is an ideal animal model for studying the
changes and characteristics of cells, because its gene lineage
has been perfected and it has a complete set of biochemical
related indicators. In this study we used the fibronectin
adhesion method to isolate and extract ACPCs to evaluate
their differentiation and proliferation abilities, and cell
surface markers were identified to prove that the extracted
cells were ACPCs. Medium containing different bFGF
concentrations was then used to culture ACPCs, and the
effect of bFGF on the proliferation ability, osteogenesis
and chondrogenesis of ACPCs was evaluated to select
the optimal concentration of bFGEF. Finally, the optimal
concentration of bFGF was used to culture ACPCs and to
construct cartilage tissues iz vitro and in vivo to evaluate its
practical application value.

We present the following article in accordance with
the ARRIVE reporting checklist (available at https://atm.
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amegroups.com/article/view/10.21037/atm-21-5604/rc).

Methods
Animals

Ninety specific pathogen free (SPF) C57BL/6 mice
(3.5£0.3 g, male, 5 days old) and fifteen nude mice (15+0.5 g,
female, 4 weeks old, SPF grade) were purchased from
the Shaoyan Medical Research Center of Soochow
[SCXK(Su)2018-0006, SPF] and Animal Care and
Experiment Committee of Soochow University. Before
the implantation mice were housed in individually
ventilated cages for 1 week. The cages were in a barrier
system under conditions of 22-25 °C, 50-60% humidity,
a 12-hour light-dark cycle, and a cage air exchange of
over 50 per hour. Animals were supplied with a certified
rodent diet and sterilized municipal tap water in water
bottles. A protocol was prepared before the study without
registration. All animal experimental procedures were
approved by the Animal Care and Experiment Committee
of Soochow University (application numbers 201811A525,
201810A271), in compliance with institutional guidelines
for the care and use of animals.

Experimental design

Experimental materials

Trypsin solution (0.25%), fetal bovine serum (FBS), and
penicillin manufactured by Thermo Fisher Scientific
(Waltham, MA, USA) were used. The Type IV collagenase
used was from Serva Electrophoresis GmbH (Heidelberg,
Germany). DMEM/F12 (1:1) medium and high glucose
DMEM were from Hyclone (Logan, UT, USA), and o-MEM
complete medium was from Thermo Fisher Scientific.
Fibronectin, L-ascorbic acid-2-phosphate, dexamethasone,
and B-phosphoglycerol were all obtained from Sigma-
Aldrich (St Louis, MO, USA). TGF-1, IGF-1, bFGF from
R&D Systems (Minneapolis, MN, USA). CD29-PE, CD31-
APC, CD44-APC, CD45-APC, CD73-PE, CD90-PE,
CD105-PE, and Notch-1-PE from Biolegend (San Diego,
CA, USA). The C57BL/6 mouse adipose mesenchymal
stem cell lipogenesis induction medium was from Cyagen
Biosciences (Guangzhou, China). Trypan Blue was from
Beyotime (Shanghai, China). Alizarin Red Staining Kit from
TIANDZ (Beijing, China). Oil Red O from Sigma-Aldrich.
Crystal Violet from Beyotime. CCK-8 from Dojindo
(Shanghai, China). Rabbit Anti-Mouse Type II Collagen,
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Type X Collagen, VEGF-A Monoclonal Antibody from
Abcam (Cambridge, MA, USA). Trizol from Invitrogen
(Carlsbad, CA, USA). DEPC Water from Thermo Fisher
Scientific, and i Tap™ Universal SYBR® Green Supermix kit
from Bio-Rad (Hercules, CA, USA).

Isolation and cell culture of ACPCs

The mixed knee and hip cartilage of ten C57BL/6 mice
were harvested under aseptic conditions on an ultra-
clean bench. Following three rinses in phosphate-buffered
saline (PBS), the isolated tissue was digested with 0.25%
trypsin for 10 min, then neutralized with DMEM/F12 (1:1)
complete medium (containing 10% FBS and 1% penicillin).
The sample was then rinsed three times with PBS, then
0.2% type IV collagenase was added, and the tissue was
digested with shaking at 37 °C for 6-8 h. The collagenase-
digested tissue mixture was neutralized with DMEM/F12
(1:1) complete medium, a single cell suspension was then
obtained by filtration through a 40 um single-cell filter,
and the supernatant was discarded after centrifugation at
1,500 rpm for 5 min at 25 °C. The isolated cells were
counted by the Trypan blue method (9 pL cell suspension
mixed with 1pL Trypan blue) using a cell counting plate, and
further plated onto a fibronectin-coated plate at a density
of 1x10° cells/plate (diameter of 10 cm) and incubated at
37 °C with 5% CO, for 18 min. The top layer of liquid was
aspirated off, cells were rinsed once with DMEM/F12 (1:1)
complete medium, and then cultured in 10 mL DMEM/F12
(1:1) complete medium per plate. When the PO generation
ACPCs reached 80% confluence, the medium was aspirated,
the cells were rinsed in PBS and 2 mL 0.25% trypsin was
added for digestion. After incubation for 2 min, an equal
volume of DMEM/F12 (1:1) was added to terminate the
reaction, and the resuspended cells were then used for
subsequent experiments.

Flow cytometric analysis

The cell suspension was centrifuged at 1,500 rpm for 5 min
at 25 °C, the supernatant was discarded, and the ACPCs
were resuspended in PBS containing 1% FBS, then filtered
into single cell suspensions. After counting the cells, the cell
suspensions were adjusted to 1x10° cells/mL and 1 pL of
CD29-PE, CD31-APC, CD44-APC, CD45-APC, CD73-
PE, CD90-PE, CD105-PE, or Notch-1-PE was added, as
appropriate. Antibody-free liquid was used as blank control.
Cells were incubated at 4 °C for 30 min with shaking 5 times
every 5 min, and the suspensions were then centrifuged
at 1,800 rpm for 5 min at 4 °C and rinsed twice with PBS.
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Finally, PBS containing 1% FBS was used to resuspend the
mixture, and the fluorescent expression of surface markers
was detected by flow cytometry.

Chondrogenic induction

The cell suspension was centrifuged at 1,500 rpm for 5 min
at 25 °C, then the upper liquid was discarded, and the cells
were resuspended by adding DMEM/F12 (1:1) complete
medium. Next, 9 pL of cell suspension was aspirated and
mixed with 1 pL of Trypan Blue, and cells were counted
on a cell counting plate. A total of 0.5x10° cells per tube
were transferred to a 15-mL centrifuge tube, medium
was added to 2 mL, and the suspension was centrifuged
at 1,080 rpm for 5 min, then the collected cells were left
for 3 days to form cell pellets. After this, the medium
in the chondrogenic induction group was replaced with
chondrogenic induction medium (high glucose DMEM
containing 1% penicillin, 10 ng/mL TGF-B1, 50 ng/mL
IGF-1, and 40 ng/mL dexamethasone), while the non-
chondrogenic induction groups received high glucose
DMEM complete medium (containing 10% FBS and 1%
penicillin) every 3 days. After 21 days, cell pellets were
paraffin embedded and then stained.

Osteogenic induction

The cell suspension was centrifuged at 1,500 rpm for 5 min
at 25 °C, the supernatant was discarded, and cells were
resuspended in DMEM/F12 (1:1) complete medium. Next,
9 uL cell suspension was mixed with 1 pL. Trypan blue and
the cells were counted on a cell counting plate. Culture plates
were seeded with 5x10* cells per well (diameter of 10 cm) and
incubated at 37 °C in an atmosphere of 5% CO,. After the
cells reached 80% confluence, the medium in the induction
group was replaced with osteogenic induction medium (high
glucose DMEM complete medium containing 10 pg/mL
L-ascorbic acid-2-phosphate, 2.16 g/L B-phosphoglycerol,
and 40 ng/mL dexamethasone), while the non-induction
group received high glucose DMEM complete medium. The
medium was changed every 3 days, cell status and growth
were observed under an inverted microscope. Alizarin red
S staining was performed after 21 days. The Alizarin red S
staining procedure was as follows. The culture medium was
aspirated and a 2 mL/well of PBS was added for two rinses.
The cell layer was then fixed in a 2 mL/well of anhydrous
ethanol for 30 min, then rinsed twice with a 1 mL/well of
distilled water. To stain, a 1 mL/well of alizarin red S-staining
solution was added and incubated for 20 min, after which the
staining solution was aspirated and the cells were rinsed four
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times with a 1 mL/well of distilled water.

Adipogenic induction

The cell suspension was centrifuged at 1,500 rpm for 5 min
at 25 °C, the supernatant was discarded, and cells were
resuspended in DMEM/F12 (1:1) complete medium. For
cell counts, 9 uL of cell suspension was mixed with 1 pL of
Trypan blue and cells were counted on a cell counting plate.
Culture plates were then seeded with 5x10* cells per well
(diameter of 3.5 cm) and incubated at 37 °C with 5% CO,.
After the cells grew to 70-80% confluence, the medium in
the induction group was replaced with adipogenic medium
(C57BL/6 mouse adipose MSC adipogenic medium), while
in the non-induction group, it was replaced with high glucose
DMEM complete medium. The medium was changed
according to the instructions, cell status and growth were
observed under an inverted microscope. After 21 days, the
cells were stained with Oil Red O. The specific staining steps
of the Oil Red O procedure were as follows. The medium
was aspirated, wells were washed twice with a 2 mL/well of
PBS, then fixed with a 2 mL/well of paraformaldehyde for
30 min and rinsed twice with a 1 mL/well of distilled water.
Cells were stained with a 1 mL/well of Oil Red O staining
solution for 30 min, after which the staining solution was
aspirated, and wells were rinsed three times with a 1 mL/well
of distilled water.

Effect of bFGF on the clone-forming ability of ACPCs

When the PO generation ACPCs reached 80% confluence,
the P1 generation of ACPCs were replated and induced
by different concentrations of bFGF. After aspirating the
medium, the cell layer was rinsed once with PBS, then 2 mL
of 0.25% trypsin was added for digestion, incubated
for 2 min, and an equal amount of DMEM/F12 (1:1)
complete medium was added to terminate the reaction.
After centrifugation at 1,500 rpm for 5 min at 25 °C, the
supernatant was discarded and the cells were resuspended
and equally distributed in 8 mL a-MEM complete medium
(containing 10% FBS and 1% penicillin), without bFGF or
with 2 or 5 ng/mL bFGE. Cells were counted by mixing 9 pL.
of cell suspension with 1 uLL of Trypan Blue on a cell counting
plate, then the plates were seeded with 5,000 cells/dish.
After 2 weeks of incubation, crystal violet staining was
performed, the morphology of cell colonies was observed
under the microscope, and cell colonies with a diameter
greater than 2 mm were counted. The crystal violet staining
was performed as follows. The culture medium was aspirated,

© Annals of Translational Medicine. All rights reserved.

Shen et al. bFGF affect articular cartilage-derived progenitor cells

and dishes were rinsed once with a 3 mL/dish of PBS. Cells
were then fixed with a 3 mL/dish of paraformaldehyde for
15 min, after which they were washed twice with a 3 mL/dish
of distilled water. Next, a 3 mL/well of crystal violet staining
solution was added and incubated for 30 min, then rinsed
again with 3 mL/well of distilled water.

Effect of bFGF on the proliferative capacity of ACPCs

Cultured ACPCs were prepared as described above,
resuspended in 8 mL o-MEM complete medium, and
1,000 cells per well were seeded into 96-well plates and
cultured without or with bFGF at 2 or 5 ng/mL in a-MEM.
On days 1, 2, 3, 5, 7, and 9, fresh medium containing 10%
CCK-8 reagent was added and cells were incubated at
37 °C for 2 h. The culture medium was then aspirated and
the absorbance at 450 nm (OD450) was measured using a
spectrophotometer.

Effect of bFGF on the osteogenic capacity of ACPCs

The medium was removed from the P1 ACPCs induced by
different concentrations of bFGEF, cells were rinsed once in
PBS, then digested with 2 mL of 0.25% trypsin for 2 min.
An equal amount of DMEM/F12 (1:1) complete medium
was then added to terminate the reaction. Cells were
centrifuged at 1,500 rpm for 5 min at 25 °C, the supernatant
was discarded, and cells were resuspended and equally
distributed in a-MEM complete medium without or with
bFGF at 2 or 5 ng/mL. Cells were counted as described
above, and 5x10* cells per well were seeded into wells of
six-well plates and incubated at 37 °C with 5% CO,. After
the cells reached 70-80% confluence, the medium in the
osteogenic induction group was replaced with osteogenic
induction medium, while in the osteogenic non-induction
group it was replaced with high glucose DMEM containing
10% FBS. After 21 days, alizarin red S staining and RT-
PCR were performed.

Effect of bFGF on the chondrogenic capacity of ACPCs

The medium was removed from the P1 ACPCs induced by
different concentrations of bFGF, cells were rinsed once in
PBS, then digested with 2 mL of 0.25% trypsin for 2 min.
An equal amount of DMEM/F12 (1:1) complete medium
was then added to terminate the reaction. Cells were
centrifuged at 1,500 rpm for 5 min at 25 °C, the supernatant
was discarded, and cells were resuspended and equally
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Gene Forward primer (5'-3') Reverse primer (5'-3")

Aggrecan TAGAGGATGTGAGTGGTCTT TCCACTAAGGTACTGTCCAC

AKP CCAACTCTTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
COL-II CTGGTGGAGCAGCAAGAGCA CAGTGGACAGTAGACGGAGGAAAG
COMP TGGGCCCGCAGATGCTTC AGGTTTGTTGGTCTGATAGCTC
GAPDH GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
Osteocalcin CTTGAAGACCGCCTACAAAC GCTGCTGTGACATCCATAC

SOX9 GCTTGACGTGGCTTGTTC GAGCCGGATCTGAAGAGGGA

AKP, alkaline phosphatase; COL-II, type Il collagen; COMP, cartilage oligomeric matrix protein; SOX9, sex determining region Y-box 9.

distributed in a-MEM complete medium without or with
bFGF at 2 or 5 ng/mL. Cells were counted and placed into
a 15-mL centrifuge tube at a density of 0.5x10° cells/tube,
then 2 mL medium was added, the tubes were centrifuged
at 1,080 rpm for 5 min, then left for 3 days for cell pellets
to form. Chondrogenic induction medium was then added
to the chondrogenic induction group, and high glucose
DMEM complete medium was added to the chondrogenic
non-induction group. The medium was changed every
3 days. After 21 days, hematoxylin and eosin (HE) staining,
Type II collagen immunohistochemical staining and RT-
PCR were performed.

RNA extraction

The culture medium was aspirated, and cells were rinsed
once with 2 mL PBS per well, then lysed with Trizol (300 uLL
per well of a 6-well plate) at room temperature for 5 min.
The lysate was transferred to an RNAase free EP tube for
later use. Next, chloroform was added at a ratio of 5:2,
mixed by vigorous shaking for 30 s, allowed to stand on ice
for 15 min, then centrifuged at 4 °C, 12,000 rpm for 15 min.
After centrifugation, 200-300 puL of the intermediate
transparent liquid was added to another RNAase-free
EP tube, an equal amount of isopropanol was added, and
the tube was mixed 10 times then allowed to stand on ice
for 10 min. After centrifuging at 4 °C and 12,000 rpm for
15 min, the supernatant was discarded, then a 1 mL per
sample of 75% ethanol/DEPC water was added into the EP
tube to resuspend the precipitate. After centrifuging at 4 °C
and 7,500 rpm for 5 min, the upper liquid was discarded and
tubes air dried. Finally, 20 L of DEPC water was added to
each tube and incubated at 58 °C for 8 min in a metal block,
then the RNA concentration was measured using a Nano
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Drop 2000.

Reverse transcription

Reverse transcription was performed according to the
instructions provided with the cDNA reverse transcription
kit. The reaction system was prepared as follows. RNA
1 pg; 5x All-in-One RT MasterMix 2 pL., was made up to
a 10-pL reaction volume with DEPC water. The reverse
transcription reaction was performed at 25 °C for 10 min,
42 °C for 15 min, then 85 °C for 5 min, and samples were
then placed on ice for subsequent operation.

Real time PCR

For each sample, a 1-uL. ¢cDNA mixture, 0.5 pL each of
upstream and downstream primers, 8 pL. SYBR® Green,
and 12 pL DEPC water were mixed and analyzed by RT-
PCR on a CFX96TM real-time PCR reaction machine.
The PCR amplification conditions were pre-denaturation
at 95 °C for 30 s, denaturation at 95 °C for 5 s, and
extension at 60 °C for 30 s, 40 cycles. Quantitative analysis
was performed by the fluorescence method and GAPDH
was used as an internal reference gene. Primer sequences
were as shown below (1able 1).

In vitro and in vivo cartilage construction of ACPCs on
materials

The P2 generation of ACPCs cultured in a-MEM with
bFGF at 2 ng/mL were used in the following manner.
The cell density was first adjusted to 10° cells/mL, then
the ACPCs-gelatin/polycaprolactone (Gt/PCL) complex
was constructed. First, one layer of cells was seeded on the
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bottom of the well (diameter of 3.5 cm), then one layer of
material was covered, and another layer of cells was seeded.
A total of six layers of cells were seeded on five layers of
material and each layer of 4 pL cells was seeded on the
material. About 50 pL. of a a-MEM medium with bFGF
at 2 ng/mL was added to maintain the nutrition of the
ACPCs-Geltin/PCL complexes at 30 min, 1 h, 2 h, and 3 h
respectively. Finally, a 1-mL o-MEM medium with bFGF
at 2 ng/mL was added. Three days later, the medium was
replaced with chondrogenic induction medium as previously
detailed for 4 weeks. The complexes were then implanted
subcutaneously in four nude mice three times, and the skin
was sutured. An additional mouse was used to compensate
for the death of an animal. After the operation, the nude
mice were carefully fed, and sacrificed at the eighth week
after implantation. All the implantation procedures and
husbandry took place in the SPF animal house of Soochow
University. The complexes were performed with HE
staining and type II collagen/type X collagen/VEGF-A

immunohistochemical staining.

Statistical analysis

Experimental data were expressed as mean =+ standard
deviation, and statistical analysis was performed using
SPSS19.0 software. P values were calculated using the
group #-test, and P values <0.05 were considered statistically
significant.

Results
Isolation and identification of ACPCs

All C57BL/6 mice used for ACPCs extraction were of
normal weight of 3.5£0.3 g, and the mixed articular cartilage
from ten mice was used for each cell extraction procedure.
After fibronectin sorting, mice ACPCs were all observed to
be short and shuttle-shaped, wider in the middle with slender
ends, similar to the typical cell morphology of mesenchymal
cells (Figure 14). The P1 generation ACPCs were used
for osteogenic, adipogenic, and chondrogenic induction to
identify stem cell characteristics (Figure 1A4). The results
of flow cytometry counting showed that expression of the
mesenchymal cell markers CD29 and CD73 were strongly
positive with 89.2%=1.53% and 81.1%=0.84%, respectively
expressing these markers. Some cells were also positive for
CD90 and CD105, with expression rates of 24.3%=1.11%
and 41.6%+£0.62%, respectively. The possible specific
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surface marker of ACPCs, Notch-1, was weakly expressed
in 12.0%+1.05% of cells. The non-stem cell markers
CD31, CD44, and CD45 were weakly positive or negative,
with expression levels of 7.74%x0.33%, 17.1%=1.43%, and
4.06%+0.68%, respectively (Figure 1B).

Influence of bFGF on cell culture of ACPCs

ACPCs were allocated equally to the three groups. The
cell morphology became longer with increasing bFGF
concentration [Figure 24, (a)]. The 2 ng/mL bFGF group
had the highest rate of colony formation, followed by the
group without bFGE, while the least were formed by the
5 ng/mL bFGF group, and the differences were statistically
significant [Figure 24, (b,c); Figure 2B]. The 2 ng/mL
bFGF group also had the highest number of cells, followed
by the 5 ng/mL bFGF group, while the lowest number
was found in the group without bFGF (Figure 2B). The
fastest proliferation in the CCK-8 test was also found in the
2 ng/mL bFGF group, followed by the 5 ng/mL group,
with the least in the group without bFGEF, and again the
differences were statistically significant (Figure 2B).

Influence of bFGF on osteogenic induction of ACPCs

ACPCs were allocated equally to the three groups, and after
3 weeks of osteogenic induction, all groups had alizarin red-
stained calcium nodules (Figure 34). Images of the staining
indicated that the number of calcium nodules decreased
gradually with the increase in bFGF concentration
(Figure 34). Moreover, RT-PCR showed that the expression
of osteocalcin, AKP, and RUNX2 also decreased gradually
with increasing bFGF concentration. All differences were
statistically significant (Figure 3B).

Influence of bFGF on chondrogenic induction of ACPCs

ACPCs were allocated equally to the three groups. All
ACPCs cell pellets, regardless of whether they were
cultured in chondrogenic induction medium or in ordinary
medium, gradually increased in size with increasing bFGF
concentration [Figure 44, (a)]. In addition, the cell pellets
in the induced group were larger than those in the non-
induced group [Figure 44, (a)]. However, in the induced
group, HE staining indicated that in all three groups, the
ACPCs pellet formed a cartilage lacuna structure, with the
densest structure observed in the 2 ng/mL group [Figure 44,
(b)], and all three groups expressed high levels of COL-II
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Figure 1 Isolation and identification of ACPCs. (A) Morphology of ACPCs after fibronectin sorting: (A-1) PO generation ACPCs (100x),
(A-2) P1 generation ACPCs (100x), (A-3) P2 generation ACPCs (100x), (A-4) Alizarin red S staining of ACPCs after osteogenic induction
(100x), gross view in top left corner, (A-5) Oil Red O staining of ACPC:s after adipogenic induction (100x), gross view in top left corner, (A-6)
type II collagen immunohistochemical staining of ACPCs after chondrogenic induction (200x), gross view in top left corner. (B) Flow

cytometric analysis of PO generation ACPCs. ACPCs, articular cartilage-derived progenitor cells.

[Figure 44, (c)]. In the non-induced cell pellet cultures, the
cell pellets in the a-MEM group and the 2 ng/mL group had
a more complete tissue structure after sectioning, and there
were more homogeneous cartilage lacuna structures, while
the cell pellets in the 5 ng/mL group had a looser structure
with scattered cartilage lacunae within the tissue. COL-II
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was expressed in all three groups (Figure 44).

There were significant differences in the expression of
COMP, SOX9, Aggrecan, and COL-II between the simple
a-MEM culture group and the bFGF-treated groups (all
P values were <0.05) (Figure 4B). However, between the
2 ng/mL and the 5 ng/mL bFGF groups, there was a
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Figure 2 Influence of bFGF on cell culture of ACPCs. (A) Effect of bFGF on cell morphology and clone-forming ability of ACPCs. (I)
a-MEM medium group, (I) a-MEM medium containing 2 ng/mL bFGF group, (III) o-MEM medium containing 5 ng/mL bFGF group.
(a) Cell morphology (100x), (b) crystal violet staining of clone-forming ability (gross view), (c) crystal violet staining of cell clone-forming
morphology (40x). (B) Effect of bFGF on the proliferative capacity of P1 generation ACPCs (****, P<0.0001). bFGE, basic fibroblast growth

factor; ACPCs, articular cartilage-derived progenitor cells; a-MEM, a-minimum essential medium.
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B Osteocalcin

o-MEM a-MEM + 2 ng/mL «-MEM + 5 ng/mL |
bFGF bFGF o-MEM

o-MEM + 2 ng/mL  a-MEM + 5 ng/mL o-MEM
bFGF bFGF

a-MEM + 2 ng/mL a-MEM + 5 ng/mL
bFGF bFGF

Figure 3 Effect of bFGF on the osteogenic capacity of ACPCs. (A) Alizarin red staining (100x): (A-1) a-MEM medium osteogenic induction

group, (A-2) a-MEM medium containing 2 ng/mL bFGF osteogenic induction group, (A-3) o-MEM medium containing 5 ng/mL bFGF

osteogenic induction group, (A-4) a-MEM medium control group, (A-5) a-MEM medium containing 2 ng/mL bFGF control group,
(A-6) 0-MEM medium containing 5 ng/mL bFGF control group. (B) PCR result of ACPCs after osteogenic induction under different
concentrations of bFGF culture (*, P<0.05; **, P<0.01; ***, P<0.001). bFGE, basic fibroblast growth factor; ACPCs, articular cartilage-

derived progenitor cells; a-MEM, a-minimum essential medium; AKP, alkaline phosphatase; Runx2, runt-related transcription factor 2.

significant difference only in the expression of COL-II (P
value <0.05), while there was no significant difference in
the expression of COMP, SOX9, or Aggrecan (Figure 4B).

In vitro and in vivo cartilage construction of ACPCs on
materials

ACPCs of the 2 ng/mL bFGF group were incorporated
into a gelatin/polycaprolactone (Gt/PCL) material and
induced into cartilage in vitro for 4 weeks, after which a

© Annals of Translational Medicine. All rights reserved.

largely white, soft tissue was formed. HE staining showed
a homogeneous cartilage lacuna structure with high
expression of type II collagen, which was strongly positive
for type X collagen and VEGF-A staining (Figure 5A). The
complexes were implanted into the back of four healthy
nude mice three times. During the in vivo culturing time,
one nude mouse died. The tissue was removed at 8 weeks
after implantation, and a white, hard tissue was formed.
Further HE staining showed a more mature cartilaginous
lacuna structure with similarly high expression of type II
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Figure 4 Effect of bFGF on the chondrogenic capacity of ACPCs. (A) Histologic result of ACPCs after chondrogenic induction under
different concentrations of bFGF culture. (I) o-MEM medium chondrogenic induction group, (II) a-MEM medium containing 2 ng/mL
bFGF chondrogenic induction group, (III) a-MEM medium containing 5 ng/mL bFGF chondrogenic induction group, (IV) a-MEM
medium control group, (V) 0-MEM medium containing 2 ng/mL bFGF control group, (VI) a-MEM medium containing 5 ng/mL bFGF
control group. (a) Gross view, (b) HE staining (100x), (c) type II collagen immunohistochemical staining (100x). (B) PCR result of ACPCs
after chondrogenic induction under different concentrations of bFGF culture (¥, P<0.05; **, P<0.01; ***, P<0.001). bFGE, basic fibroblast
growth factor; ACPCs, articular cartilage-derived progenitor cells; a-MEM, a-minimum essential medium; HE, hematoxylin and eosin;

SOX-9, sex determining region Y-box 9; COL-II, type II collagen; COMP, cartilage oligomeric matrix protein.
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Figure 5 In vitro and in vivo cartilage construction of ACPCs on materials. (A) In vitro 4 weeks; (B) in vitro 4 weeks + in vivo 8 weeks.

(I) Gross views, (II) HE staining (100x), (III) type II collagen immunohistochemical staining (100x), (IV) type X collagen
immunohistochemical staining (100x), (V) VEGF-A immunohistochemical staining (100x). ACPCs, articular cartilage-derived progenitor
cells; VEGF-A, vascular endothelial growth factor-A.
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collagen, type X collagen, and VEGF-A (Figure 5B).

Discussion

The weak regenerative capacity of cartilage means that the
application of tissue engineering methods to repair cartilage
defects has vast application prospects, and the problem of
seed cell source is one of the most important aspects. The
low chondrocyte content and limited proliferative capacity
of cartilage make it difficult to repair larger cartilage defects.
Mesenchymal stem cells, such as BMSCs, are abundant and
readily available, and are the most commonly used seed cells
for chondrogenic tissue engineering. However, cartilage
tissue constructed from BMSCs is prone to chondrogenic
hypertrophy and ossification after implantation (5-8).
ACPCs, derived from articular cartilage, have mesenchymal
properties and express cartilage-specific matrix proteins,
making them a good source of seed cells (16,21,22).

Since ACPCs lack specific surface markers, a widely
used method for the isolation of ACPCs is the fibronectin
adhesion method. The method mainly takes advantage of
the fact that ACPCs express higher levels of integrin a5 and
B1 than chondrocytes (22-25), so that ACPCs can adhere
more quickly to fibronectin-coated culture dishes. The cells
obtained by this method were short and shuttle-shaped,
which was consistent with the morphology of ACPCs
reported in the literature (24). The three-orientation
induction assay confirmed the osteogenic, chondrogenic,
and adipogenic ability of the sorted cells. Flow cytometric
analysis showed that the sorted cells positively expressed
CD29, CD73, and CD105, which are the minimum criteria
for mesenchymal cell identification, while the expression of
surface markers associated with the hematopoietic lineage
were negative. All these results indicated that the cells
obtained in this study were ACPCs.

bFGF occurs within the structure of extracellular matrix
of hyaline cartilage, This factor promotes the proliferation
of chondrocytes in vivo. It was also shown that bFGF (with
FGF-4 and FGF-8) plays a role in the process of anabolic
pathways activation which leads to decrease of aggrecanase
effect after cartilage load. It prevents cartilage against damage
and osteoarthritis development (26). There are other factors
promote chondrocyte proliferation, such as TGF-p1, IGF-1,
and PDGF (27,28). bFGF has advantage of regulating the
proliferation and differentiation balance that is needed for
cartilage repair (29), which is commonly used for the iz vitro
expansion of both chondrocytes and BMSCs, and promotes
the proliferation of chondrocytes and mesenchymal cells,
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as well as the chondrogenic differentiation of BMSCs.
The commonly used concentration for MSC culture is
5 ng/mL (20,30), above 5.72 ng/mL bFGF will slow down
proliferation of chondrocyte (28). Considering the effect
of bFGF depending on concentration, then 2 and 5 ng/mL
bFGF were added to medium. The results in the present
study suggest that the cell morphology of mouse ACPCs
gradually changed from a short shuttle shape to a long and
slender shuttle shape with increasing bFGF concentration,
until at a concentration of 5 ng/mL the cell morphology
was closer to that of BMSCs. In cell culture, elongated
pseudopod-like structures could be seen at both ends of the
cells, and this phenomenon was more obvious in the colony
forming experiments.

However, the results of the present study showed that
the number of single cell clonal clusters in the 5 ng/mL
bFGF group was lower than in the 2 ng/mL bFGF group
or in the group without bFGF. The CCK-8 assay also
showed that the addition of 2 ng/mL bFGF to the medium
resulted in the highest OD values at all time points. This
phenomenon suggests 5 ng/mL bFGF may be an excessively
high concentration in mouse ACPCs and may not promote
cell proliferation, but instead, inhibits the normal growth of
ACPCs, ultimately leading to cell aging and apoptosis. Effect
of bEGF on cell apoptosis will be tested in the future work.

Different concentrations of bFGF can affect the
osteogenic ability of mice ACPCs in culture. On the one
hand, the results of Alizarin red S staining showed that the
osteogenic differentiation ability of mice ACPCs decreased
with increasing bFGF concentration. On the other hand,
the results of RT-PCR suggest that the expression of
osteogenic genes decreased as the concentration of bFGF
increased. Combining the results of Alizarin red S staining
and the expression of osteogenesis-related genes, it could
be assumed bFGF inhibits the osteogenic differentiation
of mice ACPCs, and that this effect is positively correlated
with the bFGF concentration.

Incubation with different concentrations of bFGF can
affect the chondrogenic ability of mice ACPCs. Gross
observation of the cell pellets showed that ACPCs in the
5 ng/mL bFGF group formed the largest cell pellets under
chondrogenic conditions. However, HE staining showed
that their internal structure was looser and would lead to
instability of the cartilage tissue. Immunohistochemical
staining of type II collagen indicated that the addition of
bFGF to mouse ACPCs during cell expansion increased
the number of positive areas for cell clumps in both the
induction and control groups. RT-PCR results suggested
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that the cell pellet constructed by cells of the 2 ng/mL
bFGF group had the highest expression of chondrogenesis-
related genes. This suggested that 2 ng/mL bFGF was the
optimal concentration to promote the chondrogenic ability
of ACPCs.

As bFGF could promote chondrocyte healing process
in 3-D in vitro models for joint wound healing (31).
After optimize the cell culture condition, ACPCs were
constructed according to the “sandwich” model. In vitro
cartilage was induced to form a white soft tissue, and
the histology showed a homogeneous cartilage lacuna
structure. However, it still expressed type X collagen,
suggesting a tendency to differentiate into hypertrophic
cartilage. Moreover, VEGF-A staining was also positive,
suggesting that it may attract vascular endothelial cells,
which may cause endochondral ossification. Eight weeks
after in vivo implantation in nude mice, the tissues became
rigid, remained white in appearance, and the structure of
the cartilage lacunae became more mature, with a high
expression of cartilage-specific matrix type II collagen. At
the same time, homogenous expression of type X collagen
and VEGF-A could be seen. These results suggest that
ACPCs can form homogenous cartilage lacuna structures
in vitro and in vive after optimization of culture conditions.
However, long-term iz vivo results are still lacking, and will
be investigated in subsequent experiments.

The results of this experiment using mice ACPCs
suggests we could apply a similar system to human ACPCs,
with the potential to develop a practical method to repair
cartilage defects in humans.

Conclusions

Culture in a-MEM containing 2 ng/mL bFGF is the
most suitable cell expansion protocol, and can effectively
promote the expansion of ACPCs, while maintaining their
chondrogenic potential.
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