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ARTICLE INFO ABSTRACT

Keywords: Due to its unique structure, articular cartilage has limited self-repair capacity. Microtissues are tiny tissue
Cartilage regeneration clusters that can mimic the function of target organs or tissues. Using cells alone for microtissue construction
Microtissues

often results in the formation of necrotic cores. However, the extracellular matrix (ECM) of native cartilage can
provide structural support and is an ideal source of microcarriers. Autologous adipose-derived mesenchymal
stem cells (ADSCs) and bone marrow mesenchymal stem cells (BMSCs) are widely used in cartilage tissue en-
gineering. In this study, we fabricated microcarriers and compared the behavior of two homologous cell types in
the microcarrier environment. The microcarrier environment highlighted the advantages of ADSCs and promoted
the proliferation and migration of these cells. Then, ADSCs microtissues (ADSCs-MT) and BMSCs microtissues
(BMSCs-MT) were fabricated using a three-dimensional dynamic culture system. In vitro and in vivo experiments
verified that the cartilage regeneration ability of ADSCs-MT was significantly superior to that of BMSCs-MT.
Transcriptomics revealed that ADSCs-MT showed significantly lower expression levels of ECM degradation,
osteogenesis, and fibrocartilage markers. Finally, the protective effect of microtissues on inflammatory chon-
drocytes was validated. Overall, the ADSCs-MT constructed in this study achieved excellent cartilage regener-
ation and could be promising for the autologous application of cartilage microtissues.

Mesenchymal stem cells
Paracrine secretion
ECM degradation

of the ECM confers cartilage with unique mechanical and biochemical
characteristics [2], playing a key role in the response to mechanical

1. Introduction

The extracellular matrix (ECM) is the most abundant component of
cartilage tissue, accounting for about 90 % of its volume [1]. ECM is
primarily composed of macromolecules such as glycoproteins, collagens,
and proteoglycans, which are crucial for the maintenance of tissue
morphology, differentiation, and homeostasis. The orderly arrangement

stimuli at joints and providing cushioning and lubrication. Furthermore,
the ECM offers a stable microenvironment for chondrocytes and regu-
lates various cellular processes, including proliferation, migration, dif-
ferentiation, and metabolism [3].

Articular cartilage has a limited ability to repair itself [4].
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Irrespective of whether the injury is traumatic or disease-induced,
cartilage tissues induce inflammatory changes, such as the release of
inflammatory mediators like tumor necrosis factor (TNF-a), interleukin
1p (IL-1p), and chemokines [5,6]. Additionally, they promote an in-
crease in matrix-degrading enzymes, such as matrix metalloproteinases
(MMPs) and ADAMTS family [7], which not only destroy the structure of
the ECM but also produce degradation products that trigger stronger
inflammatory responses and promote the gradual degradation of the
ECM through the loss of collagen and proteoglycan components [8]. This
affects a series of cellular and stromal functions and causes subchondral
bone damage, resulting in osteophyte formation. Joints also suffer other
detrimental effects, such as the destruction of biomechanical features,
pain, loss of function, and restricted movement [9]. Currently, the
clinical treatments for articular cartilage injuries primarily include
medication (e.g., injection of hyaluronic acid and steroids into the joint
cavity), physical therapy (e.g., physical rehabilitation training), and
surgery (e.g., microfracture surgery and arthroplasty) [10,11]. Although
these interventions can alleviate symptoms and promote cartilage repair
to varying degrees, they are associated with limitations such as accel-
erated joint degeneration, high surgical trauma, and insufficient
regeneration, which make it challenging to achieve structural and
functional ECM repair [12]. However, biomaterials are often used in the
field of regenerative medicine for assembly and repair, with
cartilage-derived decellularized ECM (cECM) serving as one of the more
mature biomaterials for this purpose [13].

ECM decellularization enables the removal of cellular components
and other antigenic elements, which reduces the risk of inflammatory
reactions and immune rejection while preserving the biological, me-
chanical, and biochemical characteristics of the ECM [4,8,9]. Hence,
decellularized ECM can serve as a reliable three-dimensional (3D) car-
rier for subsequent cell seeding [13]. Poly lactic-co-glycolic acid (PLGA)
is a common synthetic polymer used in biomaterials, but it tends to
induce inflammation. To address this issue, Kim S et al. combined cECM
with PLGA and found that the addition of cECM inhibits inflammatory
cytokines and reactive oxygen species, enhances cell proliferation, and
promotes chondrogenic differentiation [14]. Additionally, Jeanne E
et al. found no significant difference in the content of transforming
growth factor p1(TGF-p1) — an important matrix-bound growth factor
that supports cell proliferation and is crucial for articular cartilage —
between natural and decellularized cartilage [15].

Tissue engineering often achieves the re-proliferation of scaffolds
through recellularization, thereby requiring constructs with specific
structures and functions [16]. Stem cells are widely used for recellula-
rization due to their strong proliferation and differentiation capabilities.
Among such stem cells, embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) exhibit the greatest growth and differen-
tiation potential. However, their use is associated with ethical concerns,
and their differentiation into specific cell lineages is quite
time-consuming [17,18]. In contrast, mesenchymal stem cells (MSCs)
are widely utilized in cartilage tissue engineering owing to their excel-
lent immune properties and chondrogenic differentiation abilities
[19-21]. Additionally, compared to chondrocytes, MSCs can be auto-
logously obtained through less invasive procedures [22]. Although
allogeneic MSCs theoretically reduce the risk of immune rejection,
studies have shown that they have significantly lower survival rates than
autologous MSCs and can promote the production of T cells with
memory phenotypes [21,23].

In regenerative medicine, traditional scaffold implantation often
requires large surgical incisions and carries the risk of complications
such as pain and infection. However, the minimally invasive implanta-
tion of microtissues can prevent these issues and enable the flexible
repair of irregularly shaped cartilage defects [24,25]. Microtissues are
usually referred to as the aggregation of seed cells in the action of a
cell-to-cell or cell-to-extracellular matrix by a variety of means forming
microscopic tissues with diameters between 100 and 1000 pm [26-28].
In the field of cartilage tissue engineering, microtissues have been shown
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to be useful for generating relatively homogeneous ECM cartilage-like
tissues, which can also be used as building blocks for repairing carti-
lage defects [25,29]. Unlike organoids, which are composed of multiple
organ-specific cell types and require precise and stringent control of
cytokines and culture conditions [30], microtissues are relatively less
stringent in terms of construction, culture conditions, and cost. Micro-
mass and pellet cultures are classically used in cartilage microtissue
therapy and research [31]. However, these microtissue cores often
exhibit issues such as necrosis, incomplete differentiation, and the
up-regulation of COL1 and COL10 during culture [32]. Nevertheless, the
use of cECM to construct microtissues can help in addressing these issues
effectively. Previous studies have shown that cECM-based microtissues
promote rapid cell proliferation and chondrogenesis [33]. Additionally,
the distinct physical and chemical characteristics of cECM and its 3D
structure support the proliferation and differentiation of resident cells,
such as MSCs and chondrocytes [4].

In this study, we utilized two prominent sources of autologous MSCs
— adipose-derived stem cells (ADSCs) and bone marrow-derived stem
cells (BMSCs) — to construct and systematically compare microtissues.
Both ADSCs and BMSCs are readily available through ethical means, and
their application prospects have been thoroughly validated. BMSCs were
the first MSCs used in tissue engineering and can differentiate into a
wide range of tissues [34]. However, ADSCs, which are easier and more
readily available from subcutaneous fat, have also shown notable
regenerative advantages in cartilage repair, causing less damage.
Notably, the regenerative potential of ADSCs and BMSCs can vary
depending on the scaffold and treatment environment. For instance, in
Xie et al.’s study, BMSCs inoculated into PRP scaffolds were found to
demonstrate higher proliferation rates and produce greater amounts of
cartilage-specific matrix than ADSCs [22]. Conversely, Wang et al. re-
ported that hypoxic treatments can enhance the differentiation potential
of ADSCs, effectively alleviating cartilage damage in animal models
[351.

While numerous studies have explored the chondrogenic capacity of
these two types of cells [36], systematic evaluations and comparisons of
these cells in the context of microtissue construction are quite limited.
Therefore, it is crucial to compare the performance of ADSCs and BMSCs
in microtissues to advance their clinical application. Moreover, Sulai-
man et al. have demonstrated that MSCs in gelatin microspheres show
better proliferation and cartilage formation abilities in dynamic cultures
than under static conditions [19]. Similarly, MSC microtissue polymers
have been found to demonstrate faster ECM generation rates under the
dynamic culture conditions provided by a rotating bioreactor [37].
Thus, in this study, we employed a three-dimensional dynamic culture
strategy to cultivate and expand microtissues in a nutrient-rich, me-
chanical environment prior to transplantation, which helped mitigate
the risks associated with necrotic cores and physical detachment.

Our study aimed to explore the chondrogenic capacity and regen-
erative effects of microtissues derived using ADSCs and BMSCs (ADSCs-
MT and BMSCs-MT) under both in vitro and in vivo conditions. Initially,
we performed comparative functional studies on ADSCs and BMSCs
obtained from homologous sources to understand the initial state and
function of the two groups of cells. Then, in vitro studies were performed
to compare the structures and properties of ADSCs-MT and BMSCs-MT
and evaluate their effects on inflammatory chondrocytes within an in-
flammatory environment. Additionally, we performed mRNA
sequencing on both types of microtissues to compare their molecular
performance. Finally, we assessed the in vivo effects of ectopic chon-
drogenesis induced by the microtissues by subcutaneously implanting
ADSCs-MT and BMSCs-MT in nude mice. An overview of the study
design is provided in Fig. 1. The results indicated that autologous
ADSCs-MT demonstrate better cellular activity and chondrogenic
properties, exhibiting enhanced paracrine effects and providing a
stronger inhibition of ECM degradation than BMSCs-MT.
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Fig. 1. Schematic diagram showing the preparation of ADSCs microtissues and BMSCs microtissues using cECM microcarriers, and in vivo and in vitro validation of

cartilage regeneration through the use of ADSCs cartilage microtissues.

2. Methods
2.1. Preparation and characterization of cECM microcarriers

2.1.1. Preparation of cECM microcarriers

The hindlimb knee joint cavity was opened under aseptic conditions
to obtain hyaline cartilage slices at the trochlea femoris. The tissue was
shock-treated in 10mM Tris-HCI (Sigma, USA) at 37 °Cfor 12h and in 1
% SDS (Sigma, USA) at 37 °C for 48 h. After each treatment step, the
tissues were washed and shaken thrice in PBS (Gibco, USA) for 10 min
each time. Finally, the tissues was cleaned and shaken thrice in PBS, 2 h
each time. The decellularized cartilage slices were crushed using a tissue
grinder (QIAGEN, Germany), and the powder was sieved to obtain
microcarriers with a diameter of 150-300 pm. The microcarriers were
subsequently sterilized using %° Coy and stored at 4 °C.The cECM
microcarriers were imaged using a bright-field microscope (Nikon,
Japan), and their particle size was analyzed using ImageJ software.

2.1.2. Detection of residual DNA, collagen, and glycosaminoglycan (GAG)

Untreated and decellularized samples were freeze-dried for 24 h,
weighed, and placed in a DNA extraction analyzer (QIAGEN, Germany)
for total DNA extraction. The extracted DNA was quantified using a DNA
quantitative test kit (Invitrogen, USA) according to the manufacturer’s
instructions. The test samples and standards were examined for fluo-
rescence intensity using an Infinite 200 Pro system (TECAN, China) at an
excitation wavelength of 480 nm and emission wavelength of 520 nm. A
standard curve was drawn, and the DNA content of cartilage before and
after decellularization was measured. For the detection of matrix com-
ponents, the samples were used for the quantitative detection of hy-
droxyproline and GAG before and after decellularization using the
hydroxyproline assay kit (Jiancheng, China) and the DMMB colorimetric
kit for total tissue GAG content (GenMed, Germany), respectively, based
on the manufacturer’s instructions. Hydroxyproline accounted for 13.4
% of total collagen.

2.1.3. Histological and DAPI staining

Untreated and decellularized cartilage slices were fixed in tissue
fixative (Solarbio, China) for 30 min and then cut into 10-pm-thick
sections using a cryosectioning machine (Leica, Germany). Tissue
morphology and structure were assessed using hematoxylin and eosin
(H&E) staining (Solarbio, China), and the proteoglycans in the matrix
were visualized using Alcian Blue and Safranin O staining (Solarbio,
China). Cell nuclei were visualized using DAPI staining (Solarbio,
China).

2.1.4. Scanning electron microscopy (SEM)

The microcarriers were first fixed in 2.5 % glutaraldehyde (Solarbio,
China) for 24 h and then rinsed thrice in PBS. The samples were dehy-
drated using a gradient of ethanol concentrations. This was followed by
critical point drying and the vacuum sputtering of platinum ions.
Finally, SEM (Thermo Fisher Scientific, USA) was used to observe and
image the microcarriers.

2.2. Extraction, cultivation, identification, and cell behavior evaluation of
hADSCs and hBMSCs

2.2.1. Extraction and cultivation of hRADSCs and hBMSCs

The isolation and culture of hADSCs and hBMSCs were approved by
the Ethics Committee of the Fourth Medical Centre of the General
Hospital of the People’s Liberation Army (2020KY036-HS001). These
cells were obtained from the subcutaneous adipose tissue and bone
marrow of patients undergoing hip joint repair surgery. The adipose
tissue was treated with an equal volume of 0.1 % type I collagenase
(Sigma, USA) for 40 min at 37 °C in an incubator. Then, Dulbecco’s
Modified Eagle Medium/F12 (DMEM/F12, Novozymes Biologics,
China) containing 10 % fetal bovine serum (FBS, Novozymes Biologics,
China) was added to terminate collagenase digestion. The adipose layer
and supernatant were removed via centrifugation, and the cells were
washed with 10 mL of PBS (Gibco, USA) and re-centrifuged. The cells
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were resuspended in DMEM/F12 containing 10 % FBS in a 75 cm?
culture bottle (Corning, USA) for cultivation. Meanwhile, bone marrow
was treated as described by C Xie et al. to obtain hBMSCs [38]. The cells
were separated by filtration through a 40-pm cell filter (Corning, USA)
and centrifuged and resuspended in 75 cm? culture flasks.

Both groups of cells were cultured at 37 °C in an incubator con-
taining 5 % COy for 3-4 d. Then, the medium was replaced with
mesenchymal stem cell medium (MSCM, ScienCell, USA), and the cul-
ture was continued by adding fresh medium every 3 d. When the cell
fusion rate reached about 90 %, the cells were digested with TrypLE
Express (Gibco, USA) for passaging. Cells from generations 3-7 were
used in the present cells.

2.2.2. Identification of hADSCs and hBMSCs

Morphological observation: The morphological observation and
imaging of the 3rd-generation hADSCs and hBMSCs were performed
under a light microscope (Nikon, Japan).

Flow cytometry analysis: The digested cells were stained using an-
tibodies (BioLegend, USA) against CD90, CD105, and CD73 and nega-
tively labeled with CD34 and CD45. Unstained cells were used as
negative controls, and the two groups of cells were detected using flow
cytometry (BD, USA).

Induction of differentiation: The two groups of cells were cultured for
14 days before treatment with an induction solution for osteogenic and
adipose tissue differentiation (Fuyuanbio, China). Then, the osteogenic
ability of the cells was evaluated using Alizarin red staining, and the
adipogenic ability was evaluated using oil red O staining. Chondrogenic
differentiation experiments were performed using microsphere aggre-
gation cultures. Both groups of cells were cultured for 21 days in an
induction solution that promoted differentiation to cartilage tissue
(Cyagen, China). The microspheres were cryosectioned, fixed, and then
stained with Alcian Blue before observation and imaging under a
microscope.

2.2.3. Effects of the cECM environment on cell proliferation

The cECM extraction solution was obtained by soaking the %°Co-
sterilized microcarriers in complete MSCM containing 5 % FBS at a mass
concentration of 0.2 g/mL for 72 h at 37 °C.

Ki67 fluorescence staining: The two groups of cells were inoculated
in 24-well plates (1 x 10* cells per well, with coverslips) and incubated
in cECM extract for 24 h. In the control groups, the two types of cells
were incubated in MSCM containing 5 % FBS. Then, the cells were fixed
with a fixative for 12 min, treated with 0.5 % Triton (Solarbio, China) for
9 min to permeabilize the cell membrane, and blocked with 10 % goat
serum (Solarbio, China) for 2 h. Subsequently, the cells were incubated
overnight with an anti-Ki67 primary antibody (1:200, Abcam, UK) at
4 °C. On the second day, the cells were incubated with a fluorescently
conjugated secondary antibody (1:200, Abcam, UK) for 1 h before three
washes with PBS. Then, the cells were treated with 4,6-dimercapo2-phe-
nylindle (DAPI, Solarbio, China) for 5 min. Finally, the cells were
imaged under a fluorescence microscope (Nikon, Japan).

CCK-8: The two groups of cells were inoculated in 96-well plates (3
x 10 cells per well) and incubated in the cECM extract. Cells cultured in
complete medium only were used as the control. The Cell Counting Kit-8
(CCK-8, Beyotime, China) assay was used to evaluate the proliferation of
the cells. After treatment, the CCK-8 reagent was added to the well on
days 1, 3, and 5. The cells were incubated for 2 h, and their absorbance
was measured after removing the supernatant from each well.

2.2.4. Effect of cECM environment on the migration of two types of cells
Cell migration assay: The two groups of cells were inoculated in six-
well plates (1 x 10° cells per well) and grown in complete medium until
they covered 80-90 % of the well plate area. The cell monolayer was
scratched with a 100-pL pipette tip perpendicular to a horizontal line
marker, and the cells were then washed gently with PBS thrice. The cells
were incubated in cECM extract, and cells cultured in complete medium
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were used as controls. Finally, the cells were observed and imaged under
a light microscope at 0 h and 24 h.

Transwell assay: Transwell chambers with a pore size of 8 pm
(Corning, USA) were added to 24-well plates. The two types of cells (1 x
10* cells per well) were first seeded in the upper chamber of the
Transwell insert and incubated with serum-free MSCM. Meanwhile, the
cECM extract was added to the lower chamber. Cells incubated with
complete medium in the lower chamber were used as controls. After 24
h of incubation at 37 °C under 5 % COg, migrating cells were stained
with crystal violet (Solarbio, China) and counted.

2.3. Construction and evaluation of hADSCs and hBMSCs microtissues

2.3.1. Construction and characterization

Microtissues were prepared by loading the two groups of cells into
cECM microcarriers. The cells were trypsinized, counted, and seeded in
low-adhesion 6-well plates (4 x 10° cells/well), and microcarriers were
added at a concentration of 2 x 10* cells/mg, i.e. 20 mg of microcarrier
per well. The microtissues were cultured in a bio-rotation reactor
(CytoNiche Biotech, China), as follows: (i) dynamic culture for 3
d (proliferation phase) in complete medium at 37 °C and 5 % COa, fol-
lowed by (ii) dynamic culture for 14 d (differentiation phase) in chon-
drogenic induction medium, with half the medium being replaced with
fresh medium every alternate day. The operation of the bioreactor
included the loading cell stage and the expansion and differentiation
stage. The loading cell stage was operated at 20 rpm for 1 min and 0 rpm
for 30 min (one cycle), for a total of 48 cycles, and the expansion and
differentiation stage was operated at 40 rpm [39].

The two types of microtissues were observed and imaged at five time
points, namely, —3d, —2.5d, —2d, 0 d, and 14 d. Here, 0 d marked the
end of the proliferation stage. Then, micro-morphological observations
of the two types of microtissue cultures were carried out at 0 d and 14
d using SEM.

2.3.2. Evaluation of chondrogenic differentiation ability

Quantitative real-time PCR (qQRT-PCR): To evaluate the expression of
chondrogenic genes in the two types of microtissues, the microtissues
were subjected to qRT-PCR for chondrogenic markers (ACAN, SOX9, and
COL2). The primer sequences are shown in Table S1. Total RNA was
extracted from the two types of microtissues cultured for 0 d and 14
d using the Total Cellular RNA Isolation Kit (QIAGEN, Germany). Then,
the total mRNA was reverse-transcribed into ¢cDNA using the Prime-
Script RT kit (TOYOBO, Japan). Finally, qRT-PCR was performed using
SYBR PreMix EX TAQ (Genstar, China) for amplification. The mRNA
levels of all tested genes were normalized to those of GAPDH, and the
relative gene expressions were calculated based on the 2724€T method.

Western blot analysis: Microtissues were lysed with RIPA buffer
(Solarbio, China) containing protease and phosphatase inhibitors. Pro-
teins from microtissue lysates were then separated using 10 % SDS-
PAGE (Beyotime, China) and transferred to PVDF membranes (Beyo-
time, China). The membranes were sealed in 5 % BSA sealing solution
(Solarbio, China) for 1 h and then incubated with anti-ACAN (1:500,
Abcam, UK) and anti-COL2 (1:500, Abcam, UK) antibodies at 4 °C
overnight. The membranes were then washed and incubated with an
HRP-conjugated secondary antibody (1:200, Abcam, UK) for 1 h at room
temperature. The bands were developed (Solarbio, China) and imaged
(Syngene, UK).

Histological staining: The two groups of microtissues were fixed and
cryosectioned into 10-pm sections. SOX9 (1:500, Abcam, UK) expression
was examined using immunofluorescence analysis. Microtissue
morphology and structure were evaluated using H&E staining, and the
content of glycosaminoglycans was examined using Toluidine blue
staining (Solarbio, China).

2.3.3. Analysis of chondrocyte recruitment ability
First, 1 x 10* human chondrocytes (Procell, China) were seeded into



W. Liu et al.

the upper chambers of Transwell chambers (8 pm pore size) placed in
24-well plates and cultured in DMEM/F12 serum-free medium. The
lower chambers were filled with DMEM/F12 + 10 % FBS, DMEM/
F12+hADSCs-MT, or DMEM/F12+hADSCs-MT. For groups involving
the use of microtissues, set up 10 mg of microtissue per well. The cells
were cultured at 37 °C under 5 % CO5 for 24 h, and migrating chon-
drocytes were fixed, stained with 0.1 % crystal violet, and observed and
imaged under a microscope.

2.4. RNA sequencing analysis

Three biological replicate samples of microtissues were prepared per
group. After lysis with TRIzol (Solarbio, China) for 10 min, the samples
were snap frozen in liquid nitrogen. The samples were then stored in a
refrigerator at —80 °C and transported to Novogene Ltd. (China) on dry
ice. Subsequent sample detection, library construction, and bio-
informatic analysis were entrusted to Novogene Ltd. (China). After RNA
extraction, an Agilent 2100 Bioanalyzer was used to accurately detect
the integrity and total amount of RNA. Then, library construction and
quality control were conducted. Samples that met quality control
criteria were sequenced on an Illumina sequencing platform. Differential
expression analyses between two groups were performed using DESeq2
software, with pagj < 0.05 and |log2foldchange|>1 used as the thresh-
olds for significant differential expression. The differentially expressed
genes (DEGs) were subjected to Gene Ontology (GO) enrichment anal-
ysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis using clusterProfiler software.

2.5. Co-culture of chondrocytes and microtissues in an inflammatory
environment

Chondrocytes and microtissues were co-cultured in an inflammatory
environment using the Transwell system, as reported by Bin W et al.
[40]. Chondrocytes (1 x 10* cells per well) were grown in a monolayer
in the lower chamber of the Transwell insert, and three groups were
established: DMEM/F12 + 10 % FBS, DMEM/F12 + hADSCs-MT, and
DMEM/F12 + hBMSCs-MT. Groups involving microtissues were set up
with 10 mg of microtissues per well and grown in the upper chamber of
the Transwell system under liquid covered conditions. Before addition to
the Transwell system, the chondrocytes were stimulated with IL-1p (10
ng/mL, MCE, China) for 48 h. Then, co-culture was performed at 37 °C
under 5 % CO; for 7 d. Chondrocytes not subjected to inflammatory
factor treatment were used as positive control. Chondrocytes were
analyzed using qRT-PCR, western blot, and immunofluorescence assays
to examine the expression of genes and proteins related to cartilage
formation and degradation. The primer sequences are shown in Table.
S1.

2.6. In vivo implantation of microtissues and evaluation of regenerated
tissues

Eight-week-old immunodeficient male mice (BALB/c Nude) were
randomly divided into three groups: GelMA group, GelMA + ADSCs-MT
group, and GelMA + BMSCs-MT group (six mice in each group).
Microtissue implants were prepared by adding 10 % (w/v) GelMA so-
lution (EFL, China) and microtissues (5:1 vol ratio) to a mold (5 mm
diameter and 2 mm height) and then irradiating them with blue light for
30 s to achieve a gelatinous structure. The implants for the GelMA group
only contained 10 % (w/v) GelMA solution and were placed in PBS to
keep them aseptically moistened. All mice were anesthetized with 1 %
sodium pentobarbital. A 1-cm-long skin incision was made on the backs
of the mice, and two subcutaneous pockets were created via blunt
dissection. Implants from different groups were carefully implanted into
the pockets, and the incisions were finally closed with 6-0 sutures
(Ethicon, USA). The mice were sacrificed after 8 weeks, and the implants
were collected and fixed overnight in 4 % paraformaldehyde before
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sectioning and evaluation with H&E staining, Safranin O staining, To-
luidine blue, immunofluorescence assays, and immunohistochemistry.

Eight-week-old Sprague-Dawley male rats were randomly divided
into five groups: the Control group (blank defect), the GelMA group, the
ADSCs-MT group, the BMSCs-MT group, and the Sham group. Each
group contained 6 rats. After the rats were anesthetized via the intra-
muscular injection of 3 % sodium pentobarbital, an incision was made
on the medial side of the patella, and the patella was dislocated. Sub-
sequently, the articular cartilage was exposed through the flexion of the
knee joint. In the Sham group, after the dislocation of the patella, the
patella was reset, and the joint capsule, muscle, and skin were sutured.
In the other four groups, a ring drill with a diameter of 2 mm was used to
create a 1.5-mm-deep defect in the groove of the pulley. Then, 10 %
GelMA solution was directly injected into the defect in the GelMA group,
while 10 % GelMA solution was injected to fill the gap and the surface of
the defect in the ADSCs-MT and BMSCs-MT groups, respectively, and the
defect was sealed following 30 s of blue light irradiation. The defects in
the Control group were left untreated. Finally, the joint capsule, muscle,
and skin were sutured in all four groups. Twelve weeks later, the rats
were sacrificed, and the tissue was examined through gross visualiza-
tion, Micro-CT analysis, and staining and quantitative scoring (Tables S2
and 3). The implants were collected, fixed in 4 % paraformaldehyde
overnight, and then sectioned for histological evaluation. All the above
procedures followed the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of Zhongyan Zichuang
(Beijing) Biotechnology Co., LTD. (No. ZYZC202404019S).

2.7. Statistical analysis

GraphPad Prism 8.3 was utilized for statistical analysis. All experi-
ments were performed using at least three independent samples, and all
data were presented as the mean + standard deviation (SD). The stu-
dent’s t-test was used when comparing two groups of data, one-way
analysis of variance (ANOVA) was used to compare the means of mul-
tiple groups, and SNK-q was used to compare pairs across multiple
groups. p < 0.05 was considered statistically significant.

3. Results
3.1. Preparation and characterization of cECM microcarriers

Histological and DAPI staining showed that after decellularization,
the cellular structure of the cartilage (mainly in the nucleus) was dis-
rupted (Fig. 2A), but most of the ECM was retained(Fig. 2A-E-F). DNA
quantification provided a clearer picture of decellularization efficiency,
demonstrating that the DNA content was significantly reduced after
decellularization (0.0040 + 0.0028 vs 0.4822 + 0.222 pg/mg) (Fig. 2D).
Light microscopy showed that after physical crushing and sieving, cECM
microcarriers sized between 150 and 300 um were obtained (Fig. 2B).
Particle size analysis showed that the diameter of the microcarriers was
241.70 + 46.98 pm(Fig. 2G). Further SEM analysis showed that the
cECM microcarriers had a surface pore structure and were enriched with
a large number of collagen fibers (Fig. 2C). This confirmed the retention
of ECM proteins after decellularization and also showed that the cECM
microcarriers were conducive to cell adhesion and interactions.

3.2. hADSCs exhibit superior cell behaviors after cECM microcarrier
treatment

To determine the regulatory effect of cECM microcarriers on hADSCs
and hBMSCs, we first validated the MSC identification criteria devel-
oped by the Mesenchymal and Tissue Stem Cell Committee of the In-
ternational Society for Cellular Therapy (ISCT) in both types of cells [41]
(Figs. SIA-C). Next, the cytotoxicity of the microcarriers and their ef-
fects on the proliferation and migration of the two types of cells were
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studied. Both the CCK-8 assay and Ki67 fluorescence staining were used
to assess the toxicity of the microcarriers and their effects on cell pro-
liferation. After 1 d, 3 d, and 5 d of treatment, the ADSCs-M and
BMSCs-M groups had a higher number of Ki67" cells than the control
groups (ADSCs-C and BMSCs-C groups) (Fig. 3A-C). The CCK-8 assay
yielded similar results, with the microcarriers promoting the prolifera-
tion of both types of cells (Fig. 3B). However, the proliferation of ADSCs
was superior to that of BMSCs, irrespective of whether the microcarriers
were present (Fig. 3A-C).

Subsequently, we investigated the effects of microcarriers on the
migration of the two types of cells using cell migration and Transwell
assays. As shown in Fig. 3D, the cells in the ADSCs-M and BMSCs-M
groups exhibited faster wound healing than the control cells after 24 h
of microcarrier intervention. However, ADSCs showed a more signifi-
cant healing effect irrespective of microcarrier addition. These findings
were further validated through the quantitative analysis of wound area
(Fig. 3E). Meanwhile, the Transwell assay was used to assess the effect of

microcarriers on vertical migration in both cell types (Fig. 3F). Crystal
violet staining after 24 h of microcarrier treatment showed that the
number of migrating cells was higher in both the ADSCs-M and BMSCs-
M groups than in the control groups, with the number of ADSCs
migrating being greater (Fig. 3G). These results indicated that homol-
ogous ADSCs were superior to BMSCs in terms of both proliferative and
migratory abilities, and that cECM microcarriers could enhance the
cellular behaviors of ADSCs.

3.3. ADSCs-MT has better chondrogenic ability and can recruit more
chondrocytes

The microtissue construction process is shown in Fig. 4A. In order to
achieve better microtissue viability, we first performed intermittent
slow cell loading (—3 d to —2 d), which was followed by a homogeneous
cell proliferation phase (—2 d-0 d), using a dynamic rotary reactor.
Then, we induced chondrogenic differentiation via treatment with an
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induction medium for 14 d. Throughout the entire fabrication process, a
gradual increase in aggregation was observed among the cells in both
groups of microtissues (Fig. 4B), with extensive connections gradually
being established between the cells and the matrix. Notably, ADSCs-MT
exhibited a more compact state of aggregation. Electron microscopy
images confirmed the connections of the cells loaded onto microcarriers
in both sets of microtissues (Fig. 4C). In ADSCs-MT, the cells showed
regular morphology, had a rounded structure, and were more numerous.
Meanwhile, in BMSCs-MT, the cells were stretched, showed irregular
morphology, and were less numerous. This suggested that the cell pro-
liferation and differentiation properties of cells in ADSCs-MT were su-
perior to those of cells in BMSCs-MT and were more similar to those of
mature chondrocytes.

Next, we examined the chondrogenic capacity of the two types of
microtissues. We first detected the expression of chondrogenesis-related
genes (SOX9, COL2, and ACAN) and found that all three genes were
upregulated in both groups of microtissues after differentiation (14 d)
when compared to before differentiation (0 d). Notably, the gene
expression levels in ADSCs-MT were higher than those in BMSCs-MT
after differentiation (Fig. 4D). In addition, immunofluorescence

analysis revealed that SOX9 protein expression was higher in the ADSCs-
MT group than in the BMSCs-MT group (Fig. 4E and F), and western
blots for ACAN and COL2 further demonstrated the abundant expression
of cartilage formation-related proteins in the ADSCs-MT group (Fig. 4G).
H&E staining of the two groups of microtissues showed that both cell
and ECM densities were higher in the ADSCs-MT group than in the
BMSCs-MT group, confirming that both cell proliferation and matrix
secretion were superior in the former (Fig. 4H).

Subsequently, we utilized toluidine blue staining to examine the
content of glycosaminoglycan components in both groups of micro-
tissues. Compared with the BMSCs-MT group, the ADSCs-MT group
exhibited darker staining and a higher content of glycosaminoglycans,
consistent with the results of H&E staining. Thus, through
chondrogenesis-related gene and protein expression analyses and his-
tological staining, we confirmed the chondrogenic differentiation ability
of the two groups of microtissues after dynamic culture. Furthermore,
we found that the chondrogenic capacity of ADSCs-MT was superior.

In addition, we used Transwell assays to investigate whether the two
types of microtissues could induce the migration of nearby chondrocytes
(Fig. 41), given that the recruitment of endogenous cells in the repair
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environment enhances repair efficacy [42]. The results showed that
ADSCs-MT with BMSCs-MT provided significantly better chemotactic
effects than 10 % FBS, and the pro-migration effect of ADSCs-MT on
chondrocytes was stronger than that of BMSCs-MT. Overall, compared
to BMSCs-MT, ADSCs-MT showed superior chondrogenic and functional
effects in vitro.

3.4. RNA sequencing analysis of microtissues

To further compare gene expression and regulatory pathways be-
tween ADSCs-MT and BMSCs-MT, we subjected the two microtissues to
mRNA-seq analysis after differentiation. In total, a total of 9847 genes
were expressed in the ADSCs-MT group and BMSCs-MT group (Fig. 5A).
Of these, 1039 and 757 genes were solely expressed in ADSCs-MT and
BMSCs-MT, respectively. The comparison of DEGs showed that a total of
4034 genes were differentially expressed between the ADSCs-MT group
and BMSCs-MT group (2075 up-regulated and 1959 down-regulated)
(Fig. 5B). Subsequently, we analyzed the significant DEGs associated
with chondrogenic development and degradation and found that the list
of genes up-regulated in the ADSCs-MT group (versus the BMSCs-MT
group) included acral development -related genes such as PTN and
MEF2C and chondrogenic-related genes such as SMAD3, SMAD4,

Materials Today Bio 30 (2025) 101372

SMADS5, COL6A1, COL9A1, and SOX5. Meanwhile, the down-regulated
differential genes, such as MMP13, ALPL, RUNX2, BMP2, MMP19,
MMP9, IHH, COL1A1, COL1A2, and COL10A1, were mainly involved in
cartilage hypertrophy and matrix degeneration (Fig. 5C).

GO enrichment analysis revealed that the DEGs between the two
groups of microtissues were enriched in the pathways — (i) Biological
process module: “cell adhesion,” “biological adhesion,” “regulation of
signaling,” “Wnt signaling pathway,” and ‘“cell surface receptor
signaling pathway”; (ii) Cell components module: “extracellular region,”
“myosin complex,” “extracellular region,” and “extracellular matrix”;
and (iii) Molecular function module: “growth factor binding,” “signaling
receptor binding,” “glycosaminoglycan binding,” and “hyaluronic acid
binding”. These pathways were all closely related to the various bio-
logical processes of stem cells during chondrogenesis and development
(Fig. 5D). In addition, KEGG pathway analysis was conducted, the DEGs
were found to be enriched in development-related signaling pathways
such as “Hippo signaling pathway” and “signaling pathways regulating
pluripotency of stem cells,” as well as stem cell differentiation-related
signaling pathways such as “PI3K-Akt signaling pathway,” “ECM-re-
ceptor interactions,” “Wnt signaling pathway,” “TGF-p signaling
pathway,” and “glycosaminoglycan biosynthesis-chondroitin sulfate/
dermatoxylin sulfate” (Fig. 5E). These results indicated that both groups
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of microtissues had a regulatory effect on stem cell development and
differentiation. However, ADSCs-MT had a stronger regulatory effect on
stem cell development, differentiation, and the inhibition of matrix
degradation. These findings also highlighted the potential mechanisms
through which ADSCs-MT exerted superior chondrogenic effects
compared to BMSCs-MT.

In order to gain insights into the developmental and differentiation
processes of ADSCs-MT, we further performed RNA sequencing of
ADSCs-MT at key time points during culture (DO, D7, and D14). A total
of 9534 genes were expressed in the DO, D7, and D14 groups (Fig. 6A),
with 882, 395, and 418 genes expressed exclusively at these time points,
respectively. Compared with the DO group, the D7 group showed 2131
up-regulated and 1551 down-regulated genes. The up-regulated genes
were mainly biomarkers related to acral development (e.g., TNC and
DLX5) or early cartilage differentiation (e.g., SMAD5, SMAD4, and
SOX9) (Fig. 6B and C). Compared with the DO group, the D14 group had
2791 up-regulated and 2861 down-regulated genes. Here, the signifi-
cantly up-regulated genes, such as COMP, SOX5, TSC22D1, and COL6al,
were related to cartilage differentiation and matrix composition, while
the down-regulated genes, such as MMP1, MMP9, IL-1p, and VEGFa,
were related to matrix degradation, inflammation, and vascularization
(Fig. 6B and D). The process of differentiation between D7 and D14 was
also analyzed based on DEGs. Notably, there were 542 up-regulated
genes and 604 down-regulated genes in the D14 group versus the D7
group. The findings showed that the differentiation process was char-
acterized by matrix degradation and the down-regulation of vascular
biomarkers such as MMP1, MMP13, COL10al, and VEGFa (Fig. 6B and
E). Then we validated the relevant key markers through PCR
(Fig. 6L-N), confirming that the results demonstrated that the culture of
ADSCs-MT mimicked the process of cartilage development and differ-
entiation in vivo, followed the transcriptomic gene expression patterns
associated with cartilage differentiation, and involved the reduced
expression of matrix degradation and vascular markers at the later stage
of differentiation. The transcriptomic analysis of DEGs suggested that
biomarkers such as MMP13, MMP9, and COL10A1 were significantly
down-regulated in the ADSCs-MT group versus the BMSCs-MT group,
and this significant change mainly occurred from D7 to D14.

Next, we used GO analysis to identify the biological processes asso-
ciated with the DEGs found between the DO, D7, and D14 groups. We
found that these DEGs were involved in regulating various biological
processes in stem cells throughout the culture process, including "DNA
replication,” "regulation of developmental process,” "regulation of signal
transduction,” "extracellular matrix,” and "extracellular matrix struc-
tural constituent” (Fig. 6F-H). During the early stages of chondrogenesis
and differentiation (D7 vs DO0), the differential genes were significantly
enriched in GO terms related to cell division and development, such as
"anatomical structure development,” "DNA replication,” " chromosome,
centromeric region,” and "cytoskeletal protein binding,” suggesting that
the cells remained in a proliferative state in the early stages of culture
(Fig. 6F). KEGG pathway analysis at this stage further revealed that the
DEGs were significantly enriched in signaling pathways related to cell
proliferation ("cell cycle,” "DNA replication," and "Rapl signaling
pathway") and signaling pathways for stem cell differentiation (“TGF-p
signaling pathway” and “glycosaminoglycan biosynthesis-keratan sul-
fate”) (Fig. 6I). At later stages of culture (D14 vs D7), the differential
genes were significantly enriched in GO terms related to chondrogenic
differentiation, such as "cell differentiation,” "extracellular matrix,” and
"molecular function regulator” (Fig. 6H). KEGG pathway analysis also
showed that at this stage, the DEGs were significantly enriched in
pathways related to chondrogenic differentiation, such as "TGF-p
signaling pathway" and "Wnt signaling pathway,” although signaling
pathways related to chondrogenic development, such as "cell adhesion
molecules,” "calcium signaling pathway," and "Hippo signaling
pathway,” were also significantly enriched (Fig. 6K). The results
demonstrated that the proliferation and differentiation capacities of
stem cells were maintained at the transcriptome level in ADSCs-MT
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throughout the culture period, and the ability to down-regulate matrix
degradation and vascular biomarkers was retained. This highlighted the
unique advantages of ADSCs-MT in mimicking the in vivo complexity of
cell fates and chondrogenic differentiation.

3.5. ADSCs-MT exerts stronger paracrine effects and has
chondroprotective properties

Through transcriptome analysis, we found that ADSCs-MT can
significantly down-regulate genes related to matrix degradation during
culture compared to BMSCs-MT. Hence, we asked if this differential
expression could in turn affect the properties of surrounding chon-
drocytes in an inflammatory environment. Typically, MSCs are utilized
for cartilage regeneration and repair due to their differentiation ability,
while their paracrine effect enhances therapeutic efficacy through cell-
to-cell interactions [43]. In order to examine the interaction between
the microtissues and human chondrocytes under inflammatory condi-
tions and determine whether the cells in the microtissues retain strong
paracrine properties, we utilized a Transwell system and compared the
effects of ADSCs-MT and BMSCs-MT on chondrocyte matrix formation-
and matrix degradation-related genes and proteins using a co-culture
model (Fig. 7A). RT-qPCR (Fig. 7B) showed that, unlike the Blank
group, the ADSCs-MT group exhibited a significant matrix-protective
effect, as evidenced by the significant increase in the gene expression
of COL2 and ACAN, as well as the significant decrease in the gene
expression of the matrix-degradation-associated genes MMP1, MMP13,
ADAMTS4, and ADAMTS5. Similar results were found in the BMSCs-MT
group, but the protective effect was not as strong as that in the
ADSCs-MT group. The results of protein analysis in the different groups
of chondrocytes yielded similar results (Fig. 7C and D), i.e., the protein
expression of COL2 and ACAN was the highest in the ADSCs-MT group,
followed by the BMSCs-MT group and the Blank group.

MMP13, as a key contributor to articular cartilage destruction, can
serve as a marker for the severity of cartilage destruction to a certain
extent [44]. Our immunofluorescence assays showed that MMP13
secretion by chondrocytes was significantly reduced in the ADSCs-MT
group (Fig. 7E and F). Although MMP13 secretion also showed some
degree of reduction in the BMSCs-MT group, the reduction was weaker
than that in the ADSCs-MT group. Although the expression of the
abovementioned genes and proteins in the ADSCs-MT group could not
be restored to normal levels (Control group without IL-1f treatment), a
strong inhibition of cartilage degradation and destruction in the in-
flammatory microenvironment was still observed. This highlighted the
chondroprotective effect of ADSCs-MT.

3.6. ADSCs-MT promotes cartilage formation in vivo

We examined tissue regeneration at 8 weeks following the subcu-
taneous implantation of different microtissues in nude mice based on
macroscopic evaluations, histological staining, and immunofluores-
cence staining. Macroscopic evaluations revealed that the regenerated
tissues in the ADSCs-MT group had a cartilage-like appearance, and the
tissues were more tightly aggregated. Only a small portion of the GelMA
implant was degraded, but it retained its gel-like state. Meanwhile, the
regenerated tissue in the BMSCs-MT group was loose in shape, with a
cloudy surface and some discrete vascular distribution (Fig. 8A). His-
tological analysis based on H&E staining revealed that the regenerated
tissues in the ADSCs-MT group had high levels of matrix secretion and
tight connection. There was no cellular infiltration in the GelMA group,
and poor matrix secretion and loose tissue structure were detected in the
BMSCs-MT group. This may have affected the subsequent cell-to-cell or
cell-to-ECM connections in these groups (Fig. 8B). Both cartilage tissue-
specific toluidine blue staining and Safranin O staining showed that the
regenerated tissues in the ADSCs-MT group contained abundant ECM,
with a more uniform and regular cell morphology and distribution than
those in the BMSCs-MT group. The formation of some cartilage lacunas,
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Fig. 7. ADSCs-MT exert chondroprotective effects. (A) Schematic diagram of the Transwell system used to co-culture microtissues with human chondrocytes. (B)
Relative expression of matrix formation-related genes (COL2 and ACAN) and matrix degradation-related genes (MMP1, MMP13, ADAMTS4, and ADAMTS5) in the
chondrocytes of each group. (C) Protein expression of COL2 and ACAN in the chondrocytes of each group. (D) Quantitative analysis of COL2 and ACAN protein
expression. (E) Immunofluorescence analysis of MMP13. (F) Quantitative analysis of MMP13 protein expression based on immunofluorescence assays. *p < 0.05, **p
< 0.01, ***p < 0.001.
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a typical feature of chondrocytes in cartilage tissues, was also detected in
the ADSCs-MT group [45] (Fig. 8C and D).

In order to better evaluate the matrix composition of the regenerated
tissues, we performed immunohistochemical staining for COL2 and
COL1. Compared to the BMSCs-MT group, the ADSCs-MT group
expressed higher levels of COL2, and an obvious cartilage trap structure
and regular cellular morphology could also be observed in this group.
Meanwhile, the expression of COL1 was almost absent in the ADSCs-MT
group. The absence of cellular infiltration and matrix production was
observed in the GelMA group, with low levels of COL1 expression.
Meanwhile, the BMSCs-MT group expressed low levels of COL2 and
some COL1 (Fig. 8E and F). In addition, immunofluorescence staining
for SOX9, a cartilage-specific marker, was clearly stronger in the ADSCs-
MT group than in the BMSCs-MT group (Fig. 8G). In summary, the re-
sults showed that the ADSCs-MT showed optimal effects in regenerating
cartilage tissue, significantly promoting the formation of subcutaneous
cartilage in nude mice.

We then utilized a rat knee cartilage defect model for the in vivo
evaluation of in situ cartilage regeneration. The regeneration of
damaged tissue, its integration with surrounding cartilage, and the
presence of subchondral bone were assessed through gross visualization
and Micro-CT analysis (Fig. S2). The cartilage surface and subchondral
bone appeared to show more obvious defects in the Control group, while
the cartilage in the GelMA group contained a partially unfilled defect.
The cartilage in the ADSCs-MT group had a flatter surface and was better
integrated with the surrounding normal tissue, showing a superior
repair effect compared to the cartilage in the BMSCs-MT group. The
BMD and BV/TV values (Figs. S4B and C) also demonstrated that the
tissue health in the ADSCs-MT group was closer to that in the Sham
group. ICRS scores (Fig. S4A) were consistent with the macroscopic
observations. Finally, H&E staining and Safranin O fast green staining
(Fig. S3) was performed to validate the cellular stratification of repaired
tissues, evaluate the composition and content of the matrix, and deter-
mine histologic scores (Fig. S4D). The superior repair effect in the
ADSCs-MT group was validated through the similarity between the
layering of repaired tissue and natural cartilage, the deeper coloration
on Safranin O staining, the better integration of regenerated tissue with
the surrounding tissues, and the flatter repair surface.

4. Discussion

In this study, we constructed two types of microtissues using autol-
ogous cells and ECM microcarriers derived from natural cartilage. These
microtissues provided a favorable microenvironment for cell adhesion,
proliferation, and differentiation. Further, they promoted the regener-
ation of cartilage matrix to mitigate the threat posed by an inflammatory
environment. Microtissues prepared using hADSCs as seed cells were
superior to those prepared with hBMSCs as seed cells in terms of cell
behavior, chondrogenic capacity, as well as in vivo -cartilage
regeneration.

MSCs possess significant potential for promoting the safe and effec-
tive regeneration of articular cartilage due to their robust self-renewal
capabilities, high regenerative potential, abundant secretion of bioac-
tive factors (such as chemokines, cytokines, and growth factors), and
immunomodulatory properties [46-48]. However, the injection of free
MSCs can present challenges, including issues related to cell meta-
bolism, unclear therapeutic effects, and other adverse events [49]. In
contrast, microtissue spheres, which are constructed from cells, can
replicate the functions of target organs or tissues and have thus been
extensively used in disease diagnosis models and therapeutic applica-
tions [50,51]. However, microtissues constructed from cell spheres
alone have some obvious disadvantages, in that the core cells often fail
to survive. Hence, several studies have explored the use of microcarriers
to solve such problems [52]. In our study, we employed natural
cartilage-derived ECM to prepare microcarriers, which provided an
optimal matrix component, as confirmed in our previous studies and the
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present study. This material created a favorable microenvironment for
cell growth and differentiation, enhanced cell-to-cell and cell-to-matrix
interactions, and supported the regeneration of cartilage matrix. For
example, in proliferation and migration assays, we found that the
microcarrier environment significantly promoted cell behavior. Com-
bined with previous findings showing the presence of key cell
adhesion-associated proteins, fibronectin, and growth factors within
microcarriers [39], such as TGF-fp1 may promote cell proliferation
through activation of the Smad signaling pathway and enhance migra-
tion through remodeling of the ECM and modulation of cell motility [53,
54]; insulin-like growth factor 1 (IGF-1) may promote cell proliferation
by activating the PI3K/Akt signaling pathway to promote cell survival,
proliferation and migration [55].

ADSCs, when used as seed cells, demonstrated a more pronounced
effect, with ADSCs-MT showing superior cohesion properties when
compared to BMSCs-MT. This was particularly evident after the prolif-
eration phase of ADSCs-MT culture, as demonstrated by imaging anal-
ysis as well as the evaluation of micromorphology, gene expression,
protein expression, and histology. This highlighted that ADSCs-MT have
a more comprehensive effect on matrix regeneration. This may be
related to the strong proliferation characteristics of ADSCs. It has been
confirmed that the cells adhere to the microcarrier environment suitable
for growth and differentiation during the construction of microtissue,
and the promoting effect on cell behaviors has been proved. Qi Li et al.
found that the high in vitro expansion efficiency of ADSCs compared to
BMSCs and the strong ability of exosomes to promote chondrogenesis
can be attributed to focal adhesion, ECM-receptor interactions, actin
backbone regulation, and other factors [56]. We also found in a study by
Wenyan Zhou et al. that ADSCs from the same source were more suitable
for survival in a hypoxic joint niche than BMSCs and showed advantages
in controlling and modulating inflammation and treating osteoarthritis
[57]. Furthermore, the 3D dynamic culture provided an enriched
nutritional environment for the microtissues, better mimicking the cell
behavior within tissues. In previous studies, cartilage microtissues were
typically constructed using chondrocytes or stem cells, which generate
functional cartilage through their structural and differentiation capa-
bilities [24,25]. In contrast, the present study attempted to leverage the
modulation characteristics of the local microenvironment to promote
higher-quality chondrogenesis during tissue regeneration, although the
sustained in vivo effects of the microtissues remain to be confirmed.

In this study, we analyzed the transcriptomes of ADSCs-MT and
BMSCs-MT and observed a notable down-regulation of several gene
classes in ADSCs-MT. The main down-regulated genes included a series
of markers associated with cartilage matrix degradation (e.g., MMP13,
MMP19, MMP9, and MMP1), those associated with cartilage hypertro-
phy and early osteogenesis (e.g., LPL, RUNX2, BMP2, and IHH), fibro-
cartilage regulators (e.g., COL1A2, and COL10AI1), and classical
inflammatory factors such as IL1-p. These findings pointed to the posi-
tive chondrogenic capacity of ADSCs-MT at the RNA level, suggesting a
lower likelihood of future ossification and fibrosis when compared to
BMSCs-MT. Further transcriptomic analysis of ADSCs-MT at key culture
time points was performed to examine the superiority of ADSCs-MT over
BMSCs-MT in terms of matrix degradation and down-regulation of
fibrocartilage-related markers. This analysis revealed that the changes
primarily occurred in the latter half of the culture period.

The vascular environment is known to impact cartilage repair and
regeneration. furthermore, the lack of vascularity promotes cartilage
formation [58,59]. VEGFa is one of the most critical markers of angio-
genesis, and several regeneration studies have shown that high-quality
cartilage repair can be achieved by blocking or inhibiting VEGFa
expression [45,60]. In the present study, the marker VEGFa was also
down-regulated in the second half of ADSCs-MT culture. This
down-regulation was in line with the superior cartilage regeneration
observed with ADSCs-MT and may have contributed positively toward
cartilage homeostasis. GO enrichment and KEGG pathway enrichment
analyses further confirmed that, despite these significant changes,
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ADSCs-MT retained their inherent features of self-renewal and cartilage
formation.

The inflammatory environment has crucial effects on cartilage defect
repair and osteoarthritis progression, as it progressively affects the
normal chondrocytes in articular cartilage. This leads to pathological
changes, such as the secretion of matrix metalloproteinases [44], that
hinder cartilage repair. To examine the protective role of microtissues in
this context, we employed a Transwell system to co-culture microtissues
with chondrocytes instead of performing a direct contact co-culture.
This approach was chosen because the microtissues had strong adhe-
sion properties and contained cECM microcarriers. Therefore, direct
co-culture analysis would fail to reveal the protective role of the
microtissues toward primary chondrocytes. Notably, paracrine function
is known to be even more important for tissue-engineered cartilage
containing MSCs than the differentiation capacity [47]. Thus, the
Transwell co-culture system served as an ideal platform for evaluating
the paracrine effects of the microtissues. Following exposure to IL-1f,
which promotes inflammation, we assessed the expression of genes and
proteins related to chondrocyte matrix formation and matrix degrada-
tion in the chondrocytes. We found that the microenvironment of
ADSCs-MT was more effective at maintaining the expression of chon-
drocyte growth factors and matrix markers while inhibiting genes
related to matrix degradation, thus exerting a matrix-protective effect.
The paracrine function of ADSCs-MT was well-demonstrated and was
found to contribute significantly to the therapeutic efficacy of the
microtissues. Articular cartilage experiences significant mechanical
loading, and its regeneration is dependent on mechanical stimuli [61,
62]. It is likely that the mechanical stimuli (i.e., stress and shear) pro-
vided by the three-dimensional rotating reactor during microtissue
culture modulate the cell behavior and uniform distribution of the ECM.
Additionally, these stimuli could influence the secretion of
anti-inflammatory and regenerative factors through the modulation of
paracrine function, thereby attenuating the destruction of the ECM by
the inflammatory environment and regulating the molecular pathways
of cartilage regeneration.

Finally, a subcutaneous chondrogenesis model of nude mice and the
in situ defect model of rat knee joint cartilage used to assess the in vivo
regeneration effect of the microtissues, and GelMA hydrogel was used
for microtissue encapsulation. The GelMA hydrogel was employed to
immobilize the microtissues and enable the delivery of biologically
active substances while providing a protective environment where the
microtissues could function optimally. The GelMA hydrogel has previ-
ously been demonstrated to offer a 3D cross-linked network with good
biocompatibility and adequate nutrient supply [45]. However, it was
observed that the GeIMA hydrogel alone did not support cell invasion or
tissue regeneration in the nude mice. Notably, the cartilage tissues re-
generated by ADSCs-MT within the GelMA hydrogel exhibited signifi-
cantly better performance than those regenerated by BMSCs-MT, with
obvious differences in the expression of cartilage-related markers such
as SOX9 and COL2. While our study did not examine whether the GelMA
hydrogel synergistically enhances the effects of ADSCs-MT, the ability of
the GelMA hydrogel to improve adhesion and nutrient supply between
microtissues and surrounding tissues suggests that it may play a critical
integrative and protective role during in situ cartilage repair, thus
maximizing the regenerative potential of ADSCs-MT. Combining in vitro
and vivo experiments, we found that the microtissue gradually differ-
entiated into cartilage tissue and secreted abundant cartilage matrix
during in vitro cultivation. At the transcriptome level, we found that it
roughly mimicked the process of cartilage development, formed a
cartilage-like tissue in vitro, and exerted a protective effect on chon-
drocytes in the inflammatory microenvironment. After implantation in
vivo, the cartilage microtissue filled the joint defects, exerted partial
cartilage function, and repaired well in the short term.

Although this study verified the excellent chondrogenic ability of
ADSCs-MT through systematic evaluations of individual cells, the
environmental effects of microcarriers, and various in vitro and in vivo
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experiments, it still has several limitations. First, there may have been
some variations in the sizes of fabricated microtissues to form clusters,
and whether and how potential size differences affect biological func-
tions warrants further exploration. For example, the size and volume of
microtissues clusters may affect both specific surface area and cell-cell
interactions, which in turn influence cell behavior and function.
Microtissues clusters of appropriate sizes may generate a localized
hypoxic microenvironment, while moderate hypoxic tension may stim-
ulate cartilage ECM production and promote cartilage differentiation. In
the future, we will refine our grouping based on size or volume and
explore related differences in oxygen tension, cell behavior, differenti-
ation, and regeneration capacity. Additionally, there is limited research
on the mechanical characteristics of microtissues, such as stiffness and
elasticity, which are equally important for exploring the mechanism of
microtissue action. Finally, we consider increasing the evaluation of the
effectiveness of in situ large animal repair in the future, and reducing or
controlling the uncertainty and immune rejection of the application of
heterologous animal models.

5. Conclusion

This study combined ADSCs and BMSCs with cECM microcarriers,
respectively, to construct ADSCs-MT and BMSCs-MT in a three-
dimensional dynamic culture environment. A systematic evaluation of
the two types of microtissues was conducted through in vitro and in vivo
experiments. The results demonstrated the excellent chondrogenic
ability and strong paracrine properties of ADSCs-MT, which can effec-
tively protect inflammatory chondrocytes and promote the regeneration
of high-quality cartilage tissue in vivo. We believe that this study pro-
vides novel insights and evidence for the construction of microtissues
and effective enhancement of cartilage regeneration.
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