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Chondrogenic Regeneration Using Bone Marrow Clots
and a Porous Polycaprolactone-Hydroxyapatite Scaffold

by Three-Dimensional Printing

Qingqiang Yao, MD, PhD,1,2 Bo Wei, MD,1 Nancy Liu, MD, PhD,2 Chenshuang Li, DDS,3,4

Yang Guo, MD,1 Arya Nick Shamie, MD,2 James Chen, MD,2 Cheng Tang, MD, PhD,1

Chengzhe Jin, MD, PhD,1 Yan Xu, MD, PhD,1 Xiuwu Bian, MD, PhD,5

Xinli Zhang, MD, PhD,3,5 and Liming Wang, MD1

Scaffolds play an important role in directing three-dimensional (3D) cartilage regeneration. Our recent study
reported the potential advantages of bone marrow clots (MC) in promoting extracellular matrix (ECM) scaffold
chondrogenic regeneration. The aim of this study is to build a new scaffold for MC, with improved characteristics
in mechanics, shaping, and biodegradability, compared to our previous study. To address this issue, this study
prepared a 3D porous polycaprolactone (PCL)-hydroxyapatite (HA) scaffold combined with MC (Group A), while
the control group (Group B) utilized a bone marrow stem cell seeded PCL-HA scaffold. The results of in vitro
cultures and in vivo implantation demonstrated that although an initial obstruction of nutrient exchange caused by
large amounts of fibrin and erythrocytes led to a decrease in the ratio of live cells in Group A, these scaffolds also
showed significant improvements in cell adhesion, proliferation, and chondrogenic differentiation with porous
recanalization in the later culture, compared to Group B. After 4 weeks of in vivo implantation, Group A scaffolds
have a superior performance in DNA content, Sox9 and RunX2 expression, cartilage lacuna-like cell and ECM
accumulation, when compared to Group B. Furthermore, Group A scaffold size and mechanics were stable during
in vitro and in vivo experiments, unlike the scaffolds in our previous study. Our results suggest that the combination
with MC proved to be a highly efficient, reliable, and simple new method that improves the biological performance
of 3D PCL-HA scaffold. The MC-PCL-HA scaffold is a candidate for future cartilage regeneration studies.

Introduction

Due to the poor regenerative capacity of cartilage
in vivo, articular cartilage defect is a great challenge in

the field of orthopedic surgery.1 There are several cartilage
repair techniques, including microfracture, joint irrigation or
debridement, osteochondral grafting, and autologous chon-
drocyte implantation.2,3 As it is a simple, convenient, and
relatively inexpensive choice, microfracture has become the
preferred clinical treatment.4 Previous evidence proved that
bone marrow clots (MC) on the surface of the microfracture
lesions provide an optimal environment for cartilaginous
tissue repair.5,6 However, this technique results in a repaired
tissue with lower mechanical strength. This tissue is easily
worn by daily activities, causing symptoms to recur and
necessitating a second repair.7,8 The poor mechanical

strength, the instability of MC, and the loss of bone marrow-
derived mesenchymal stem cell (BMSCs) may be the main
barriers to fibrocartilage repair by microfracture.9 Although
the detailed mechanisms by which MC fibrocartilage forms
are not clear, the combination of MC chondrogenic differ-
entiation and high-strength biodegradable scaffolds may
provide an advanced approach to the repair and functional
reconstruction of cartilage defects.10,11

The fundamental concept underlying tissue engineering is
the combination of a scaffold with living cells and/or bio-
logically active molecules to form a ‘‘tissue engineering
construct’’ that promotes the repair and/or regeneration of
tissues.12 Scaffolds, an essential element of three-dimensional
(3D) cartilage construction, play important roles in directing
cartilage regeneration. The components and structure of scaf-
folds determine their mechanical properties, biocompatibility,
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and degradability, and thus inevitably influence the efficacy of
3D cartilage regeneration.13,14 As shown by previous studies,
natural, biodegradable materials including polylactic acid
(PLA), polyglycolic acid (PGA), and PGA-PLA copolymer
have good biocompatibility and biosafety.15 However, poor
mechanical strength and rapid degradability greatly limit their
application in regenerating 3D tissue.16 On the other hand,
biomedical polymer materials have good mechanical strength
and slow degradability, but poor biological effects.17,18 As a
semi-crystalline linear aliphatic polyester, polycaprolactone
(PCL) is degraded by hydrolysis in physiological conditions
and is now one of several degradable polymers the FDA has
approved for use in the human body as a drug delivery device,
adhesion barrier, and suture and staple. It is also being exten-
sively investigated as a biomaterial for tissue repair and re-
generation.19 Currently, fused deposition modeling (FDM), an
advanced rapid prototyping technique, can fabricate PCL/
PCL-hydroxyapatite (HA) composites into a porous sponge or
a honeycomb structure with designed shape.17–20

Furthermore, these porous structures may provide a network
to mimic native extracellular matrix (ECM), which is favorable
for cell adhesion and proliferation. The porous scaffold may
also contain biological factors that promote cell proliferation
and differentiation.21,22 To improve the biological effects, nu-
merous attempts have been set up to promote cell adhesion
and ECM secretion of 3D PCL scaffolds by combining them
with degradable bioactive materials (BMSC-derived natural
ECM,23,24 platelet-rich plasma,26–28 and collagen29).

Our previous study testified that MC is able to regenerate
cartilage by using biodegradable BMSC-derived ECM
(BMSC-dECM) scaffolds. Furthermore, MC is easily ob-
tained and has a rich content of BMSCs and biological fac-
tors.8,23–25 The combination of PCL/PCL-HA scaffold and
MC may be an effective approach to cartilage tissue engi-
neering. However, whether the FDM 3D porous scaffold is
suitable for MC in 3D cartilage regeneration is still unknown.
Additionally, whether the collapse of MC-BMSC-dECM
scaffolds can be improved by MC-PCL-HA scaffolds needs to
be proved. To address these issues, this study prepared porous
PCL-HA scaffolds by 3D FDM printing. We selected PCL-
HA in accordance with a previous finding of cell adhesion and
osteochondral histogenesis using the same materials.30–32

The biomechanical strength and cartilage differentiation
performance of the MC-PCL-HA scaffold, cultured in vitro
and implanted in vivo, were examined to evaluate its suit-
ability in cartilage regeneration.

Materials and Methods

Animals

For this study, 30 female New Zealand white rabbits (5–6
months old) and 60 female nude mice (6–7 weeks old) were
used for BMSC isolation and microfracture and subcutane-
ous implantation models, respectively. The use of animals in
this experiment was approved by the Institutional Animal
Experiment Committee of Nanjing Medical University, and
animals were treated according to the U.S. National In-
stitutes of Health guidelines. All animals underwent veter-
inary examination to evaluate general health status. All
experimental procedures, including bone marrow aspiration,
microfracture, and subcutaneous dorsal implantation were
performed under anesthesia.

BMSC isolation, culture, and identification
with multi-directional differentiation

Rabbit BMSCs were isolated and cultured as described in
our previous study.6,20,21 In brief, bone marrow was aspi-
rated from the posterior superior iliac crest, and mononu-
clear cells (MNCs) were isolated by density gradient
centrifugation. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum (FBS; Gibco), 1% HEPES buffer, and
1% antibiotics-antimycotics in a 37�C, 5% CO2 incubator.
After primary cell expansion, osteoblastic, chondrogenic,
and adipogenic differentiation were tested to confirm the
identity of BMSCs using standard protocols8 (Fig. 1).

Preparation of 3D porous scaffolds and grouping

PCL-HA scaffolds were fabricated by FDM as previously
described.31–33 In brief, 3D PCL-HA porous scaffolds were
designed by computer-aided design (CAD) in Geomagic studio
11.0 software. The structural parameters of the scaffolds were
designed 8 mm in diameter, 1.5 mm in thickness, 100% pore
interconnectivity, 700mm fiber diameter with 0�/90� laydown
pattern, 700mm pore size, and 56% scaffold porosity.18,21 PCL
powder (molecular weight *60,000; 3Dbiotek) and HA
(Plasma Biotal) were dried separately for 24 h in a vacuum oven
at 120�C and 40�C, respectively. The scaffolds were fabricated
with PCL/30% HA (by weight) composite using 3D FDM mi-
crofabrication technology (FDM 3000 System; Stratasys, Inc.)
following the manufacturer’s protocol. All used chemicals were
of pharmacological grade, and the detailed characterizations of
these materials have been reported elsewhere.34–36

Two groups were set in this study: a PCL-HA combined
with MC (Group A) and a BMSC inoculated PCL-HA scaf-
fold as the control (Group B). Each group had 30 scaffolds,
which were trimmed to a square of 6 mm · (4–6) mm in size
for the in vitro experiment in an attempt to reduce deviations
caused by small, uneven openings along the periphery. The
two groups of in vivo scaffolds were subcutaneously im-
planted into the back of nude mice after 4 weeks of in vitro
culture, and the mice were sacrificed at 4 weeks post-
implantation. Scaffolds were sampled at day 1 and at weeks 1,
2, and 4 of in vitro culture, and at weeks 2 and 4 of in vivo
implantation. Five samples were tested at each time point for
each group (n = 5) (Fig. 1).

Preparation of MC-PCL-HA scaffold

The microfracture procedure was performed bilaterally on
the condyle of distal femurs in rabbit following the protocol in
our previous study.8,25 Each PCL-HA scaffold in Group A
was immersed and mixed in MC retrieved from one rabbit, for
1 h, until the MC and scaffold were fully combined. Thirty
MC/PCL-HA combined constructs were obtained. The
amount of seeded stem cells was calculated as the difference
between the stem cells in MNCs before and after the PCL-HA
scaffold was immersed in the MC. In this study, the average
0.9 – 0.3 · 105 stem cells were loaded in each MC-PCL-HA
scaffold.32 These scaffolds were cultured in L-DMEM me-
dium for 4 days, with the medium changed every 1–2 days
until clear. Then, the MC-PCL-HA scaffolds were cultured in
chondrogenic medium containing high-glucose DMEM, 10%
FBS, 1% penicillin-streptomycin, 37.5 mg/mL L-ascorbic
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acid 2-phosphate, 40mg/mL L-proline, 100mg/mL sodium
pyruvate, 6.25 mg/mL of recombinant human insulin, 6.25 mg/
mL transferrin, 6.25 mg/mL selenous acid, 5.33mg/mL lino-
leic acid, 10 ng/mL transforming growth factor-beta 3 (TGF-
b3), and 100 nM dexamethasone (Pepro Tech) for 28 days
in vitro, and then implanted in the dorsal subcutaneous tissue of
nude mice for an additional 28 days. Each construct was im-
planted into one nude mouse. Scaffolds were sampled at day 1
and at weeks 1, 2, and 4 of in vitro culture, and at weeks 2 and 4
of in vivo implantation. Five samples were tested at each time
point for each group (n = 5) with 10 nude mice for in vivo
implantation. This scaffold was designated as Group A.

Preparation of BMSC-seeded PCL-HA scaffolds

A third passage of BMSCs were obtained and seeded onto
tailored PCL-HA scaffolds with a density of 5 · 105/mL and
a volume of 2 mL. Because the actual volume taken by each
scaffold was similar to MC group (0.3 – 0.1 mL), the aver-
age 1–2 · 105 of BMSCs were loaded onto BMSC-PCL-HA
scaffold. That was nearly equal to more than the amount of
stem cells loaded in each MC-PCL-HA scaffold. After 1 h,
the BMSC-seeded scaffolds were cultured in L-DMEM
medium for 4 days with the medium changed every 2 days.
Then, they were cultured in the chondrogenic medium
(Cyagen Biosciences) for 28 days in vitro and implanted in
the dorsal subcutaneous tissue of nude mice for an addi-
tional 28 days as described for the MC-PCL-HA scaffold.
This scaffold type was designated as Group B.

Macro and microstructure morphology observation

The macrostructure morphology of cultured 3D con-
structs was observed after 1 day and 1, 2, and 4 weeks of
in vitro culture, and at 2 and 4 weeks postimplantation. Size,
color, and shape were recorded. For pore morphology ob-
servations, an inverted microscope was used to identify the
change of pore contents. For microstructure morphology

observations, specimens were fixed in 10% formalin over-
night, and then dehydrated through a series of graded eth-
anol solutions. Next, the samples were dried overnight at
room temperature, gold sputtered, and observed by scanning
electron microscope (SEM) ( Jeol) at an accelerating voltage
of 5 keV. Cell viability was assessed using Live/Dead Re-
duced Biohazard Viability/Cytotoxicity Kit (Molecular
Probes) as per the manufacturer’s protocol. Samples were
washed with phosphate-buffered saline (PBS) and incubated
in the dilute dye solution for 15 min at room temperature.
Next, these samples were fixed with 4% glutaraldehyde for
1 h, and observed and photographed using a confocal mi-
croscope (Leica TCS SP2 Confocal Microscope; Leica).
Live cells were stained green, and dead cells appeared red.

Mechanical testing

Mechanical testing of specimens was conducted using
Instron 4502 uniaxial testing system (Instron Ltd.). Scaffolds
at 1, 2, and 4 weeks in vitro, and at 2 and 4 weeks in vivo
underwent a single 1 mm/min compression until 10% strain
was reached. Compression testing was also carried out under
simulated physiological conditions by keeping the scaffolds
at 37�C in PBS for 24 h before testing. The compressive
strength of five scaffolds for each group was recorded at 10%
strain with mean – standard deviation calculated.

Histology and immunohistochemical staining assay

Cultured tissue samples were fixed in 10% formalin for
24 h, dehydrated with a graded ethanol series, and embedded
in paraffin wax. Sections were separately stained with Sa-
franin O/Fast Green (SO-FG) and Hematoxylin-Eosin stain.
After deparrafinizing samples and antigen retrieval, type II
collagen immunohistochemical staining was performed using
mouse anti-rabbit collagen type II monoclonal antibody
(1:200 dilution; Novus Biological) and anti-mouse secondary
antibody (1:200 dilution) (DakoCytomation). Then, samples

FIG. 1. Marrow clot (MC) combined polycaprolactone-hydroxyapatite (PCL-HA) scaffold and bone marrow-derived
mesenchymal stem cells (BMSCs) seeded scaffold construction and grouping. The experimental details are described in the
Materials and Methods section. Five samples were sampled at 1 day, and 1, 2, and 4 week time points for in vitro culture and
2, 4 week time points for in vivo implantation (n = 5). Color images available online at www.liebertpub.com/tea
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were incubated in 3,3¢-diaminobenzidine tetrahydrichloride
and counterstained with Mayer’s hematoxylin (Sigma).

Biochemical measurement

The content of type II collagen in engineered tissues was
quantified by ELISA as previously described.6,19 The sulfated
glycosaminoglycan (GAG) content of engineered tissues was
quantified by ELISA using dimethylmethylene blue (DMMB;
Sigma Aldrich) colorimetric assay with chondroitin sulfate
from shark cartilage to generate a standard curve. Total DNA
content was measured using Quit-iT dsDNA kit (Invitrogen)
with salmon test DNA to generate a standard curve. As the
control group, the content of type II collagen, GAG, and total
DNA in the native cartilage was measured using samples
6 mm in diameter and 2–3 mm in thickness.

Real-time PCR analysis

Real-time PCR analysis was performed as previously
described.6,21 In summary, the specimens were rinsed twice
with PBS buffer and lysed in TRIzol (Invitrogen). Total
RNA was isolated and reverse transcribed to cDNA using
High-capacity cDNA Reverse Transcription kit (Applied
Biosystem). Real-Time PCR was performed with 40 cycles
running for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), type II collagen, Sox9, and Aggrecan using ABI
Prism 7500 sequence detection system (Applied Biosystem),
as per the manufacturer’s protocol. The mRNA level of each
gene was normalized to GAPDH and then compared with
levels in the 1 week in vitro culture. Relative quantitation of
gene expression was determined by standard 2( -DDCt) cal-
culations. The primer sequences were designed using Primer
5 software, which are listed in Table 1.

Statistical analysis

The statistical analysis was performed with SPSS 13.0
statistical software (SPSS, Inc.). All of the statistical ana-
lyses were performed using one-way analysis of variance
(ANOVA). An unpaired Student’s t-test was used to com-
pare the differences in volume, biochemical composition

content, and gene expression between Group A and Group
B. A value of p < 0.05 was considered to be statistically
significant. Data were tested for normality before perform-
ing the Student’s t-test.

Results

Observation of macro and microstructure
of the scaffold

The obtained PCL-HA scaffolds matched the design pa-
rameters in CAD, including size, shape, pore size and in-
terconnectivity, and fiber diameter (Fig. 2). After replacing
the medium of the 2 weeks in vitro culture, most erythro-
cytes on the MC-PCL-HA scaffold were washed off, thus
reducing the red color of the scaffold. The size of each
scaffold did not significantly change during in vitro culture,
and no significant shrinkage was found after in vivo im-
plantation for both groups (Fig. 3A). As time progressed,
pore content accumulation was seen in Group B. In Group
A, the density of content significantly decreased during the
first week of in vitro culture, which was subsequently in-
creased after the following culture (Fig. 3B). SEM analysis
revealed that pores of scaffolds were filled and obstructed by
fibrin, monocytes, and erythrocytes from MC at time point day
1, but they were gradually recanalized over the next 2 weeks.
Similarly, the exogenous fibrin in Group B was removed
after 1 week in vitro culture. Compared to Group B, more
cells and ECM were accumulated inside the 3D porous
framework of Group A during culture. No obvious changes
in color were found in Group B during the first 2 weeks in
culture; however, a slow and gradual accumulation of cells
and ECM could still be found using SEM and inverted
microscope (Fig. 3B). Specimens with smooth and shiny
surfaces gradually formed in Group A after implantation,
and they more closely displayed cartilage-like macro mor-
phology than those in Group B (Fig. 3A). The confocal
images of Live/Dead assay showed that red-stained dead
cells in MC-PCL-HA scaffold were increased at the 1 week
in vitro time point, and decreased at the 2 week in vitro
culture time point. The pore obstruction and recanalization
could also be observed in confocal images. However, rare
red-stained dead cells were observed in Group B, with the
density of adhered cells significantly lower during the first 2
weeks of in vitro culture (Fig. 4).

Mechanical test

The mechanical property of both two groups gradually
decreased during in vitro culture and increased during
in vivo culture. For Group A, the mechanics at the 4 week
time point for in vitro culture (3.70 – 0.44 MPa) was sig-
nificantly lower than at the 1 day in vitro (4.21 – 0.19 MPa)
( p < 0.05) and 4 weeks in vivo (4.22 – 0.29 MPa) ( p < 0.05)
time points. However, no apparent difference was found
between the other two time points. Similarly, significant
differences in mechanics were only found at the 4 weeks
in vitro time point compared to day 1 (3.52 – 0.28 MPa,
4.23 – 0.18 MPa, p < 0.05) and 4 weeks in vivo time point
(3.52 – 0.28 MPa, 4.05 – 0.37 MPa, p < 0.05) in Group B.
The mechanics of samples in Group A was higher than
Group B at the 1 and 2 week in vitro time points and 4 week
time point for in vivo culture, but no statistical difference

Table 1. Detailed Information of the Primer

Sequences for RT-PCR

Gene Primer nucleotide sequence

GAPDH Forward: 5-TCACCATCTTCCAGGAG
CGA-3

Reverse: 3-CACAATGCCGAAGTGG
TCGT-5

Type II
collagen

Forward: 5-GGCAATAGCAGGTTCACG
TACA-3

Reverse: 3-TTCACCCCGTTCTGACAA
TAGC-5

Sox9 Forward: 5-CACACAGCTCACTCGA
CCTTG-3

Reverse: 3-GCTCTACTAGGATTTTATT
GGCTT-5

Aggrecan Forward: 5-TCGAGGACAGCGAGGCC-3
Reverse: 3-AGAGATGTGCGATGTG

GGAGCT-5
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FIG. 2. Manufacturing of a
three-dimensional (3D) PCL-
HA porous scaffold. The de-
tails of scaffold design and
preparation are described in
the Materials and Methods
section. The primary scaffold
(A) was trimmed to a square
(B) to reduce deviations
caused by uneven, small
openings along the periphery.
The 3D fiber porous structure
as shown by computer-aided
design (C, D) matches the
inverted microscope (E) and
scanning electron microscope
(SEM) (F) observations.
Color images available
online at www.liebertpub
.com/tea

FIG. 3. Macro and micromorphology of cultured or implanted scaffolds. (A) For Group A, in vitro macromorphology
showed that at early time points, the red color was gradually replaced by a yellowish appearance, while the matrix in the
pore was seen accumulated in both groups. After in vivo implantation, cartilage-like appearance was found in Group A
samples. No significant shrinkage was observed during in vitro and in vivo cultures for either group as compared to the
corresponding initial implants. (B) The obstruction and recanalization of pores in Group A were observed during the first 2
weeks of in vitro culture. SEM confirmed a greater amount of matrix contents inside the pores of Group A, as compared to
Group B, at the 1 and 2 week time points of in vitro culture. Color images available online at www.liebertpub.com/tea
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was found between the two groups at each time point. The
mechanics of the two groups was significantly higher than
our previous BMSC-dECM scaffolds (0.5–1.8KPa during
in vitro culture)6,19–21 (Fig. 5).

Histology and immunohistochemical staining assay

Histological analyses showed a larger amount of cartilage-
like lacunas containing proliferated cells inside pores in
Group A, at the 4 week in vivo implantation time point
compared to Group B (Fig. 6 A, B, G, H). Meanwhile, SO-
FG staining demonstrated that more GAG was synthesized
and had accumulated inside the porous framework in Group
A, while a smaller amount of GAG accumulation was found
in Group B, at the 4 week time point for in vivo implantation
(Fig. 6C, D, I, J). Similarly, immunohistochemical staining
demonstrated an apparent synthesis and accumulation of
higher levels of type II collagen in Group A at the 4 week
time-point for in vivo samples, compared to samples at the
same time point in Group B (Fig. 6E, F, K, L).

Analysis of biochemical components

The quantitative measure of the collagen content showed that
type II collagen, in both Group A and B, gradually increased as
culture time progressed. Compared to Group B, tissues in Group
A accumulated a larger amount, in vitro, from 1 week and on,
with the most apparent difference observed at the in vitro 4
week time point (227.1 – 21.4mg/mg, 160.4 – 18.7mg/mg,

FIG. 4. Live/Dead assay of
loaded stem cells. (A) The
assay showed a greater
amount of cells inside the
MC-PCL-HA scaffolds,
compared to BMSC-seeded
scaffolds, during the first 2
weeks of culture, with more
red-stained dead cell ob-
served in MC-PCL-HA scaf-
folds. (B) The ratio of live/
dead cells in Group A de-
creased at 1 week and in-
creased at 2 weeks in vitro
culture, and this ratio in
Group A was lower than that
of Group B. *p < 0.05. Color
images available online at
www.liebertpub.com/tea

FIG. 5. The mechanical properties of both groups de-
creased gradually during in vitro culture, and it increased
during in vivo implantation. The mechanics at the 4 week
in vitro culture time point was significantly lower than the 1
day in vitro and 4 week in vivo time points in both groups.
No apparent differences were found between other two time
points. The mechanics for Group A samples was slightly
higher than those of Group B at the 1 and 2 week in vitro
culture time points, as well as 2 and 4 weeks after in vivo
implantation. However, no statistical difference was found
between the two groups at each time point. *, **, D, DD,
p < 0.05.
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FIG. 6. Histological evaluation of implanted scaffolds with stem cells. Hematoxylin-Eosin (HE) staining (A, B, G, H),
Safranin O staining (C, D, I, J) and immunohistochemical staining with anti-collagen type II antibody (COL II) (E, F, K, L)
of tissues in both the MC-PCL-HA and BMSC-seeded PCL-HA groups after 4 weeks in vivo implantation was performed.
The results of glycosaminoglycan (GAG) and COL II staining, along with cartilage-like lacunas containing cell appearance
demonstrated that the MC-PCL-HA scaffolds have a stronger capacity for chondrogenic differentiation compared to BMSC-
seeded PCL-HA scaffolds. Black box: detailed magnification. Color images available online at www.liebertpub.com/tea

FIG. 7. Biochemical and gene expression assays of cultured tissues. The content and variation of collagen II (A), GAG (B), and
DNA (C) were measured quantitatively during the culture period as described in the Materials and Methods section. MC combined
PCL-HA scaffolds had a larger amount of Collagen II, GAG, and DNA accumulation than the BMSC-seeded PCL-HA scaffolds.
The gene expression levels of collagen II (D), GAG (E), and SOX9 (F) was normalized to the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and compared to the 1 week in vitro culture time point. Similarly, the expression of collagen II,
GAG, and SOX9 in MC-PCL-HA scaffolds were higher than in BMSC seeded scaffolds during culture. *p < 0.05, **p < 0.01.
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p < 0.05) (Fig. 7A). Similarly, the GAG content of both Group A
and B gradually increased. The GAG content of Group A
was notably higher than Group B at each time point, particularly
for the peak value, which was found at the 4 week time point
in vivo implantation (47.63 – 7.61mg/mg, 33.61– 5.73mg/mg,
p < 0.05) (Fig. 7B). However, the DNA content of the two
groups showed more rapid accumulation during the first 2
weeks in vivo implantation, when compared to the in vitro
culture. At each time point, the DNA content in Group A was
higher than Group B, with the difference between the two
groups reaching a peak at 2 weeks in vivo (818.2 – 52.5 ng/mg,
508.4 – 40.3 ng/mg, p < 0.05) (Fig. 7C).

Gene expression analysis

The real-time PCR assay demonstrated that the expression
of type II collagen in both Group A and B gradually increased
during in vitro culture and after in vivo implantation, with the
level of type II collagen expression in Group A significantly
higher than Group B (Fig. 7D). The expression of GAG and
Sox9 showed a similar trend in the two groups during in vitro
culture and after in vivo implantation (Fig. 7E, F).

Discussion

The specific structural, biomechanical, and biochemical
characteristics of cartilaginous tissue has made cartilage tissue
engineering a potentially valuable tool for the repair of cartilage
defects.1,2 In recent years, much attention has been focused on
achieving cartilage regeneration by combining microfracture
and scaffold materials (e.g., fibrin, hydrogel, and gelatin).37,38 In
our previous studies,23–25 BMSC-dECM scaffolds had excellent
effects on stem cell proliferation and chondrogenic differentia-
tion in natural, biodegradable materials, especially when com-
bined with MC. However, similar to other biological materials,
the clinical usage of ECM scaffolds may be limited because of
the poor mechanical strength and rapid biodegradability.8,24

Biomedical polymer materials, with potentially better me-
chanic, shaping, and biodegradable characteristics, can be
utilized to construct a porous scaffold with a specified shape
and internal structure for the personalized and precise repair
of damaged tissue.17,18,21,39 Although the mechanics of the
scaffolds in Groups A and B decreased after 4 weeks of
in vitro culture and increased 4 weeks postimplantation due
to the compounding effects from both competitive positive
and negative forces, the mechanics of the MC-PCL-HA
scaffold was notably higher and more stable than the natural
biodegradable materials previously described.20,23–25,40,41

Notably, there were no significant differences in mechanics
between the MC combined scaffolds and the BMSC seeded
scaffolds during in vitro culture and after in vivo implanta-
tion. It shows that using MC will not negatively impact the
mechanics of the PCL-HA scaffold.

In this study, no significant shape shrinkage of the MC-
PCL-HA scaffold was found during culture in comparison to
their initial size at implantation. It has been reported that
plasma contraction may lead to nearly 50% shrinkage of the
MC-based scaffold. Similarly, studies, including our previous
one, found that the tissue generated by MC will begin its
shrinkage at 1 week after in vitro culture, and will completely
disappear with poor cell proliferation and insufficient ECM
secretion.9,10 In this study, the macro morphology of the MC-
PCL-HA scaffold maintained its shape throughout the experi-

ments with the shrinkage of MC observed inside the pores of
scaffold. This demonstrated that the PCL-HA scaffold can
significantly improve the shape and design, and better maintain
the characteristics of the hybrid scaffold, compared to the bio-
degradable scaffold made only by natural materials.8–11,26,27

Previous investigation of 3D fabricated porous scaffolds
showed that the smooth surface and large pores cause these
scaffolds to fail to favor cell residence, and render an adverse
effect on the attachment of cellular and biological factors.21,31

Multiple studies have been conducted to improve its biological
performance using rather complicated and expensive techniques,
including surface coating, scaffold etching, and microstructure
adjusting, which may ease the cell adhesion but simultaneously
decrease the mechanical strength.31,32 Other attempts aimed to
deliver heterologous cells and biologically active molecules into
a 3D porous scaffold to build a hybrid scaffold. However, this
may encounter crucial barriers in therapeutic translation, such as
immunological rejection, pathogen transmission, potential tu-
morigenesis, and incompatibility with normal tissue.42–45 In this
study, the biochemical content of type II collagen, GAG, and
DNA in Group A was significantly higher than in Group B.
Similarly, the real-time PCR showed that the expression of
type II collagen, GAG, and Sox9 in Group A was apparently
higher than in Group B. As shown by histology and immu-
nohistochemical assay, and by SEM observation, Group A
had more cells and ECM accumulation than Group B
throughout the experiment. These results showed that the
composite construct in Group A had a significant improve-
ment on chondrogenesis performance compared to Group B,
and PCL-HA scaffolds can promote the chondrogenesis of
MC following microfracture. From the results of this study, it
was suspected that fibrin would remain in the scaffold during
the initial culture, the aggregation of secreted ECM would
promote marrow cell adhesion, and TGF-b3 would retain
from cartilage induction medium. Since TGF-b3 is a potent
stimulator of cartilage differentiation in stem cells, and
BMSC-ECM contains proteins and growth factors of various
structure and function, it’s reasonable that Group A displayed
better chondrogenesis performance than Group B.

From the SEM and live/dead confocal images of MC-PCL-
HA scaffolds, we found that the pores of scaffolds were filled
with fibrin, monocytes, and erythrocytes from MC at day 1.
Meanwhile, the decreasing live/dead cell ratio observed at the
first in vitro culture was suspected to be due to the obstruction
of nutrient exchange, at pores, by large amounts of fibrin and
erythrocytes. In the following culture, erythrocytes and fibrin
were gradually eluted with mesenchymal stem cell prolifer-
ation, secreted ECM accumulation, and porous recanaliza-
tion. This may have caused the red color to fade and the
yellow color to deepen at the macrostructure observation. An
increase in live/dead cell ratio was observed in MC-PCL-HA
scaffolds at the 2 week in vitro culture time point. However,
in BMSC-seeded PCL-HA scaffolds, gradual cell prolifera-
tion and secreted ECM accumulation were found over time,
which may have caused the higher live/dead cell ratio and a
lower cell/ECM ratio during culture, compared to Group A.

To reduce the boundary effect,31,46 scaffolds were trimmed
before in vitro culture and in vivo implantation. The perfor-
mance of scaffolds with complex 3D structures would not be
significantly affected with this physical restraint. Additionally,
this study did not distinguish between different types of stem
cells in bone marrow blood, and whether or not there are
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multiple stem cells beside BMSCs that can also differentiate
into chondrocytes in MC-PCL-HA scaffolds needs to be clar-
ified by further research. Meanwhile, as an autologous proce-
dure, MC may circumvent the barriers encountered in allograft
procedures, including immune rejection, pathogen transmission,
issues with packaging, storage, and shipping, and difficulties in
clinical adoption. The performance of the MC-PCL-HA scaf-
fold in autologous in vivo studies needs further investigation.

In conclusion, 3D porous MC-PCL-HA scaffolds showed
significantly improved biological performance in inductive
culture when compared to a conventional BMSC-seeded
PCL-HA scaffold. Furthermore, its size was stable during
in vitro and in vivo culture, which was superior to conven-
tional biodegradable scaffolds. In this study, the MC proved
to be a highly efficient, reliable, and a simple new method to
improve the biological performance of PCL-HA scaffolds.
This research provides a theoretical basis for future studies
regarding MC-PCL-HA scaffolding.
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