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A B S T R A C T

Functional repair of articular cartilage defects is always a great challenge in joint surgery clinically. Tissue en-
gineering strategies that combine autologous cell implantation with three-dimensional scaffolds have proven
effective for repairing articular cartilage tissue. However, it faces the problem of cell sources and scaffold ma-
terials. Autologous chondrocytes and bone marrow are difficult to popularize clinically due to limited donor
sources and low mononuclear cell (MNC) concentrations, respectively. The density gradient centrifugation
method can increase the concentration of MNCs in fresh bone marrow by nearly a hundredfold and achieve
immediate enrichment. In addition, acellular cartilage matrix (ACM), with good biocompatibility and a cartilage-
specific microenvironment, is considered to be an ideal candidate scaffold for cartilage regeneration. In this study,
hybrid pigs were used to establish articular cartilage defect models of different sizes to determine the feasibility
and maximum scope of application of ACM-based biomimetic scaffolds combined with MNCs for inducing
articular cartilage regeneration. Importantly, ACM-based biomimetic scaffolds instantly enriched MNCs could
improve the repair effect of articular cartilage defects in situ, which established a new model of articular cartilage
regeneration that could be applied immediately and suited for large-scale clinical promotion. The current study
significantly improves the repair effect of articular cartilage defects, which provides scientific evidence and
detailed insights for future clinical applications of ACM-based biomimetic scaffolds combined with MNCs.
1. Introduction

Functional repair of articular cartilage defects is always a great
challenge in joint surgery clinically because of the poor self-repair
capability [1,2]. The current methodology used for repairing articular
cartilage defects includes abrasion arthroplasty, microfractures, and
autologous cartilage transplantation, but the overall therapeutic effect is
unsatisfactory and lacks ideal donor sources [3–6]. Therefore, how to
achieve articular cartilage regeneration and functional reconstruction is
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still an urgent problem to be solved. Over the past 20 years, tissue en-
gineering strategies that combine autologous chondrocyte or stem cell
implantation with three-dimensional (3D) scaffolds have proven effec-
tive for regenerating cartilage tissues [7–9]. However, strategies using
autologous chondrocytes as the cell sources will inevitably be associated
with a limited supply of cells and donor site morbidity. Autologous bone
marrow mononuclear cells (BMMNCs) could overcome the above prob-
lem of cell sources [10,11]. Unfortunately, fresh bone marrow with an
extremely low concentration of mononuclear cells (MNCs) is not suitable
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for immediate enrichment, and cell isolation and proliferation require
additional culture time in vitro [12,13], which makes it difficult to ach-
ieve immediate enrichment of cells and tissue repair. Therefore, it is
difficult to achieve further clinical application.

To realize immediate enrichment, MNCs could be isolated instantly
from fresh bone marrow by density gradient centrifugation [14], in
which the concentration of MNCs could be increased nearly a hundred-
fold. Noteworthily, biological scaffolds also play an important role in
tissue engineering [15,16]. Therefore, a proper scaffold with good
biocompatibility is urgently required to assist in cartilage regeneration.
Among all scaffolds, acellular cartilage matrix (ACM) with good
biocompatibility, containing a cartilage-specific microenvironment and
bioactive factors, is considered to be one of the ideal candidate scaffolds
for cartilage regeneration [17–20].

In the current study, hybrid pigs, whose knee joints were relatively
similar to those of humans in structure and load-bearing conditions, were
used to establish articular cartilage defect models of different sizes in
diameter to clarify the feasibility and maximum scope of application of
ACM-based biomimetic scaffolds for inducing articular cartilage regen-
eration. Most importantly, the ACM-based biomimetic scaffold instantly
enriched MNCs to explore whether it could improve the repair effect of
articular cartilage defects in situ and the maximum scope of application.
The current study provides scientific evidence and detailed insights for
future clinical application of ACM-based biomimetic scaffolds and instant
enrichment of MNCs to repair articular cartilage defects.

2. Materials and methods

2.1. Materials and animals

All chemicals were reagent grade and supplied by Sigma–Aldrich (St.
Louis, USA) unless otherwise stated. Eighteen hybrid pigs (10 males and
8 females, 4 months old) were purchased from Shanghai Jiagan Biolog-
ical Technology Co. (Shanghai, China). All protocols for experimenting
on animals were approved by the Animal Care and Experiment Com-
mittee of Shanghai Jiaotong University School of Medicine (Shanghai,
China).

2.2. Preparation of scaffolds

Gelatin (GT) scaffolds and ACM/GT scaffolds were prepared accord-
ing to our previously reported protocols [18,21]. Briefly, ACM powder
was prepared after freeze-grinding and decellularization procedures.
Then, the specific concentration and proportion of ACM suspension and
gelatin solution (2% concentrations, ACM: GT ¼ 5: 5) that were opti-
mized in the previous experiment were blended and freeze-dried to
fabricate porous ACM/GT scaffolds. Similarly, gelatin solution at a 2%
concentration was freeze-dried to fabricate porous GT scaffolds. The
ACM/GT and GT suspensions were separately poured into cylindrical
silicone molds and then freeze-dried to fabricate three-dimensional
porous ACM/GT and GT scaffolds. To improve the stability of these
scaffolds, they were crosslinked using 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) (EDC and
NHS dissolved in 98% ethanol, 5% and 3% in EDC and NHS, respectively)
for 24 h, then lyophilized again and sterilized with ethylene oxide before
use.

2.3. Proteomic analysis of scaffolds

The ACM and native cartilage samples were dissolved and cracked to
extract protein for proteomic analysis using a Q Exactive™ LC-MS/MS
system (Thermo Fisher Scientific) as described previously. The MS
spectra were searched against the UniProt Sus scrofa reference proteome
FASTA file using Protein Discover 2.2 software. A decoy database
2

containing reverse sequences of the proteins was also used. The resultant
peptides were assembled into protein groups, and only proteins with at
least two distinct peptides were considered reliable. The proteins pre-
served and lost in ACM after decellularization was screened out respec-
tively. And a hypergeometric test was used to perform Gene Ontology
(GO) analysis on the identified proteins to determine the biological
functions of the preserved and lost proteins.

2.4. Characterization of scaffolds

2.4.1. Morphological analysis of scaffolds
The morphology of the ACM/GT scaffolds and GT scaffolds was

observed using scanning electron microscopy (SEM, Philips XL-30,
Amsterdam, Netherlands) at an accelerating voltage of 15 kV. The
average pore size of ACM/GT scaffolds and GT scaffolds was analyzed by
measuring at least 100 random pores in the SEM images using ImageJ
software.

2.4.2. Porosity analysis of scaffolds
The porosity of the ACM/GT scaffolds and GT scaffolds was tested

using the ethanol infiltration method as described in a previous study
[22]. Briefly, V1 and V2 were set as the volume of ethanol in the
measuring bottle before and after the scaffolds were immersed in
ethanol, respectively. The V3 was marked as the remaining volume in
which the scaffold was removed from the ethanol after 15 min. Then, the
porosity of the ACM/GT scaffolds and GT scaffolds (n¼ 5 per group) was
calculated using the following formula:

Porosity ð%Þ¼V1 � V3

V2 � V3
� 100%

2.4.3. Mechanical analysis of scaffolds
The mechanical properties of ACM/GT scaffolds and GT scaffolds

were determined using a mechanical testing machine (Instron-5542,
Canton, MA) as described in previously reported methods [23]. Briefly,
ACM/GT scaffolds and GT scaffolds (n¼ 5 per group) were processed to a
cylindrical shape via refinement, and then a constant compressive strain
rate of 0.5 mm/min was applied until 80% of the maximal deformation.
The Young's modulus for each of the tested samples was then calculated
based on the slope of the stress-strain curve.

2.5. Biocompatibility of scaffolds

2.5.1. Cell seeding efficiency
Bone marrow was aspirated from the anterior superior iliac spine of

one hybrid pig under anesthetic and disinfection conditions. Bone
marrow mesenchymal stem cells (BMSCs) were isolated, cultured, and
expanded according to previously establishedmethods [24]. BMSCs from
passage 2 were adjusted to a final concentration of 20� 106 cells/mL and
150 μL cell suspension was seeded into ACM/GT scaffolds and GT scaf-
folds (recorded as total cell number, Nt). After 24 h of incubation, the
remaining cells (Nr) were collected and counted, and then the cell
seeding efficiencies for each scaffold were calculated using the formula:

Cell seeding efficiency ð%Þ¼Nt � Nr

Nt
� 100%

2.5.2. Cell viability assessment
After 1, 7, and 14 days of culture, the viability of the seeded BMSCs on

ACM/GT scaffolds and GT scaffolds was evaluated using the Live & Dead
Cell Viability Assay (Invitrogen, USA) following the manufacturer's in-
structions and examined by confocal microscopy (Nikon, Japan). In
addition, DNA content was also used to further assess cell proliferation
capacity by a total DNA quantification assay (PicoGreen dsDNA assay,
Invitrogen, USA) following the manufacturer's protocols.
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2.5.3. Cytotoxicity of scaffolds
To determine the cytotoxicity of ACM/GT scaffolds and GT scaffolds,

BMSCs were seeded at a density of After 14 days of 2 � 104 cells/mL in
the extract solutions (supernatant from ACM/GT scaffolds and GT scaf-
folds soaked in DMEM containing 10% fetal bovine serum for 72 h) and
then culture for 7 days. Following the manufacturer's instructions, the
cytotoxicity of scaffolds was measured using the cell counting kit-8 (CCK-
8; Dojindo, Japan) and the value was presented by the average optical
density (OD) of five wells with each experiment repeated three times.

2.5.4. Gene expression analyses
After 14 days of culture, the total RNA of each cell-scaffold construct

(n ¼ 5 per group) was isolated using TRIzol reagent (Life Technologies,
USA) and the RNA concentration wasmeasured using a NanoDrop system
(Thermo Scientific, USA) based on the manufacture's protocol. Reverse
transcription was performed with a cDNA synthesis kit and gene
expression was analyzed quantitatively with the SYBR Green using
LightCycler® 480 Real-Time PCR system (Roche Ltd) according to a
previously established method [25]. Forward and reverse primer se-
quences for collagen type II alpha 1 (COL 2A1), aggrecan (ACAN),
SRY-box transcription factor Ⅸ (SOX 9), and beta-actin housekeeping
gene were designed based on published gene sequences from NCBI and
PubMed (Table S1). Beta-actin was used as endogenous control and the
expression levels for each gene were normalized with beta-actin and
analyzed using the 2�ΔΔCT method as previously described.
2.6. Surgical procedures and grouping

2.6.1. Experimental grouping
Eighteen hybrid pigs were randomly divided into two groups in this

study. In the first group, nine pigs were used to compare the effects of the
ACM/GT scaffold group and untreated group in repairing full-thickness
articular cartilage defects of 3 different sizes (4-, 6-, and 8-mm in
diameter, Table S2). In the second group, nine pigs were used to compare
the repair effects of the MNC-ACM/GT construct that immediately
enriched mononuclear cells and the ACM/GT scaffold alone on full-
thickness articular cartilage defects of different sizes (6-, 8-, and 10-
mm in diameter, Table S3).

2.6.2. Isolation and enrichment of mononuclear cells
Bone marrow was aspirated from the anterior superior iliac spine of

each animal under anesthetic and disinfection conditions. Mononuclear
cells were isolated using density gradient centrifugation according to
Ficoll-Paque's manufacturer's protocols [14]. Then, the mononuclear cell
suspension was inoculated on the ACM/GT scaffold to form
MNC-ACM/GT construct to instantly repair articular cartilage defects.
2.7. Repair of articular cartilage defects

As shown in Figure S1, hybrid pigs were anesthetized and two cy-
lindrical full-thickness articular cartilage defects (4-, 6-, 8-, and 10-mm in
diameter, chondral defects) were created using a trephine at the weight-
bearing area of the femoral medial and lateral condyles of the knee joint
as described previously [17]. After the removal of blood clots, both de-
fects were repaired with the ACM/GT scaffold alone, with the
MNC-ACM/GT construct, or left untreated according to the above
grouping principles. Scaffolds and constructs were fixed in place by
stitching to surrounding native cartilage with biodegradable sutures. All
animals had only two defects in one knee joint, and the selection of
medial or later condyles in different groups was random. All animals
were allowed to move freely and regained normal gaits and locomotion
after the operation. The animal care and use committee of Shanghai
Jiaotong University School of Medicine approved all the animal studies
for this research.
3

2.8. Gross observation and grading of the repaired regions

Six months after the operation, all pigs were euthanized to harvest
repaired knee joints (distal part of femur). The harvested samples were
first examined grossly and then sawed sagittal through the midline of the
repaired regions to observe the interface healing between the repaired
regions and the adjacent normal regions. Gross view results were graded
into three scales: complete repair, incomplete repair, and no repair with
criteria similar to those previously reported [26]. After gross observation,
half of each specimen was used for histological examination, and the
other half was used for quantification analysis.

2.9. Histological examination and grading of the repaired regions

The harvested samples were fixed, decalcified, embedded in paraffin,
and sectioned into 5-mm slices for histological and immunohistochem-
ical analyses according to our previously established methods [27]. The
slices were stained with hematoxylin and eosin (H&E), safranin O and
fast green (SO/FG), and type II collagen (COL II, polyclonal antibody
ab34712, 1:100, Abcam, Cambridge, UK) to evaluate the histological
structure and cartilage ECM deposition. The histological grading scores
and International Cartilage Repair Society (ICRS) macroscopic evalua-
tion of cartilage repair were also performed through blind analysis as
previously reported methods (Table S4, S5) [28,29].

2.10. Biochemical, biomechanical, and RT–PCR analysis of the repaired
tissues

Quantitative analysis of both regenerated tissues and native articular
cartilage was performed as described previously [30]. The samples were
collected and minced to conduct cartilage-related biochemical evalua-
tions (n ¼ 3). Briefly, glycosaminoglycan (GAG), hydroxyproline (HYP)
content, and DNA quantifications were quantified by the dimethyl
methylene blue assay (DMMB, Sigma–Aldrich), hydroxyproline assay kit
(Sigma–Aldrich), and PicoGreen dsDNA assay (Invitrogen), respectively.
Biomechanical analysis was performed by the above methods. The
expression of chondrogenesis markers (COL 2A1, ACAN, and SOX 9) and
hypertrophy-related markers (COL 1A1) was analyzed by RT–PCR, and
relative expression levels were analyzed by the 2�ΔΔCT method as
described above.

2.11. Statistical analysis

All quantitative data were collected from at least three replicate tests,
and values are expressed as the mean � standard deviation. After
confirmation of normal data distribution, Student's t-test or one-way
analysis of variance (ANOVA) was used to determine the statistical sig-
nificance among groups using GraphPad Prism 8 software, and a value of
p < 0.05 was considered statistically significant.

3. Results

3.1. Preparation and characterization of acellular cartilage matrix

The schematics in Fig. 1A showed the preparation process of ACM and
ACM/GT scaffold. After a series of decellularization processes, ACM was
successfully prepared and the effect of decellularization was further
evaluated. The results of H&E staining showed that normal cellular
structure with nucleus was observed in native cartilage tissue, but only
the residual hollow lacuna-like structure was observed in the acellular
sample (Fig. 1B). Meanwhile, DAPI staining also showed that the nucleus
with blue fluorescence was presented in the native cartilage while dis-
appeared in the acellular sample. Furthermore, as shown in Fig. 1C, DNA
quantitative analysis further confirmed that more than 95% of DNA
content was removed after the decellularization procedure. And the
content of alpha-gal was decreased from 9.33 � 0.25 U/mg to 0.65 �



Fig. 1. Preparation and characterization of ACM. (A) The schematic of the preparation process of ACM and scaffolds. (B) H&E and DAPI staining of native cartilage
and acellular cartilage (green arrows representing the cell nucleus and red arrows representing the remaining lacuna-like structures after decellularization). (C)
Quantitative analysis of DNA content, alpha-gal content, GAG content, and collagen II content of native cartilage and acellular cartilage. GO enrichment analysis of the
(D) preserved proteins and (E) lost proteins in ACM. Scale bar: 100 μm **p < 0.01 and ***p < 0.001.
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0.16 U/mg, which more than 90% of the alpha-gal content was removed.
The removal of most of the DNA and alpha-gal content was conducive to
minimizing the immune rejection after xenotransplantation in the future
clinical translation. To confirm ECM preservation, the contents of GAG
and collagen components in ACM were quantified, and the results
showed that most of the GAG content (~59.53 � 8.18%) and collagen II
content (~56.43 � 10.26%) were retained.

Furthermore, to identify the ECM components retained and lost after
decellularization procedures, ACM and native cartilage were processed
for proteomics analysis and revealed that 607 proteins were found in
both native and ACM, while 458 unique proteins were found solely in
native cartilage which was lost during decellularization procedures. To
further determine the biological functions of these preserved and lost
proteins, GO enrichment analysis was performed and the results showed
that the preserved proteins in the ACMwere mainly concentrated in ECM
components, and played relevant biological functions such as extracel-
lular matrix, collagen-containing extracellular matrix, extracellular region,
extracellular space, collagen trimer, extracellular matrix component, etc.
(Fig. 1D). Meanwhile, the lost proteins during decellularization
4

procedures were mainly related to cellular components such as the
cytoplasmic part, intracellular part, cell part, and organelle part, which
further verified the effectiveness of decellularization (Fig. 1E). In sum-
mary, the proteomics results verified that most ECM-related components
were preserved while cellular components were removed, and the
functional enrichment analysis further provided strong evidence support
for combination and modification to prepare more ideal biomimetic
biomaterials and biological scaffolds for tissue engineering.
3.2. Characterization and biocompatibility of scaffolds

After analyzing the characterization, evaluating the suitability of
scaffolds in tissue regeneration became the focus of the next step. As
shown in Fig. 2A, both the ACM/GT scaffold and GT scaffold exhibited a
spongy porous structure, and SEM examination also confirmed the
porous surface. After inoculating BMSCs, the gross view showed that the
porous structure of scaffolds could be filled and completely covered with
cells (Fig. 2B). And SEM observation further confirmed that BMSCs were
successfully seeded and adhered to the scaffolds (indicated by white



Fig. 2. Characterization and biocompatibility of scaffolds. Gross view and SEM images of (A) the ACM/GT scaffold and GT scaffold, as well as (B) BMSC-ACM/GT
construct and BMSC-GT construct (the white arrows indicate the BMSCs adhered to the scaffolds). (C) Characterization analysis of pore size, porosity, and Young's
modulus of the ACM/GT scaffolds and GT scaffolds. (D) Biocompatibility evaluation of cell seeding efficiency, cytotoxicity, and cell proliferation cell viability, as well
as (E) the expression of chondrogenic genes (COL 2A1, ACAN, and SOX 9) of the BMSC-ACM/GT constructs and BMSC-GT constructs. Live & Dead staining showed
that the number of cells on (F) BMSC-ACM/GT constructs and (G) BMSC-GT constructs gradually increased with the culture time. Green fluorescence and red
fluorescence representing live cells and dead cells, respectively. Scale bar: 100 μm *p < 0.05, **p < 0.01, and ***p < 0.001.
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arrows). As shown in Fig. 2C, characterization analysis further showed
that the pore size and porosity of the ACM/GT scaffold were higher than
those of the GT scaffold, but Young's modulus was slightly lower than
that of the GT scaffold. In summary, both the ACM/GT scaffold and the
GT scaffold meet the requirements of cartilage tissue regeneration. In
contrast, the ACM/GT scaffold had a more suitable pore structure and
may be more feasible for tissue regeneration by inoculating cells.

Cell seeding efficiency, cytotoxicity, cell proliferation, and the
expression of chondrogenic genes were determined to evaluate the
5

biocompatibility of scaffolds. As shown in Fig. 2D, the cell seeding effi-
ciency of both the ACM/GT scaffold and the GT scaffold was more than
90%, and the cytotoxicity test further verified that the extract solution of
the scaffold had no negative effect on cell survival and proliferation.
Interestingly, the DNA content significantly increased with the culture
time, and the ACM/GT group was significantly greater than the GT
group, which suggested that the ACM had eligible biocompatibility for
supporting cell proliferation. Notably, the relative expression of chon-
drogenic genes (COL 2A1, ACAN, and SOX 9) on the ACM/GT scaffold
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was higher than that on the GT scaffold (Fig. 2E), indicating that ACM
may have the potential to promote the differentiation of BMSCs into
chondrocytes. Meanwhile, the Live/Dead staining showed that BMSCs
grew well on both the ACM/GT scaffold and GT scaffold with the number
of cells increasing significantly over time, and the cells had stretched and
covered the entire scaffold surface by 14 days (Fig. 2F and G). Collec-
tively, these results indicated that the ACM/GT scaffolds are more
favorable for inoculating BMSCs to achieve differentiation into chon-
drocytes and regeneration into tissue-engineered cartilage.

3.3. Evaluation of ACM/GT scaffolds for repairing articular cartilage
defects

3.3.1. Repair of articular cartilage defects with 4 mm in diameter
The schematics in Fig. 3A showed the surgical procedures to repair

full-thickness articular cartilage defects with ACM/GT scaffolds and un-
treated control. Hybrid pigs with two cylindrical full-thickness articular
cartilage defects (4-, 6-, and 8-mm in diameter, chondral defects) were
used to compare the cartilage repair effects between the ACM/GT scaf-
fold group and untreated group. For the cartilage repair effects with 4
mm in diameter, the defect in the ACM/GT (4) group was completely
repaired with satisfactory cartilage-like tissue, and cross-sections showed
that the defect was repaired with good interface healing to adjacent
normal tissues (Fig. 3B). In contrast, the defect in the blank (4) group was
Fig. 3. Gross view and histological examination of the ACM/GT scaffolds for rep
of the surgical procedures to repair articular cartilage defects with ACM/GT scaffold
cartilage defects after 6 months of the operation. Red arrows and blue arrows indicate
(C) H&E, SO/FG, and COL II staining of repaired articular cartilage defects. Red r
respectively. RA: repaired area; IF: interface; NA: native area. (D) Gross view grad
(4) group.
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slightly repaired with an irregular surface. Histological examinations of
H&E, SO/FG, and COL II staining further confirmed these observations
(Fig. 3C). The repaired regions in the ACM/GT (4) group exhibited
relatively homogeneous hyaline cartilage-like histological features with
mature cartilage lacuna and strong cartilage-specific ECM staining.
However, the repaired regions in the blank (4) group mainly exhibited
unrepaired tissue or fibrous-like histological features. In addition, the
heatmap of gross view grading scores (Fig. 3D) and ICRS scores (Fig. 3E)
provided the numerical distribution of reparative levels of the ACM/GT
(4) group and blank (4) group. Three pigs in ACM/GT (4) group were
complete repair by gross view grading, while none of the pigs was complete
repair in the blank (4) group. Meanwhile, three pigs in ACM/GT (4) group
achieved higher ICRS scores than the blank (4) group, indicating that the
reparative effect of ACM/GT (4) was better than the blank (4) group.

3.3.2. Repair of articular cartilage defects with 6 mm in diameter
For the cartilage repair effects with 6 mm in diameter, the defect in

the ACM/GT (6) group was mostly repaired with cartilage-like tissue and
mixed with a small amount of fibrous-like tissue (Figure S2A). Cross-
sections showed that the defect was mostly repaired with a relatively
regular surface and interface healing to adjacent normal tissue. In
contrast, the defect in the blank (6) group was mostly unrepaired with
severely irregular surfaces. Histologically, the repaired regions in the
ACM/GT (6) group mostly exhibited cartilage-like histological features
airing articular cartilage defects with 4 mm in diameter. (A) The schematic
s and untreated control. (B) Gross view and cross-sections of repaired articular
the repaired regions of the ACM/GT (4) group and blank (4) group, respectively.
ectangles and blue rectangles indicate the repaired areas and interface areas,
ing and (E) ICRS grading of the repair effect of ACM/GT (4) group and blank
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mixed with small fibrous-like histological features. Nevertheless, the
repaired regions in the blank (6) group left obvious tissue defects or had a
few fibrous-like histological features. Heatmap of gross view grading
scores (Figure S2C) and ICRS scores (Figure S2D) provided the numerical
distribution of reparative levels of the ACM/GT (6) group and blank (6)
group. The results showed that two pigs in ACM/GT (6) group were
complete repair and one pig was incomplete repair by gross view grading,
while three pigs were all no repair in the blank (6) group. Meanwhile,
three pigs in ACM/GT (6) group achieved higher ICRS scores than the
blank (6) group, indicating that the reparative effect of ACM/GT (6) was
better than the blank (6) group.

3.3.3. Repair of articular cartilage defects with 8 mm in diameter
As shown in Figure S3, the repaired region in the ACM/GT (8) group
Fig. 4. Gross view and histological examination of MNC-ACM/GT constructs
schematic of the surgical procedures to repair articular cartilage defects with MNC-A
repaired articular cartilage defects after 6 months of the operation. Red arrows and
ACM/GT (6) group, respectively. (C) H&E, SO/FG, and COL II staining of repaired art
areas and interface areas, respectively. RA: repaired area; IF: interface; NA: native are
ACM/GT (6) group and ACM/GT (6) group.

7

mainly consisted of disorganized fibrous-like tissue with a small amount
of cartilage-like tissue. In contrast, the defects in the blank (8) group were
mostly unrepaired and left obvious tissue defects. Histological exami-
nations further supported the above observations that the repaired re-
gions in the ACM/GT (8) group mostly exhibited fibrous-like histological
features, and the repaired regions in the blank (8) group left obvious
tissue defects, similar to the blank (6) group. Heatmap of gross view
grading scores (Figure S3C) and ICRS scores (Figure S3D) showed that
two pigs in ACM/GT (8) group were incomplete repair by gross view
grading, while three pigs were all no repair in blank (8) group. Further-
more, three pigs in ACM/GT (8) group achieved higher ICRS scores than
the blank (8) group, but neither of the two groups could achieve a
satisfactory repair effect.
for repairing articular cartilage defects with 6 mm in diameter. (A) The
CM/GT constructs and ACM/GT scaffolds. (B) Gross view and cross-sections of
blue arrows indicate the repaired regions of the MNC-ACM/GT (6) group and
icular cartilage defects. Red rectangles and blue rectangles indicate the repaired
a. (D) Gross view grading and (E) ICRS grading of the repair effect of the MNC-
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3.4. Evaluation of the MNC-ACM/GT construct for repairing articular
cartilage defects

3.4.1. Repair of articular cartilage defects with 6 mm in diameter
The schematics in Fig. 4A showed the surgical procedures to repair

full-thickness articular cartilage defects using MNC-ACM/GT constructs
which were immediately enriched with autologous BMMMCs and ACM/
GT scaffolds. Hybrid pigs with two cylindrical full-thickness articular
cartilage defects (6-, 8-, and 10-mm in diameter, chondral defects) were
used to compare the cartilage repair effects between the MNC-ACM/GT
construct group and ACM/GT scaffold group. Approximately 10 mL of
fresh bone marrow was aspirated from the anterior superior iliac spine of
each pig, and mononuclear cells were isolated using density gradient
centrifugation according to the Ficoll-Paque's protocol. The proportion of
mesenchymal stem cells is extremely low (approximately 0.0005% of all
events in whole bone marrow) and density gradient centrifugation can
significantly increase the ratio of MSCs by nearly a hundredfold. About
100,000 MSCs can be isolated from 10 mL of fresh bone marrow, and
finally concentrated into about 100 μL of cell suspension and seeded on
ACM/GT scaffolds for articular cartilage repair. And significantly
improved results were observed in defects treated with MNC-ACM/GT
constructs when compared to ACM/GT scaffolds. For the cartilage
repair effects with 6 mm in diameter, the MNC-ACM/GT (6) group
achieved the best results in that the defect was repaired completely with
newly formed cartilage-like tissue and relatively smooth articular sur-
faces (Fig. 4B). Cross-sections showed that the new cartilage-like tissues
were all well integrated into the surrounding cartilage with good inter-
facial healing. Histological examinations confirmed that the repaired
regions exhibited relatively homogeneous hyaline cartilage-like histo-
logical features (Fig. 4C). In contrast, the defect in the ACM/GT (6) group
Fig. 5. Gross view and histological examination of MNC-ACM/GT constructs for
and cross-sections of repaired articular cartilage defects after 6 months of the operatio
GT (8) group and ACM/GT (8) group, respectively. (B) H&E, SO/FG, and COL II stai
indicate the repaired areas and interface areas, respectively. RA: repaired area; IF: i
repair effect of the MNC-ACM/GT (8) group and ACM/GT (8) group.
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was repaired with hybrid tissues comprising cartilage-like tissue and
fibrous-like tissue, as described above. In addition, the heatmap of gross
view grading scores (Fig. 4D) and ICRS scores (Fig. 4E) provided the
numerical distribution of reparative levels of the MNC-ACM/GT (6)
group and ACM/GT (6) group. Three pigs in MNC-ACM/GT (6) group
were all complete repair by gross view grading. Meanwhile, three pigs in
MNC-ACM/GT (6) group achieved higher ICRS scores than ACM/GT (6)
group, indicating that the enrichment of MNCs could improve the repair
effect of the ACM/GT scaffold.

3.4.2. Repair of articular cartilage defects with 8 mm in diameter
The MNC-ACM/GT (8) group achieved reparative results that were

superior to those of the ACM/GT (8) group, and most of the defects in the
MNC-ACM/GT (8) group were completely repaired by cartilage-like tis-
sue (Fig. 5A). Cross-sections showed that the repaired tissues were well
integrated into the surrounding cartilage with relatively good interfacial
healing. Histological examinations mostly showed cartilage-like histo-
logical features with strong cartilage ECM staining (Fig. 5B). In addition,
the uncontrollable removal of the calcified layer during defect creation
might cause regenerated cartilage to embed into the subchondral bone.
In contrast, the defects in the ACM/GT (8) group exhibited irregular
surfaces with visible tissue deficits in some areas of the defects. Heatmap
of gross view grading scores (Fig. 5C) and ICRS scores (Fig. 5D) provided
the numerical distribution of reparative levels of the MNC-ACM/GT (8)
group and ACM/GT (8) group. The results showed that two pigs were
complete repair and one pig was incomplete repair in MNC-ACM/GT (6)
group by gross view grading, while none of the pigs was complete repair in
ACM/GT (8) group. Furthermore, three pigs in MNC-ACM/GT (8) group
achieved higher ICRS scores than ACM/GT (8) group, indicating that the
enrichment of MNCs could improve the repair effect of the ACM/GT
repairing articular cartilage defects with 8 mm in diameter. (A) Gross view
n. Red arrows and blue arrows indicate the repaired regions of the MNC-ACM/
ning of repaired articular cartilage defects. Red rectangles and blue rectangles
nterface; NA: native area. (C) Gross view grading and (D) ICRS grading of the
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scaffold.

3.4.3. Repair of articular cartilage defects with 10 mm in diameter
For the cartilage repair effects with 10 mm, the repaired region in the

MNC-ACM/GT (10) group mainly consisted of cartilage-like tissue with a
small amount of fibrous-like tissue (Fig. 6A). Histological examinations
further confirmed that the repaired region in the MNC-ACM/GT (10)
group mostly exhibited cartilage-like histological features with positive
staining of GAG and COL II (Fig. 6B). In contrast, the repaired region in
the ACM/GT (10) group mainly consisted of fibrous tissue with obvious
tissue disruption and an unsmooth surface. In addition, the defect was
not completely repaired when observed at cross-sections, and the
repaired region was mostly negative for GAG and COL II. Furthermore,
the heatmap of gross view grading scores (Fig. 6C) and ICRS scores
(Fig. 6D) provided the numerical distribution of reparative levels of the
MNC-ACM/GT (10) group and ACM/GT (10) group. The results showed
that two pigs were incomplete repair and one pig was no repair in MNC-
ACM/GT (10) group by gross view grading, while one pig was incom-
plete repair and two pigs were no repair in ACM/GT (10) group. Three pigs
in MNC-ACM/GT (10) group achieved higher histological grading scores
than ACM/GT (10) group, indicating that the enrichment of MNCs could
improve the repair effect, but neither of the two groups could achieve a
satisfactory repair effect.
3.5. Histological grading and MRI tracking

As summarized, gross view grading scores (Table S6, S7), histological
grading scores (Table S8, S9), and ICRS scores (Table S10, S11) provided
the numerical distribution of reparative levels of different groups. As
shown in Table S8, the ACM/GT group achieved lower histological
Fig. 6. Gross view and histological examination of MNC-ACM/GT constructs for
and cross-sections of repaired articular cartilage defects after 6 months of the operati
GT (10) group and ACM/GT (10) group, respectively. (B) H&E, SO/FG, and COL II st
indicate the repaired areas and interface areas, respectively. RA: repaired area; IF: inte
effect of the MNC-ACM/GT (10) group and ACM/GT (10) group.
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grading scores than the blank group at the same defect size, indicating
better reparative results than the blank group. Meanwhile, the scores
increased gradually with increasing defect size in both the ACM/GT
group and the blank group. The scores of the blank (6) and blank (8) were
close to the maximum, implying that there was no repair in defect re-
gions. Interestingly, the scores of the MNC-ACM/GT groups were much
lower than those of the ACM/GT groups, and the scores increased with
increasing defect size (Table S9). Likewise, the ICRS scores also showed
that the repair effect of the ACM/GT group was significantly better than
that of the blank group, and the repair effect of the MNC-ACM/GT group
was better than that of the ACM/GT group (Table S10, S11). Importantly,
the ACM/GT scaffold could repair articular cartilage defects 6 mm in
diameter, while the MNC-ACM/GT construct could repair defects up to 8
mm in diameter. These phenomena indicate that the enrichment of MNCs
could improve the repair effect of the ACM/GT scaffold alone and ach-
ieve a more satisfactory repair.

As shown in Figure S4, one of the same pigs in each part was tracked
by MRI at different points in time (3 months and 6 months) to monitor
the repaired regions. MRI revealed that the ACM/GT scaffold and MNC-
ACM/GT construct in both groups were effectively retained in the
repaired regions. Notably, articular cartilage regeneration in the ACM/
GT scaffold group, especially in the MNC-ACM/GT construct group,
presented a time-dependent trend, which was inferred from the evolution
of the bright water signals (strong signals changed to weak signals),
suggesting that the repair results improved gradually with post-repair
time.
3.6. Quantitative analysis of the repaired tissues

The quantitative analysis of the repaired tissues further supports the
repairing articular cartilage defects with 10 mm in diameter. (A) Gross view
on. Red arrows and blue arrows indicate the repaired regions of the MNC-ACM/
aining of repaired articular cartilage defects. Red rectangles and blue rectangles
rface; NA: native area. (C) Gross view grading and (D) ICRS grading of the repair



Fig. 7. Quantitative analysis of the repaired tissues. DNA content, GAG content, HYP content, Young's modulus, and the relative expression (fold change) of
chondrogenic genes (COL 2A1, ACAN, and SOX 9) and hypertrophy-related gene (COL 1A1) in the ACM/GT & blank groups (A, B) and MNC-ACM/GT & ACM/GT
groups (C, D), respectively. *p < 0.05, **p < 0.01, and ***p < 0.001.
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above results. As shown in Fig. 7A, the DNA content, GAG content, HYP
content, and Young's modulus in the ACM/GT groups were significantly
higher than those in the blank groups. In addition, the relative expression
of chondrogenic genes (COL 2A1, ACAN, and SOX 9) in the ACM/GT
groups was significantly higher than that in the blank groups, while the
expression of the hypertrophy-related gene (COL 1A1) in the ACM/GT
groups was significantly lower than that in the blank groups (Fig. 7B),
indicating that the ACM/GT scaffold might not only promote chondro-
genic differentiation but also inhibit endochondral ossification potential.
Most importantly, the DNA content, GAG content, HYP content, and
Young's modulus in the MNC-ACM/GT groups were significantly higher
than those in the ACM/GT groups (Fig. 7C). Similarly, the expression
levels of cartilage-specific genes (COL 2A1, ACAN, and SOX 9) rapidly
increased and achieved a higher level in the MNC-ACM/GT groups than
in the ACM/GT groups (Fig. 7D). Surprisingly, the hypertrophy-related
gene (COL 1A1) significantly decreased in the MNC-ACM/GT groups.
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These results indicated that the enrichment of MNCs might directly
participate in articular cartilage regeneration and improve the efficacy of
articular defect repair.

4. Discussion

Articular cartilage damage and degeneration caused by injury, dis-
ease, and population aging are very common clinically, and there is a
great clinical need for the regeneration and repair of articular cartilage
[31–33]. Despite the great achievements of tissue engineering technol-
ogy for cartilage repair [34–37], it has not become the mainstream
technology of articular cartilage repair thus far. This is mainly due to the
key bottlenecks of limited cell sources and scaffold materials. Autologous
chondrocytes are difficult to popularize in the clinic because of the
limited donor source and large trauma. Therefore, the source of cells with
minimal trauma and immediate application is the first choice for clinical
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application.
Since the first isolation and identification in the 1960s, MSCs have

been recognized as the predominant component in the microenviron-
ment, and have proverbially attracted the attention in both fundamental
research and clinical applications, which is of great significance to the
development of regenerative medicine [38]. Among them, bone
marrow-derived mesenchymal stem cells are one of the most recognized
sources of mesenchymal stem cells with multiple applications and
long-term proliferation properties. However, autologous bone marrow
stromal cells need additional isolation and culture processes [39,40],
which cannot achieve immediate repair of cartilage defects such as acute
trauma. In this research, the aspirated bone marrow was processed by
density gradient centrifugation to obtain MNCs [41,42], a heterogeneous
cell population that can be directly enriched into scaffolds for in vivo
experiments. In addition, the final bone marrow concentration prepara-
tion has an increased concentration of progenitor/stem cells, growth
factors, and cytokines, which may potentially have anabolic and
anti-inflammatory effects on the damaged articular cartilage.

In addition, a proper biological scaffold with good biocompatibility is
even more essential in cartilage regeneration. Hence, there is a tremen-
dous need to develop ideal biomaterials that are capable of serving as
powerful artificial niches to recruit, program, and direct host cells in situ
for tissue regeneration purposes. Therefore, biomimetic scaffolds that
can accurately mimic the native cartilage ECM will contribute to the
regeneration of high-quality cartilage tissue. ACM, which is considered to
be the ideal scaffold with a cartilage-specific microenvironment [43–45],
was fabricated into a three-dimensional porous scaffold to determine the
feasibility of repairing articular cartilage defects and the maximum scope
of application. ACM scaffolds could provide a viable microenvironment
for MSC attachment, proliferation, and differentiation into chondrocytes.
Various stem cells are integrated into scaffolds to promote cartilage
regeneration, which is a classic cartilage regeneration therapeutic strat-
egy. The formation of cartilage may be due to spontaneous cell migration
in the joint environment, and we speculate that this fraction of endoge-
nous cells is derived from the stem or progenitor cells from the bone
marrow, the synovium, the adipose (fat pad adjacent to the synovium and
bone marrow), and perhaps vasculature, which have the better chon-
drogenic potential [2]. In the case of cartilage repair, stem/progenitor
cells may initiate targeted repair systems that promote trophic effects by
releasing synthetic, proliferative, and regenerative factors directly into
cartilage damage, and create a regenerative environment by releasing
chemokines [46]. The evaluation of repairing articular cartilage defects
in hybrid pig models confirmed that the ACM-based scaffold can repair
articular cartilage defects within 6 mm in diameter, but the effect is not
satisfactory for a larger range of articular cartilage defects. This may be
due to the lack of endogenous stem cells caused by the large range of
defects, which cannot meet the requirement of repairing the cartilage
defects completely.

To solve this problem of limited endogenous stem cells, the concen-
tration of MNCs in bone marrow was increased nearly a hundredfold by
density gradient centrifugation. Autologous MNCs were supplemented
externally to significantly increase the initial number of stem cells in the
biomimetic scaffold, which provides a sufficient source of stem cells for
articular cartilage regeneration in situ. Most importantly, the operation of
cell enrichment is fast and does not affect immediate application and
repair at all. The biomimetic scaffold enriched in mononuclear cells by
density gradient centrifugation can repair articular cartilage defects
within 8 mm in diameter, which significantly improves the effect of
articular cartilage repair in situ, indicating that the enrichment of
mononuclear cells is important for satisfactory articular cartilage repair.

MNCs carried out various functions in the treatment of cartilage
damage which include of increase of chondrogenesis, the proliferation of
chondrocyte, reduction of apoptosis, maintenance of autophagy, regu-
lation of synthesis and catabolism of the ECM, regulation of immune
response, inhibition of inflammation, monitoring the mitochondrial
dysfunction, and the paracrine effect. These functions were partly
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demonstrated through several biological pathways or axis, such as NF-κB,
MAPK, ROS, and mTOR pathways [47]. Besides having excellent prop-
erties for regeneration, immunomodulatory properties are also one su-
perior characteristic. This makes MNCs a promising cell source to repair
cartilage defects and at the same time provide an immunomodulatory
effect to reduce inflammation. Since the implanted cells are derived from
the patient's autologous fresh bone marrow, they can survive for a long
time after implantation and integrate well with the surrounding native
tissues, so it is expected to achieve articular cartilage regeneration and
permanent functional reconstruction.

Therefore, proposing a step-by-step multimodal tissue regeneration
and clinical repair strategy according to the severity of articular cartilage
defects: 1) For small-scale localized articular cartilage defects, where
there are sufficient endogenous stem cells in the defect area, the ACM-
based biomimetic scaffold could be used to induce tissue regeneration
in situ and achieve articular cartilage repair; 2) For a large range of
localized defects, where the local endogenous stem cells are relatively
insufficient, through instant MNC enrichment technology, exogenously
supplemented with autologous stem cells to significantly increase the
initial number of stem cells in the ACM-based biomimetic scaffold, and
then implanted into the defect site to induce tissue regeneration in situ
and achieve articular cartilage repair; 3) For a larger range of defects
where the local endogenous stem cell are severely deficient, in the next
study, slow-release microspheres with active factors will be loaded to
construct a multifunctional cartilage regeneration microenvironment,
such as stromal cell-derived factor-1 (SDF-1) [48,49], transforming
growth factor beta (TGF-β) [50,51], and insulin-like growth factor-1
(IGF-1) [52,53], to further recruit endogenous stem cells into the bio-
mimetic scaffold, induce cartilage differentiation and cartilage forma-
tion, and maintain the stability of regenerated cartilage.

Despite the potential application of MNCs, much remains to be
investigated such as the number of cells required to promote cartilage
regeneration, the optimal time window for these treatments, and the
long-term safety of the technique [54]. Meanwhile, it remains to be seen
how these techniques compare with more established procedures in
comparative clinical studies. It's worth noting that different loading
conditions and mechanical environments result in cartilage regeneration
and anatomical characteristic discrepancies. The articular surface is
divided into weight-bearing and non-weight-bearing areas according to
the force distribution of the joint surface. In knee joints, the medial and
lateral condyles belong to the weight-bearing area, while the inter-
condylar and supracondylar fossa belongs to the non-weight-bearing
area. The cartilage could be better repaired in weight-bearing condi-
tions than in non-weight-bearing ones, which can be explained by the
loading force transporting biological signals and activating the prolifer-
ation and differentiation abilities. And in the same joint, the external
environment of the lateral and medial condyles is not much different
[55]. Therefore, in this study, only one joint (including the medial
condyle and the later condyle) per pig is used for experiments. It is worth
noting that the final result shows the consistent difference between the
experimental group and the control group, not the difference between the
medial condyle and the later condyle, which is sufficient to demonstrate
that the choice of location has little effect on the repair of cartilage
defects.

In addition to mechanical effects, structural biomimicry is considered
a critical factor in the selection of biomaterials for cartilage tissue repair
to obtain properties similar to native cartilage. Heterogeneous and
anisotropic articular cartilage is generally studied as a hierarchical
structure of zones with unique composition and architecture. Articular
cartilage consists of superficial, transitional, radial, and calcified carti-
lage zones [56]. The cellular phenotype and cartilage matrix distribution
also changed in different layers. The rapid development of bioprinting
technology has brought new possibilities for cartilage regeneration,
which allows the fabrication of bioactive scaffolds with
micrometer-scaled accuracy. By controlling the composition and
arrangement of seed cells and carriers to design and produce specific
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bioactive scaffolds with different structures, full-thickness cartilage that
mimics the natural structure of cartilage tissue can be constructed. In a
previous study, the cartilage acellular matrix has been successfully pre-
pared into a bioink suitable for bioprinting [57]. In the following studies,
according to the natural fiber distribution in natural cartilage, the geo-
metric modules and unit compactness will be precisely pre-designed to
simulate the cartilage micromorphology as perfectly as possible, and
finally, the biomimetic structure and mechanical cartilage tissue scaffold
will be constructed.

In conclusion, this study established repair models of articular carti-
lage defects of different sizes to determine the feasibility and maximum
application range of ACM-based biomimetic scaffolds to induce regen-
eration of articular cartilage in situ. Furthermore, immediate enrichment
of MNCs to repair articular cartilage defects clarified the feasibility of
improving the repair effect of articular cartilage defects, which estab-
lished a new model of articular cartilage regeneration that could be
applied immediately and suited for large-scale clinical promotion, as well
as overcoming the disadvantages of the existing treatment methods. It
significantly improves the effect of defect repair and brings good news for
tens of millions of patients with articular cartilage damage, which is of
great scientific value and clinical significance.

5. Conclusions

In summary, the current study determined the feasibility and
maximum scope of application of ACM-based biomimetic scaffolds to
induce articular cartilage regeneration in situ through repair models of
articular cartilage defects of different sizes in hybrid pigs. Furthermore,
immediate enrichment of MNCs by the density gradient centrifugation
method clarified the improvement of the repair effect in articular carti-
lage defects, establishing a new model of articular cartilage regeneration
and functional reconstruction, which overcomes the disadvantages of the
existing treatment methods and can be applied immediately. Although
the effect of repair is still insufficient in larger defects, the current results
have brought good news for tens of millions of patients with articular
cartilage damage, which is of great scientific value and clinical
significance.
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