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ABSTRACT: Cartilage defects are commonly observed in orthopedic
clinical studies. Owing to the unique structure of cartilage tissue,
current clinical treatments cannot fully address this issue. Cartilage
organoids are three-dimensional (3D) active tissue structures
constructed in vitro to mimic the structure and function of natural
cartilage tissue and can be utilized for disease research and cartilage
repair. In this study, we engineered MNPs-BMSCs by introducing
magnetic nanoparticles (MNPs) into bone marrow mesenchymal
stem cells (BMSCs). Under the influence of the magnetic field
induced by the MNPs, MNPs-BMSCs became polarized, significantly
enhancing their aggregation, migration, and chondrogenic
differentiation capabilities. We then used these engineered MNPs-
BMSCs as seed cells and applied 3D bioprinting technology to
construct an advanced cartilage organoid using a MNPs-
BMSC/alginate/gelatin matrix. This structure partially mimics the
middle layer of a cartilage. The advanced cartilage organoid
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demonstrated superior chondrogenic differentiation ability and mechanical properties in vitro. It significantly enhanced
tissue repair in cartilage defect areas in vivo, restoring the normal structure of the cartilage layer. Overall, the engineered
MNPs-BMSCs/alginate/gelatin advanced cartilage organoids offer a promising approach for studying cartilage tissue in vitro

and advancing cartilage repair within the field of tissue engineering.

KEYWORDS: magnetic nanoparticles, cell polarization, three-dimensional (3D) bioprinting, cartilage organoid, cartilage

repair

1 Introduction

Cartilage injury is a prevalent orthopedic condition that typically
results in cartilage resorption, bone deterioration, and, ultimately,
the onset of osteoarthritis [1]. The unique structure of cartilage,
characterized by sparse vascular distribution, low cell density, and
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limited cell migration ability, results in a limited capacity for self-
repair, thereby exacerbating the progression of osteoarthritis [2].
Several new technologies have been applied in clinical practice for
cartilage tissue engineering to repair osteoarthritis-related cartilage
defects; however, all have significant limitations [3]. Mesenchymal
stem cells (MSCs), particularly bone marrow-derived mesenchymal
stem cells (BMSCs), are widely used in cartilage tissue engineering
[4, 5]. However, enhancing the chondrogenic differentiation of
BMSCs and improving their efficiency in cartilage repair remain
pressing issues [6, 7].

Cell polarization refers to the organized establishment of
asymmetry within a cell. Cellular functions are compartmentalized
within organelles; hence, many cellular functions become more
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efficient when divided along the polarization axis [8]. Cell polarity is
crucial in self-renewal and stem cell differentiation [9].
Simultaneously, feedback interactions between cell polarity,
mechanics, and cell fate are vital mechanisms in tissue self-
organization [10]. However, the current research and applications
of stem cell polarity changes in cartilage tissue engineering remain
unexplored [3].

Magnetic nanoparticles (MNPs) are an essential class of
nanoparticles typically composed of pure metals, such as iron (Fe),
cobalt (Co), nickel (Ni), rare earth metals, or mixtures of metals and
polymers [11]. They are used in various medical applications,
including hyperthermia treatment for cancer, controlled drug
release, magnetic resonance imaging, and biosensing [12, 13].
Owing to their excellent biocompatibility, MNPs have been widely
used in bone tissue engineering, skin tissue engineering, tendon
regeneration, and neural tissue engineering [14]. In recent years,
MNPs have been increasingly applied in cartilage tissue engineering
research, demonstrating their significant potential for cartilage
tissue repair [6, 15-18]. Studies have shown that MNPs and
magnetic fields can alter cell polarity in neuronal and breast cancer
cell lines [19, 20]. However, further research is needed to utilize
MNPs to alter the polarity of BMSCs and apply this knowledge in
cartilage repair tissue engineering.

Organoids are self-renewing and self-organizing three-
dimensional (3D) microstructures derived from the directed
differentiation of stem or progenitor cells. They exhibit critical
characteristics, structures, and functions that resemble certain

aspects of organs [21, 22]. The structure of cartilage organoids
should mimic the structure of normal cartilage tissue, including an
extracellular matrix (ECM) rich in type II collagen and
proteoglycans with embedded chondrocytes, closely resembling the
layered architecture of cartilage [23, 24]. This primarily includes the
middle and deep layers of cartilage, where cells and collagen fibers
are arranged vertically [25]. Therefore, 3D bioprinting technology is
essential for constructing appropriate structures for cartilage
organoids. 3D bioprinting can be utilized to fabricate and integrate
various cells, biocompatible materials, and supporting components
into complex, functional living tissues. This method enables
individual or multiple cells to be arranged in a specified form within
biomaterials, facilitating the construction of functional 3D tissues
using cells [26]. Alginate and gelatin, the most commonly used bio-
inks for 3D bioprinting, exhibit excellent biocompatibility. The
mechanical properties of these mixed hydrogels change
appropriately under different temperatures, rendering them highly
suitable for constructing cartilage organoids using 3D bioprinting
[27, 28]. In recent years, most studies on cartilage organoids have
focused primarily on innovative scaffold materials, with less
emphasis on studying seed cells and simulating cartilage structures
within organoids. Therefore, it is necessary to explore the
construction of new types of cartilage organoids using modified
engineered BMSCs and 3D bioprinting.

To address the challenges in applying BMSCs in cartilage repair,
we developed an advanced cartilage organoid for in vitro cartilage
research and defect repair (Scheme 1). This study utilized the

(c) In vivo cartilage regeneration

(a) Construction of engineered MNPs-BMSCs

Implantation of cartilage organoid

MNPs-BMSCs/Alg/Gel bio-ink 3D bioprinting

Cross-link and chondrogenesis

v

Cartilage repair

Scheme 1 Construction method of engineered MNPs-BMSCs/alginate/gelatin advanced cartilage organoid. (a) Construct engineered polarized-MNPs-BMSCs. (b) 3D
bioprinting for constructing advanced cartilage organoids. (c) I vivo cartilage regeneration.
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intrinsic magnetic field effects of MNPs to engineer BMSCs into
polarized-engineered MNPs-BMSCs. These engineered stem cells
exhibit significantly enhanced migratory and aggregation
capabilities and superior chondrogenic differentiation potential.
Utilizing these modified stem cells in conjunction with 3D
bioprinting technology, we employed alginate/gelatin as a scaffold
material to construct a cartilage organoid precursor. Following
chondrogenic differentiation induced by TGF-B1, the precursor was
transformed into an advanced cartilage organoid. This organoid
better mimicked the fibrous and cellular arrangements of the
middle zone of cartilage and demonstrated improved cell utilization
and mechanical properties in vitro. In vivo studies revealed that this
advanced cartilage organoid significantly enhanced cartilage
regeneration. In summary, we proposed an innovative strategy for
cartilage tissue engineering and in vitro cartilage research by
constructing an advanced cartilage organoid using engineered
magnetic nanoparticle-polarized BMSCs, alginate/gelatin, and 3D
bioprinting.

2 Experimental

2.1 Materials

Unless otherwise stated, all reagents were procured from Thermo
Fisher Scientific (USA). Magnetic nanoparticles, alginate, gelatin,
and phalloidin-TRITC were purchased from Sigma-Aldrich (USA).
All pathology staining reagent Kkits, live/dead staining kit, cell
counting kit-8 (CCK-8), and EdU-click 488 kit were purchased
from Biosharp technology (China). Specific primary antibodies
against GM-130, Col-II, Aggrecan, Gapdh, and secondary
antibodies (HRP and AF488) were purchased from Abcam
(ab315486, ab313636, and ab52649, USA) and Aifang Biological
(AF01904, AF06494, AFSA004, and AFSA005, China). The
Sprague-Dawley (SD) rat bone marrow mesenchymal stem cell
chondrogenic differentiation kit was obtained from Haixing
Biosciences (China). All cell culture-related consumables and
Matrigel were purchased from Corning (USA). All gene primers
and IHC kits were purchased from Sango Biotech (China).

2.2 Morphology, characterization and cell

biocompatibility of the nanoparticles

All MNPs are naked iron oxide nanoparticles (Fe;O,). The
morphology, structure, and elemental composition of the MNPs
were analyzed using transmission electron microscopy (TEM, JEOL
JEM-2100plus) and scanning electron microscopy (SEM, JEOL JSM-
IT800, Japan). The magnetic properties of the MNPs were
evaluated using a vibrating-sample magnetometer (VSM, Quantum
Design VersaLab, USA). The size distribution of the magnetic
nanoparticles was determined using a nanoparticle size
potentiometer (Malvern Zetasizer Nano ZS ZEN3600, UK).

The isolation and identification of rat BMSCs followed the
methodology outlined in our previous publications [29]. The
BMSCs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Nanoparticles of varying concentrations
(0, 50, 100, and 150 pg/mL) were co-cultured with BMSCs for 4, 12,
and 48 h. The CCK-8 assay and EdU click-488 were used to detect
cell count and proliferative activity, respectively. Cell morphology
and viability were assessed using live/dead staining, and Giemsa
staining was employed to assess cellular genotoxicity.
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2.3 The construction of engineered MNPs-BMSCs

After co-culturing BMSCs with 100 ug/mL nanoparticles, samples
were collected at different time points (0, 0.5, 1, 2, 4, 8, 12, and 24 h)
for Prussian blue staining and TEM detection to determine the
optimal time point for nanoparticle internalization.

24 Cell polarity detection

The prepared MNP-BMSCs and control groups were fluorescently
labeled with GM130 (Alexa Fluor 488) according to the standard
protocol for immunofluorescence staining. Staining was performed
using phalloidin, tetramethylrhodamine (TRITC), and DAPL
Fluorescence images were acquired using a confocal laser-scanning
microscope (Nikon Al, Japan). The quantification analysis of cell
polarity was done using Origin software (OriginLab, USA).

2.5 Transcriptomic analysis (nRNA-seq)

The collected MNP-BMSCs were designated as the MNPs group,
and the BMSCs of the control group, which underwent no
treatment, were designated as the BMSCs group. Total RNA from
these cell samples was extracted using total RNA extraction reagent
(TRIzol), followed by construction of the corresponding RNA
libraries and subsequent high-throughput sequencing (performed
by Applied Protein Technology, China). For sequencing data
analysis, the DESeq software was used to identify differentially
expressed genes (DEGs). In this study, genes with a p-value less
than 0.05 and fold change greater than 2 or less than 0.5 were
considered significantly differentially expressed. Additionally, for
further bioinformatics analysis, gene ontology (GO) enrichment
analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis, and Gene Set Enrichment Analysis
(GSEA) were employed.

2.6 Cell invasion and migration and chondrogenic
differentiation of MNPs-BMSC

Cell invasion experiments were conducted using 24-well Transwell
plates. Matrigel was evenly spread onto the pre-cooled upper
surface of the Transwell insert, with the entire process conducted
on ice. Subsequently, the Transwell plate was placed in a 37 °C cell
culture incubator to allow the Matrigel to solidify. Equal numbers
of MNP-BMSCs and control group BMSCs were suspended in FBS-
free DMEM and seeded onto the Matrigel, while the lower
chambers were filled with DMEM containing 20% FBS. After 48 h,
the Transwell chambers were stained with crystal violet; the upper
layer of cells and Matrigel were wiped off, and photographs were
taken under a microscope (Olympus CKX53, Japan).

For cell migration experiments, equal numbers of the two cell
types were seeded in 12-well plates. After the cells were completely
adhered to the plates, scratches of uniform width were made on the
culture dish. Photographs were taken and analyzed at different time
points (0, 24, and 48 h) to observe the progression of scratch
closure.

For chondrogenic differentiation of the cells, total RNA was
extracted after culturing the two cell types in the chondrogenic
differentiation medium for 7 and 14 days. Subsequently, the gene
expressions of Col-I, Col-II, Col-X, and Aggrecan were assessed
using RT-qPCR (Bio-Rad CFX96 Touch, USA). Simultaneously,
immunofluorescence staining was performed to assess the
expression of Col-II and Aggrecan proteins in the cells, along with
staining using Sirius red, Alcian blue, and Safranin-O.

In the chondrogenic pellet experiment, equal numbers of both
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cell types were concentrated in a centrifuge (1300 rpm, 5 min).
After carefully removing the culture medium, the chondrogenic
differentiation medium was added. Cartilage pellets were collected
after 14 days of culture, and frozen sections were prepared (Thermo
Scientific NX70, USA). Immunohistochemical staining for Col-II
and Aggrecan was performed, complemented with Sirius Red,
Alcian blue, and Safranin-O staining.

2.7 Construction of 3D bioprinting scaffolds

To determine the optimal hydrogel ratio for organoid construction,
a rotational rheometer (Thermo Scientific HAAKE MARS60, USA)
was used to test the viscosity of the hydrogels (1% Gel + 9% Alg, 2%
Gel + 8% Alg, 3% Gel + 7% Alg, 6% Gel + 4% Alg, and 5% Gel +
5% Alg). The tests included measuring the hydrogel viscosity at
18 °C across a shear rate range of 0.1-1000 s and 4 °C under
extremely low shear rate conditions (0.2 s™).

The Bio-Architect WS, sourced from Regenovo (Hangzhou,
China), was utilized as the 3D bioprinter. The sterilized 5% alginate
and 5% gelatin were thoroughly mixed with chondrogenic
differentiation medium at 37 °C on a shaker. BMSCs were added to
each milliliter of the mixture at a concentration of 1 x 10° and
thoroughly mixed to form a bioink suitable for 3D bioprinting. This
bio-ink was transferred to sterile dedicated printing cartridges. After
removing air bubbles by low-speed centrifugation, the cartridges
were transferred to a preheated printer. The printing was executed
using a pneumatic pressure-driven method. A rectangular model
with cross-intersections, measuring 20 mm x 20 mm x 4 mm, was
printed. The printing conditions included bio-ink temperature at
18 °C, printing platform temperature at 4 °C, pressure at 0.35 MPa,
printing speed at 10 mm/s, extrusion advance at 300 ms, and
retraction delay at 0.5 ms. Finally, the scaffold was cross-linked
using 5% CaCl,. The printing nozzle measured 0.21 mm, and the
print consisted of 20 layers; various line spacings were utilized
during the print process.

The porosity of the constructed scaffolds was assessed using the
ethanol immersion method in a specific gravity bottle, following the
procedure outlined in a previous study [30]. Porosity
measurements were conducted on scaffolds with different line
spacings (ranging from 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8,
and 3.0 mm) with three samples analyzed per spacing group.

Swelling and hydration of the scaffolds were determined using a
weighing method. The scaffolds produced by 3D bioprinting were
first freeze-dried, and their dry weight (W,;) was measured.
Subsequently, these freeze-dried scaffolds were immersed in
deionized water at 37 °C to enable swelling. At five-hour intervals,
the scaffolds were removed from the water, the surface moisture
was wiped off, and the weight (W,) was measured. This process was
repeated until the scaffolds reached a swelling equilibrium. The
mass of the scaffold at this point was recorded as W,. The dynamic
swelling ratio (DSR) and balanced water content (BWC) of the
scaffolds were calculated using the following formulas (n = 3):
DSR = (W, — W)/ W, and BWC = (W, — W)/ W,.

The scaffolds containing BMSCs printed with different printing
lines spacings were transferred to a 24-well plate and cultured in
DMEM with 10% FBS. On the third day, cell proliferation was
assessed using a CCK-8 assay kit.

The mechanical properties of the scaffolds were characterized
using a rheometer (Thermo Scientific HAAKE MARS60, USA) to
measure the storage modulus (G) and loss modulus (G") of
different scaffolds under dynamic strain scanning mode at 37 °C.

A digital camera (Nikon, Japan) was used to capture
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macroscopic images of the scaffold. The scaffolds were then
dehydrated using a freeze dryer (Labconco FreeZone, USA). After
fracturing the scaffold in liquid nitrogen, it was coated using a gold
jet machine (JEOL JEC-3000FC, Japan) to enhance its conductivity.
Subsequently, the scaffold was observed under a SEM (JEOL JSM-
IT800, Japan) to examine its surface and cross-sectional structures,
providing insights into the morphological features and the
uniformity of the scaffold structure.

The biocompatibility of the scaffold was assessed using live/dead
staining. Chondrogenic organoids were cultured in DMEM (with
10% FBS and 1% CaCl,). The medium was changed every three
days to maintain nutrient availability and waste removal. Live/dead
staining was performed on the first, third, and seventh days to
evaluate cell viability within the scaffold. Stained cells were imaged
using a laser-scanning confocal microscope (Nikon Al, Japan),
which enabled high-resolution visualization of live (typically stained
green) and dead (typically stained red) cells within the organoids.

Further, the same batch of MNP-BMSCs was divided into two
groups for experimental comparison. One portion was seeded at a
concentration of 10° cells in 10 cm cell culture dishes for a
conventional two-dimensional (2D) culture. The other portion was
mixed with the hydrogel, adjusted to the same cell concentration,
and bioprinted into organoids for a 3D culture environment. Both
sets of MNP-BMSCs underwent chondrogenic differentiation.
Samples were collected on the third day post differentiation, and
total RNA was extracted after cryogenic grinding to preserve RNA
integrity. On the seventh day post differentiation, samples were
collected again, and both total RNA and total protein were
extracted using the same method. Real-time quantitative
polymerase chain reaction (RT-qPCR) and Western blot analyses
were performed to quantitatively assess gene and protein expression
levels, respectively.

Using the identical bioink, two distinct organoid types were
constructed via 3D bioprinting and syringe extrusion methods.
After seven days of chondrogenic differentiation, longitudinal
sections of both organoid types were stained with Safranin-O.

To assess whether the shell of the mixed hydrogel can restrict
cells to grow and differentiate within the scaffold, we designed
relevant experiments. Utilizing a 3D bioprinter, a dual-layered
model structure was fabricated. The upper layer comprised bio-ink
mixed with MNP-BMSCs, while the lower layer consisted solely of
hydrogel material. Each layer measured 2 mm in thickness. In the
post-crosslinking stacked model, a layer of hydrogel material was
printed and cross-linked with 5% CaCl,. Subsequently, bioink was
deposited onto this base and cross-linked. Conversely, the hydrogel
was first printed in the pre-crosslinked stacked model, followed by
bioink application; the entire structure was then cross-linked with
5% CaCl,.

2.8 Construction of in vitro cartilage organoids

BMSCs, chondrocytes, and MNP-BMSCs were each mixed with an
alginate-gelatin bioink to fabricate organoids using a 3D bioprinter.
The organoids derived from BMSCs and MNP-BMSCs were
cultured in a chondrogenic differentiation medium, whereas those
from chondrocytes were maintained in DMEM (with 10% FBS and
1% CaCl,). Proteins Col-II and Aggrecan were stained using
standard immunofluorescence techniques and visualized with a
confocal laser scanning microscope (Nikon Al, Japan). Total
protein from each scaffold was extracted using radio-
immunoprecipitation assay (RIPA) cell/tissue lysis buffer, which
included a protease inhibitor cocktail. The target proteins were
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transferred to a polyvinylidene fluoride (PVDF) membrane
following  sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) (Bio-Rad PowerPac, USA). This
membrane was blocked with a blocking solution for 1 h, followed
by overnight incubation at 4 °C with rabbit anti-Col-II and anti-
Aggrecan antibodies. Subsequently, the membranes were incubated
with goat anti-rabbit IgG horseradish peroxidase (HRP) secondary
antibodies at room temperature for 2 h, and detection was carried
out using an enhanced chemiluminescence system (Cytiva
ImageQuant 800, USA).

For the mechanical evaluation of the three types of organoids,
cubic organoids with a side length of 2 cm and height of 4 mm
were 3D bioprinted. After 14 days of chondrogenic culture, the
compressive modulus was measured using a universal material
testing machine (Instron 68SC-1, USA).

2.9 Invivo cartilage defect repair with the organoids

All SD rats (6 weeks, male) utilized in this study were acquired from
the Experimental Animal Center of Central South University
(XMSB-2023-0061). The experimental protocol received approval
from the same institution. The animal experimental groups
included sham surgery, control, scaffold, MNP-BMSCs, and
organoid groups.

The rats were anesthetized using an animal gas anesthesia
machine (RWD R640, China). A cartilage defect model was created
in the central region of the femoral condyle, measuring 2 mm in
diameter and 1.5 mm in depth, using a sterile skin puncher (2 mm).
Cylindrical implants were harvested at the intersection of the ink in
the cartilage-differentiated organoids and cell-free scaffolds. The
scaffold and organoid groups had these implants placed into the
defect sites, followed by wound closure. In the MNP-BMSC group,
1 x 10° cartilage-differentiated MNP-BMSCs were injected into the
joint cavity post-wound closure. Following wound closure, the
surgical areas of all animals were disinfected, and comprehensive
postoperative care, including antibiotics and pain management, was
administered. At 4 and 8 weeks post operation, the animals were
euthanized, and samples from their femurs, hearts, livers, spleens,
lungs, kidneys, and left ventricular blood were collected for analysis.
All tissues were fixed in 4% paraformaldehyde, and macroscopic
photographs ~ were  captured. Following femoral tissue
decalcification, 5-micrometer-thick paraffin sections were prepared
using an automated paraffin microtome (Leica Autocut, Germany).
These sections underwent hematoxylin-eosin (HE), Safranin-
O/Fast green, and Sirius red staining using an automated staining
machine (Sakura DRS-Prisma-P-CNS, Japan).
Immunohistochemistry was performed to detect Col-II and
Aggrecan expression in the defect area. Image]J software facilitated
the quantitative analysis of the immunohistochemical staining.
Heart, liver, spleen, lung, and kidney tissues were processed
similarly for HE staining. Blood samples were analyzed using a
blood analyzer (Sysmex XNI1000V, Japan) and a biochemical
analyzer (Hitachi 7180, Japan) to assess i vivo biocompatibility.

2.10 Statistical analysis

The experimental data were obtained from a minimum of three
independent experiments and are presented as mean + standard
deviation. Group comparisons were performed using the t-test for
pairwise comparisons and one-way analysis of variance (ANOVA)
for multiple comparisons. Statistical significance was set at p of less
than 0.05.
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3 Results

3.1 Morphology and characterization of the magnetic
nanoparticles

Magnetic nanoparticles, particularly magnetite (Fe;O,), exhibit
excellent biocompatibility and are widely used to construct
engineered cells [31]. A TEM study of the magnetite nanoparticles
used in the experiment (Fig. 1(a)), revealed that the nanoparticles
mostly exhibited irregular shapes. SEM and energy-dispersive
spectroscopy (EDS) analysis revealed that the nanoparticles were
composed of magnetite (Figs. 1(b) and 1(c)). No other elements
were detected in the spectroscopic images, indicating the high
purity of the particles. The magnetism of the nanoparticles was
evaluated using a VSM. The magnetic hysteresis loop of the MNPs
indicated their superparamagnetic nature (Fig. 1(d)). Multiple
studies have indicated that the optimal diameter for nanoparticles
to be internalized by cells is 25-30 nm [32, 33]. Dynamic light
scattering (DLS) used to assess the size of the nanoparticles
indicated that majority of MNPs are distributed around 25.54 nm
in diameter (Fig. 1(e)). Subsequently, we evaluated the
biocompatibility of the MNPs using rat BMSCs. The CCK-8 assay
indicated no significant difference in the proliferation capacity of
BMSCs when co-cultured with a medium containing different
concentrations of MNPs (10, 50, 100, and 150 pg/mL) after 24 h
(Fig. 1(f)). Subsequently, we further clarified the IC50 of MNPs on
rat BMSCs using the CCK-8 assay, and the results indicated that the
IC50 was 901.6 umol (Fig. S1(a) in the Electronic Supplementary
Material (ESM)). BMSCs co-cultured with different concentrations
of MNPs were subjected to live/dead, EAU, and phalloidin staining
to further assess cell viability, proliferation capacity, and cell
morphology (Figs. 1(g)-1(k)). The results indicated no significant
signs of cell death, inhibition of proliferation, or changes in the
cytoskeleton. This study defined BMSCs that took up MNPs as
engineered MNP-BMSCs. To further investigate the internalization
efficiency of MNPs and the optimal time point for constructing
MNP-BMSCs, we co-cultured BMSCs in DMEM (with 10% FBS)
containing 150 ug/mL MNPs. At different time points (0.5, 1, 2, 4,
8, 12, and 24 h), the BMSCs were collected and subjected to
Prussian blue staining and TEM imaging (Fig. 1(1)). The results
indicated that after 12 h, most BMSCs exhibited uptake of MNPs
within their interior. Therefore, all engineered MNP-BMSCs in the
experiments were constructed using this protocol.

3.2 The impact of MNPs on the polarity of BMSCs

Planar cell polarity is crucial for normal cell growth,
morphogenesis, and functionality [34-36]. To investigate the effect
of the magnetic MNPs on the polarity of BMSCs, we labeled the
GM-130 marker of the endoplasmic reticulum with fluorescent
antibodies (AF-488) to act as a polarity complex. This complex
indirectly assesses the distribution of organelles within the cell,
reflecting cell polarity (Fig. 2(a)). The results indicated that,
compared to the control group, MNPs-BMSCs exhibited significant
cell polarity, with the endoplasmic reticulum clustered on one side
of the nucleus. In contrast, the endoplasmic reticulum was
uniformly distributed around the nucleus in the control group.
Subsequently, we assessed the cell polarity of multicellular fields and
quantified the direction of cell polarity (Fig. 2(b)). The results
showed a significant increase in the number of polarized cells in the
MNPs-BMSC group compared to the control group. Additionally,
in the MNPs-BMSC group, the direction of cell polarity was
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Figure1 Morphology and characterization of the magnetic nanoparticles. (a) TEM images of the MNPs. (b) and (c) EDS analysis of the MNPs with SEM. (d) Field-
dependent hysteresis loops of the nanoparticles. (e) Size distribution of the MNPs measured by DLS. (f) Relative cell viability of BMSCs after co-cultured with 10, 50, 100
and 150 pg/mL MNPs for 24 h (n = 3). (g) Live/dead (n = 3) and (h) EdU staining images (n = 3) of BMSCs co-cultured with 50, 100 and 150 pg/mL MNPs for 3 days
(scale bars 200 pum). (i) and (j) Statistical analysis of Live/dead and EdU staining. (k) F-actin staining images of BMSCs co-cultured with 50, 100 and 150 pg/mL MNPs for
3 days (scale bars 50 pm). (1) Prussian blue staining and TEM imaging of BMSCs co-cultured with 150 pug/mL MNPs at 0.5, 1, 2, 4, 8, 12 and 24 h (scale bars (100 um,

Prussian blue), (5 and 2 um, TEM)).

primarily distributed between 210° and 330°, whereas in the control
group, it was uniformly distributed from 0° to 360°. To clarify
whether the polarity of MNPs-BMSCs can be maintained, we
further examined the cell polarity 7 days after the successful
construction of MNPs-BMSCs and after passage (Fig. 2(c)). The
results confirmed that the cell polarity was not affected by culture
time or passage.

To further explore the potential reasons for the change in cell
polarity induced by MNPs in BMSCs, we collected both MNP-
BMSCs and control BMSCs and extracted total RNA for
transcriptomic analysis (nRNA-seq). Principal component analysis
was used to compare the gene expression patterns between the
control (BMSCs) and experiment (MNPs-BMSCs) groups (Fig.
2(d)). The comprehensive analysis identified 1096 DEGs, with 585
downregulated and 511 upregulated (Fig. 2(e)).

Further analysis was conducted using volcano plots and clustered
heat maps to illustrate the DEGs in each group (Figs. 2(f) and 2(g)).
GO analysis divided these genes into three main categories:
biological processes, molecular functions, and cellular components
(Fig. 2(h)). Compared to the control group, the MNPs-BMSC
group exhibited upregulation in several biological processes,
including cell communication, extracellular matrix organization,
anatomical structure morphogenesis, signal transduction,
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movement of cell or subcellular component, and cell adhesion.
These processes are all associated with cell polarity. In molecular
functions, the upregulated functions include cell adhesion molecule
binding, cytoskeletal protein binding, cytoskeletal motor activity,
and signaling receptor binding, all related to cell polarity.
Additionally, glycosaminoglycan and collagen binding are
associated with the chondrogenic differentiation of BMSC. In
cellular components, the upregulated elements include the
extracellular matrix, external encapsulating structure, cell junction,
plasma membrane, anchoring junction, and actin cytoskeleton, all
integral to cell polarity. Moreover, the collagen-containing
extracellular matrix and the extracellular region are associated with
the chondrogenic differentiation of BMSC.

The KEGG pathway enrichment analysis further elucidated the
functions of the DEGs (Fig. 2(i)). Compared to the control group,
the MNPs-BMSC group exhibited upregulation in the top three
KEGG enrichments: ECM-receptor interaction, regulation of actin
cytoskeleton, and focal adhesion, all strongly related to cell polarity.
The results of the GSEA are displayed in Fig. 2(j). Collectively, the
findings from the GO, KEGG, and GSEA indicate that MNPs
significantly upregulated genes associated with cell polarity, cell
adhesion, motility, cytoskeletal changes, and chondrogenic
differentiation. Alterations in cell polarity influence cellular
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Figure2 The impact of MNPs on the polarity of BMSCs. (a) Immunofluorescence images of GM-130 and F-actin on BMSCs and MNPs-BMSCs (scale bars 50 and 20
um). (b) Cell polarity analysis of BMSCs and MNPs-BMSCs (1 = 8). (c) Effects of long-term culture and passaging on the cell polarity of MNPs-BMSCs (1 = 8). (d) PCA
of DEGs distributed in the BMSC group (blank) and MNPs group (MNPs-BMSCs). (e) Comparative assessment of mRNA expression in the BMSC group and MNPs
group. (f) Volcano plot representation of genes exhibiting significant expression changes exceeding a 2-fold difference in transcriptome sequencing results. (g) Heatmap of
gene expression clustering for DEGs. (h) GO and (i) KEGG analysis for upregulated genes in MNP group. (j) GSEA enrichment analysis for ECM receptor interaction
pathway, regulation of actin cytoskeleton pathway and focal adhesion pathway in BMSCs. (k) Activation of the Wnt-PCP signaling pathway in cells at different time

points after MNPs-BMSC construction and passaging cells.

functions, including cell migration and chondrogenic
differentiation, providing reliable evidence for further research.

Since the Wnt-PCP signaling pathway is a key signaling pathway
that directly affects cell polarity, we further investigated whether
MNPs induce polarization of BMSCs by activating the Wnt-PCP
signaling pathway. We studied the activation of the Wnt-PCP
signaling pathway at different time points (0, 0.5, 1, 3, and 7 days)
and after passage (P2 and P4) in cells following the successful
construction of MNPs-BMSCs using Western Blot (Fig. 2(k)). The
results indicated that the Wnt-PCP signaling pathway was activated
one day after the successful construction of MNPs-BMSCs, with
activation levels significantly increasing over time. Additionally,
significant Wnt-PCP signaling pathway activation was still observed
in MNPs-BMSCs after passage.

3.3 Promotion of the chondrogenic differentiation of
BMSCs by MNPs

Following transcriptomic analysis, we observed that MNP-BMSCs
exhibited enhanced cell polarity, cell motility, and chondrogenic
differentiation compared to the control group of BMSCs.
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Consequently, we investigated the impact of MNPs on the
chondrogenic differentiation of BMSCs. Initially, results from the
Transwell indicated a significant increase in the invasiveness of
MNPs-BMSCs  relative to the control group (Fig. 3(a)).
Additionally, the scratch test demonstrated a marked enhancement
in the migration capability of MNPs-BMSCs (Fig. 3(b)).

We then compared the chondrogenic differentiation abilities of
MNP-BMSCs and control BMSCs. We utilized reverse
transcription quantitative RT-qPCR to analyze the expression of
chondrogenic-associated cell markers during the chondrogenic
differentiation process, including Type I collagen (Col-I), Type II
collagen (Col-II), Type X collagen (Col-X) and Aggrecan (ACAN)
(Fig. 3(c)). Compared to the BMSC group, MNP-BMSCs showed
differential upregulation of Col-II, Col-X, and Aggrecan genes by
the third day of chondrogenic differentiation. By the seventh day,
Col-IT and Aggrecan exhibited significantly higher expression levels
in the MNP-BMSC group, whereas Col-X expression displayed a
decreasing trend. This indicates that MNPs primarily promote the
upregulation of cartilage-specific genes during the chondrogenic
differentiation of BMSCs, with limited promotion of fibrocartilage
and inhibitory effects on chondrocyte hypertrophy.
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Figure3 MNPs promote the chondrogenic differentiation of BMSCs. (a) Transwell (n = 3) and (b) scratch test (n = 3) of BMSCs and MNPs-BMSCs (scale bars 100
um). (c) The gene expression of cartilage-related markers including Col-I, Col-II, Col-X and Acan (n = 3). (d) Immunofluorescence images of Col-II, ACAN, Alcian blue,
Aniline blue and Safranin-O staining of BMSCs and MNPs-BMSCs after 3 and 7 days of chondrogenic differentiation (scale bars 100 um) and (e) statistical analysis (n =
3). (f) Immunochemistry images of Col-II, ACAN, Alcian Blue, Aniline Blue and Safranin-O staining of chondrogenic pellet culture on BMSCs and MNPs-BMSCs after
14 days of chondrogenic differentiation (scale bars 100 um) and (g) statistical analysis (1 = 3).

Further, immunofluorescence staining was used to detect Col-II
and Aggrecan expression in the two cell types undergoing
chondrogenic differentiation. Additionally, Alcian blue, aniline
blue, and Safranin-O staining were employed to assess the level of
chondrogenic differentiation in all BMSCs (Figs. 3(d) and 3(e)). On
the third day, there were no significant differences in the expression
of Col-II and Aggrecan between the two groups, nor was there any
intensity of the three stains. By the seventh day, compared to that in
the control group, the expression of Col-II and Aggrecan in the
MNPs-BMSCs group had significantly increased, with a noticeable
enhancement in the intensity of all three stains. Similarly, MNP-
BMSCs exhibited significant aggregation during differentiation,
forming numerous cell clusters with significantly higher expression
of Col-II and Aggrecan proteins. All three stains showed abundant
collagen and glycosaminoglycans within these aggregated cell
clusters, a phenomenon not observed in the control group.

In addition to the analysis of 2D chondrogenic differentiation,
we investigated the differences in chondrogenic differentiation of
the two cell types in 3D chondrogenic spheres in the presence of
MNPs. After 14 days of chondrogenic differentiation with
chondrogenic pellet culture, we conducted protein expression and
structural analysis within the spheres, including analyses of the
expression of Col-II and Aggrecan proteins, as well as Alcian blue,
aniline blue, and Safranin-O staining (Figs. 3(f) and 3(g)). There
was no significant difference in the expression of Col-II and
Aggrecan between the two types of chondrogenic spheres. Similarly,
there was no significant difference in the three types of staining.
However, compared to the chondrogenic spheres formed by the
control BMSCs, the structure of the MNPs-BMSCs was denser,
with the control group’s spheres appearing loose and exhibiting
noticeable internal cracks. In summary, it has been suggested that
the MNPs enhances the ability for BMSCs aggregation, intercellular
communication, and cell adhesion, all of which are conducive to
the chondrogenic differentiation of BMSCs.
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To further investigate the effect of MNPs on BMSC
differentiation, we induced osteogenic differentiation (Fig. S1(b) in
the ESM). The results indicated that after 7 days of osteogenic
differentiation, the MNPs-BMSC group formed more calcium
nodules compared to the control BMSC group, and the expression
of alkaline phosphatase (ALP) significantly increased, confirming
that their osteogenic differentiation ability was also significantly
enhanced. Regarding whether MNPs would cause BMSCs to
differentiate in a non-inductive environment, we used flow
cytometry to assess the successfully constructed MNPs-BMSCs at
different time points (Fig. S1(c) in the ESM). The results showed
that MNPs do not induce unintended or nonspecific differentiation
in a non-inductive environment.

34 Construction of engineered magnetic nanoparticles
polarized-BMSCs/alginate/gelatin cartilage organoids

Gelatin, a denatured, water-soluble polypeptide derived from the
irreversible hydrolysis of collagen, is one of the most crucial
components of cartilage [37]. The collagen breakdown into gelatin
disrupts its triple-helical structure, resulting in three peptide chains.
This process renders the material biocompatible and biodegradable,
facilitating cell growth [38]. Alginate, a commonly used natural
biopolymer, is known for its biocompatibility, biodegradability, non-
antigenicity, chelating ability, and excellent long-term stability [39].
Therefore, we utilized a composite hydrogel composed of gelatin
and alginate as a scaffold for the organoids. Leveraging the low-
temperature gelation property of gelatin facilitated the 3D
bioprinting process. The stability of the scaffold during the
cultivation process was ensured by the ion cross-linking of alginate
(Fig. 4(a)). While gelatin remains in a sol state at 37 °C, primarily
providing support during the printing process, the mechanical
properties of the scaffold during organoid cultivation are mainly
provided by the cross-linked alginate.

Therefore, it is crucial to ensure a high alginate content in the
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Figure4 Construction of engineered MNPs-BMSCs/alginate/gelatin cartilage organoids. (a) The crosslinking principle of alginate and gelatin mixed hydrogels. (b)
Viscosity test of different ratios of alginate and gelatin mixed hydrogels at 37 °C. (c) Extremely low shear rates viscosity test of different ratios of alginate and gelatin mixed
hydrogels at 4 °C. (d) 3D bioprinter and printing process. (¢) Images of hydrogel scaffolds with different printing spacings (scale bars 0.5 cm). (f) Statistics porosity of
different scaffolds (n = 3). (g) Storage modulus (G') and loss modulus (G") of different scaffolds. (h) 3 days cell proliferation of hydrogels containing BMSCs as bio-ink to
construct different scaffolds (n = 3). (i) Statistics porosity of 5% alg + 5% gel hydrogel scaffold (1 = 3). (j) Degradation performance of 5% alg + 5% gel hydrogel scaffold in
vitro (n = 3). (k) SEM images of surface and section of 5% alg + 5% gel hydrogel scaffold. (I) Red phalloidin staining images of 3D bioprinted MNPs-
BMSCs/alginate/gelatin cartilage organoids at 7 days. (m) Live/dead staining images of 3D bioprinted MNPs-BMSCs/alginate/gelatin cartilage organoids at 1, 3 and

7 days (n =3).

scaffold while maintaining as low a gelatin content as possible to
preserve a printable state. We experimented with various ratios of
mixed gels and confirmed that a combination of 5% alginate and
5% gelatin is most suitable (Figs. 4(b) and 4(c)). This hydrogel
maintains low viscosity under high shear stress, facilitating smooth
extrusion through the printing nozzle at 18 °C. Conversely, when
tested at 4 °C under extremely low shear rates to simulate static
conditions, this hydrogel exhibited high viscosity, ensuring the
stability of the printed scaffold structure before cross-linking. The
printed model featured a cross-shaped cubic structure, with the
longitudinal distribution of the bio-ink primarily aimed at
simulating the middle layer structure of the cartilage. Utilizing the
low-temperature mode of the 3D bioprinter enabled the
construction of the entire organoid (Fig. 4(d)).

Subsequently, we prepared multiple organoid scaffolds using
different printing spacings (Fig. 4(e)) and measured their porosity
(Fig. 4(f)), storage modulus (G), and loss modulus (G") (Fig. 4(g))
individually. We used a bio-ink containing mixed BMSCs to
prepare multiple organoids with different printing spacings. Cell
viability was measured after three days of culture using the CCK-8
assay (Fig. 4(h)). The printing spacing was directly proportional to
the scaffold porosity, affecting the cell growth and differentiation.
Higher porosity facilitates better nutrient and oxygen diftusion into
the cells. When the printing spacing exceeded 2 mm, there was no
significant difference in cell survival within the scaffold.
Additionally, G' and G" reflect the mechanical properties of the
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scaffold, with the results indicating an inverse relationship between
mechanical performance and printing spacing. Considering these
findings, we selected a printing spacing of 2 mm for further
experiments. Subsequently, we measured the swelling and in vitro
degradation rates of the scaffolds in simulated body fluid (Figs. 4(i)
and 4(j)). The scaffold rapidly absorbed water within the first 180
min, followed by a slower absorption rate, reaching swelling
equilibrium after 420 min. In the in vitro degradation experiment,
the degradation rate was relatively rapid during the first three days,
decreased by the fifth day, and reached 38.8% by the 35th day. This
pattern indicated that the internal structure of the scaffold was
adequately cross-linked, stable, and exhibited a relatively slow
overall degradation rate. SEM was used to characterize the surface
and internal structures of the scaffolds (Fig. 4(k)). The surface of the
scaffold appeared smooth with no significant pore structures,
whereas the internal structure was loose and porous. This internal
structure offers advantages for cell growth, migration, and
differentiation within the scaffold, whereas the smooth surface layer
helps confine cells within the scaffold, enhancing cell utilization.
Organoids were constructed using a mixed MNPs-BMSCs bio-ink;
the biocompatibility of the scaffold was assessed using F-actin and
live/dead staining (Figs. 4(1) and 4(m)). Cytoskeletal imaging
showed that MNPs-BMSCs spread out within the scaffold, with
normal cytoskeletal structure, confirming that the 3D bioprinted
alginate/gelatin scaffold is suitable for cell growth. Many dead cells
were observed within the scaffolds on the first day after printing.
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However, by the third and seventh day after culturing, the
proportion of dead cells significantly decreased, and the number of
live cells increased.

3.5 In vitro evaluation of the advanced cartilage organoids

To investigate the differences in chondrogenic differentiation of
MNPs-BMSCs in 2D (flat culture) and 3D (organoid)
environments, we used RT-qPCR to evaluate the expression of
chondrogenic differentiation-related genes after 3 and 7 days (Fig.
5(a)). Western blotting was performed to assess the expression of
related proteins on the seventh day (Fig. 5(b)). The results showed
that the expression levels of Aggrecan and Col-II genes and
proteins were significantly higher in organoid cultures than in 2D
cultures. To explore the advantages of 3D bioprinting in
constructing cartilage organoids, we used the same bio-ink to create
two types of cartilage organoids: one using 3D bioprinting and the
other using simple extrusion with a syringe. After seven days of
chondrogenic differentiation, longitudinal sections of both cartilage
organoids were stained with Safranin-O (Fig. 5(c)). Cartilage
organoids constructed using 3D bioprinting exhibited denser
structures than those created by syringe extrusion. Collagen fibers
were interwoven within the hydrogel structure, primarily extending
longitudinally, which better simulated the middle layer of cartilage.
Furthermore, to investigate the restriction of cells by the surface
layer of the organoids, we first used SEM to observe their
morphology (Fig. 5(d)). The surface of the organoids constructed
using 3D bioprinting formed a thin, low-porosity layer, whereas the
interior maintained a loose, porous structure. This design effectively
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restricts cell growth, division, and differentiation within the interior
of the organoids, which in turn improves the efficiency of cell
utilization. To further investigate the restrictive effect of the surface
layer on cells, we constructed two types of organoids using post-
and pre-crosslinking stacking. After seven days of chondrogenic
differentiation, phalloidin staining was used to observe cell
migration and distribution (Fig. 5(e)). In the pre-crosslinked
stacked organoids, the cells predominantly exhibited an elongated
spindle shape and crossed the stacking interfaces freely, indicating
their ability to move within the organoids. Conversely, in the post-
crosslinking stacked organoids, the cells could not penetrate the
hydrogel surface layer formed by cross-linking, demonstrating the
restrictive effect of the organoid surface layer on cell movement.

To identify the optimal seed cells for constructing in vitro
cartilage organoids, we used chondrocytes, BMSCs, and MNP-
BMSCs as seed cells to create three cartilage organoids. The
chondrocyte group was conventionally cultured, whereas the BMSC
and MNP-BMSC groups underwent chondrogenic differentiation.
After seven days of culture, the expression levels of Col-II and
Aggrecan in the three types of cartilage organoids were
preliminarily assessed using RT-qPCR (Fig. 5(f)). Subsequently,
total protein was extracted from the scaffolds, and Western blot
analysis was performed to compare the protein expression of Col-II
and Aggrecan in the three types of cartilage organoids (Fig. 5(g)).
Both methods confirmed a significant increase in the expression of
cartilage-related proteins in the MNP-BMSC group compared with
the other two groups. This preliminary study suggests that MNP-
BMSCs are optimal seed cells for constructing in vitro cartilage
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Figure5 In vitro evaluation of the advanced cartilage organoids. (a) The gene expression of Col-II and Acan in 2D and 3D cultured MNPs-BMSCs at 3 and 7 days (n =
3). (b) Representative Western blot results of Col-II and ACAN in 2D and 3D cultured MNPs-BMSCs at 7 days (1 = 3). (c) Safranin-O staining of the longitudinal
sections in 3D bioprinted and syringe extrusion cartilage organoids (scale bars 200 and 50 pm). (d) SEM images of the surface section of the organoid. (e) Testing for cell
restriction by organoid surface layers. (f) The gene expression of Col-II and Acan in three types of seed cells (chondrocytes, BMSCs and MNPs-BMSCs) constructed
cartilage organoids at 3 and 7 days (n = 3). (g) The protein expression of Col-II, ACAN in 3 types of cartilage organoids at 7 days cultured (n = 3). (h) Stress—strain curves
of 3 types of cartilage organoids at 7 days cultured. (i) 3D reconstruction immunofluorescence images of ACAN in 3 types of cartilage organoids at 7 days cultured (n = 3).
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organoids. As for the mechanical properties of the three types of
cartilage organoids, primarily focusing on their ability to withstand
compressive deformation. The results are presented as stress—strain
curves (Fig. 5(h)). First, compared with the cell-free scaffold, all
three types of cartilage organoids demonstrated improved
resistance to compressive deformation. Second, within the 0%-35%
strain range, the chondrocyte and BMSC groups exhibited similar
compressive resistance. However, in the 35%-50% strain range, the
BMSC group performed better. The MNP-BMSC group displayed
significantly enhanced compressive resistance across the 0%-50%
strain range, particularly at 50%. Further characterization was
performed using immunofluorescence to visualize the expression of
Aggrecan in organoids after 7 days of culture, followed by 3D
reconstruction imaging to determine the spatial distribution of
these proteins (Fig. 5(i)). In the MNPs-BMSC group, a large
number of stem cells were observed to undergo self-assembly,
forming multiple irregularly shaped chondrocyte aggregates. These
aggregates expressed high levels of aggrecan proteins both inside
and around them. Although aggrecan expression was also observed
in the chondrocyte and BMSC groups, the cells in the scaffold
predominantly existed as single entities, lacking the conditions
necessary to form cartilage organoids. These findings indicate that
MNP-BMSCs are optimal seed cells for constructing cartilage
organoids.

3.6 In vivo cartilage defect repaired by the cartilage
organoids

To assess the ability of cartilage organoids constructed using MNP-
BMSCs to regenerate cartilage in vivo, we utilized a standard rat
articular cartilage defect model (2 mm x 15 mm). The
experimental animals were randomly assigned to five groups, as
shown in Fig. 6(a): Sham group (positive control), control group
(untreated group), scaffold group (treated with a scaffold made of
alginate and gelatin only), cell injection group (treated with intra-
articular injection of MNP-BMSCs only), and cartilage organoids
group (treatment group receiving cartilage organoids). At 4- and 8-
weeks post-surgery, the rats were euthanized, and tissue specimens
from the femur, heart, liver, spleen, lungs, and kidneys were
collected for subsequent analysis.

The cartilage defect at the distal end of the femur was evaluated
macroscopically (Fig. 6(b)). Compared to the control group, the
scaffold, MNP-BMSC injection, and cartilage organoid groups
recovered at the cartilage defect position. However, the cartilage
organoid group exhibited the most significant restoration, with the
cartilage tissue appearing filled and smooth, closely resembling the
normal cartilage of the sham group. Subsequently, macroscopic
evaluations were conducted according to the standards of the
International Cartilage Repair Society (Fig. 6(c)).

To further evaluate the repair of cartilage defects, animal samples
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Figure6 In vivo cartilage defect repaired by the cartilage organoids. (a) Scheme of cartilage defect modeling and treatment protocol. (b) Gross observation of femur
cartilage after treatment at 4 and 8 weeks (scale bars 2 mm). (c) Heat map of ICRS macroscopic assessment of cartilage at 4 and 8 weeks (1 = 3). (d) Representative H&E,
Safranin-O/Fast Green and Sirius Red staining of femur cartilage at 4 and 8 weeks after treatment (scale bars 0.1 mm). (¢) Immunohistochemical staining and
Quantitative analysis of Col-Il and ACAN in rat cartilage post-treatment defects (scale bars 0.1 and 0.05 mm) (1 = 3).
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were prepared as paraffin-embedded tissue sections and stained
with Hematoxylin and Eosin (H&E), Safranin-O/Fast Green (Saf-
0), and Sirius Red (Fig. 6(d)). In the fourth week post operation,
HE and Saf-O staining results indicated significant damage to the
cartilage layer in the control group compared to that in the sham
group. The damaged area exhibited marked fibrous proliferation
and a disorganized structure, completely lacking the normal
cartilage architecture. By the eighth postoperative week, no
significant repair of the cartilaginous layer was observed. The defect
area remained primarily fibrotic and showed no cartilage-like
structures, which was significantly different from that in the sham
group. In the scaffold group, repair at the fourth-week post surgery
was similar to that in the control group. However, by the eighth
week after surgery, some cartilage structures were repaired at the
defect site, although the repaired parts were very thin.

In the cell injection group, partial cartilage regeneration was
observed at the defect site by the fourth week post operation. The
regenerated cartilage was mostly distributed around the periphery
of the defect, whereas the center remained predominantly fibrous.
By the eighth week post surgery, a thin layer of new cartilage was
visible; however, its thickness was still insufficient compared to that
of normal cartilage. Additionally, the arrangement of chondrocytes
and collagen fibers in the new cartilage was disorganized, and its
surface appeared rough.

Significant cartilage reconstruction was observed in the cartilage
organoid group by the fourth-week post surgery. Notable new
cartilage formation occurred at the center of the defect, although
the newly formed chondrocytes and collagen fibers were mostly
disorganized and accompanied by fibrous tissue proliferation. The
defect area was filled with new cartilage by the eighth week after
surgery. The surface was relatively smooth, and the new
chondrocytes and collagen fibers aligned perpendicular to the
articular surface. Immunohistochemical (IHC) staining was
performed to detect Col-II and Aggrecan (Fig. 6(e)). IHC staining
and semi-quantitative analysis revealed that consistent with the
histological findings, the cartilage organoid group exhibited
significantly higher levels of Col-II and ACAN expression at both
time points than the control, scaffold, and cell injection groups.

Additionally, the in vivo biocompatibility of the implanted
cartilage organoids was evaluated. At 4 and 8 weeks postoperatively,
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H&E staining of major organs from the sham and cartilage
organoid implantation groups was performed (Fig. 7(a)). The
results showed normal organ structures, indicating that in vivo
implantation of these organoids is safe and reliable. Furthermore,
routine blood analyses and liver and kidney function tests at 4 and
8 weeks postoperatively indicated that the cartilage organoids did
not exhibit significant systemic toxicity (Fig. 7(b)).

4 Discussion

The treatment of cartilage defects remains a significant challenge in
orthopedic clinical practice and tissue engineering. The avascular
nature of cartilage prolongs the repair process and often results in
suboptimal ~outcomes. Additionally, the repair area is
predominantly characterized by fibrous tissue proliferation,
primarily because the surrounding cartilage progenitor cells exhibit
limited chondrogenic potential [40]. Moreover, the repaired tissue
in the defect area struggles to integrate structurally with the
surrounding normal cartilage [41, 42].

Recent advances in research on cartilage organoids have
significantly enhanced the repair of cartilage defects [2, 40, 43—45].
The advantage of this approach lies in utilizing the self-assembly
capabilities of stem cells to mimic the natural structure of cartilage
in a three-dimensional environment in vitro [46]. Current studies
on cartilage organoids have been focused on developing innovative
scaffold materials that can influence the function of seed cells within
the organoids, thereby enhancing the repair of cartilage defects [47].
Engineered seed cells may provide an innovative and alternative
approach to research on cartilage organoids.

BMSCs detect external mechanical signals and convert them into
cellular responses via specific signal transduction pathways [48].
Studies have demonstrated the feasibility of introducing magnetic
nanoparticles into cells and controlling cell behavior through
external magnetic fields [6, 49]. These magnetic nanoparticles
inherently possess weak magnetic fields that attract each other. This
mutual attraction between the engineered MNP-BMSCs,
containing magnetic nanoparticles, generates attractive forces. Even
without an external magnetic field, these forces feedback into the
cells, potentially mediating cell polarization. Transcriptomic
analysis was performed to elucidate the potential molecular
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Figure7 In vivo biocompatibility assessment of the improved cartilage organoids. (a) H&E staining of major organs from experimental rats at 4 and 8 weeks post-
surgery (scale bars 100 um). (b) The blood biochemistry, liver and kidney function markers at 4 and 8 weeks post-surgery (1 = 3).
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mechanisms underlying the polarization of engineered MNP-
BMSCs. Our results revealed that GO terms related to cell
communication, signal transduction, cell adhesion, and cytoskeletal
motor activity were closely associated with cell polarity [8, 50-52].
Additionally, the top 3 KEGG pathways included ECM-receptor
interaction, regulation of the actin cytoskeleton, and focal adhesion,
commonly associated with changes in cell polarity [53-55].

The polarization of BMSCs is closely related to their
chondrogenic differentiation, which was further confirmed in our
experiments [56—59]. Chondrogenic differentiation of BMSCs
involves a multistep process, including cell recruitment,
proliferation and migration, cell condensation, chondrogenic
differentiation, and chondrocyte maturation [60]. Guided by
polarity signals, the engineered MNP-BMSCs demonstrated
significantly enhanced migration and invasion capabilities,
facilitating cell recruitment and aggregation. We observed that
MNP-BMSCs tended to form cell aggregates more readily during
chondrogenic differentiation. Even in 2D cultures, these aggregates
often formed small cell clusters. These clustered cells expressed
higher levels of chondrogenic differentiation-related proteins and
produced more cartilage matrix components. Similarly, during 3D
chondrogenic differentiation, the collagen content within the
chondrospheres was denser, stronger, and less prone to
disintegration. These results confirmed that engineered MNP-
BMSCs possess enhanced chondrogenic differentiation capabilities
and are highly suitable as seed cells for constructing cartilage
organoids.

The use of 3D bioprinting technology to construct organoids
effectively addresses the issue of disorganized cell distribution in a
3D culture environment and enables the construction of different
shapes as needed [61-63]. Alginate and gelatin are hydrogel
materials commonly used for organoid construction. They are
inexpensive, readily available, and possess excellent biocompatibility
[64, 65]. Gelatin, derived from collagen, combines peptides and
proteins with repeating amino acid sequences that promote cell
adhesion and migration. Its viscosity varies significantly with
temperature [66]. In contrast, alginate exhibits excellent printability
and mechanical strength, and its viscosity is less affected by
temperature [67]. Therefore, combining these two materials in an
appropriate ratio results in a mixed hydrogel that exhibits low
viscosity at elevated temperatures and shear rates, suitable for
extrusion-based 3D bioprinting. Upon cooling, the viscosity
increases, which helps maintain the strength of the scaffold during
the printing process. Despite the potential dissolution of gelatin
during subsequent culture processes, the ionic cross-linking of
alginate remains reliable.

Compared to the syringe-based extrusion method, 3D
bioprinting technology offers significant advantages. First, the
computer-controlled printing system can precisely position the
hydrogel, forming a mesh-like structure that improves the overall
porosity of the scaffold. This provides a better environment for cell
growth within the scaffold, allowing cells to be evenly distributed
and avoiding the issue of cell aggregation in specific regions, which
can lead to poor growth conditions and cell death. Secondly, 3D
bioprinting allows for precise control of the extrusion pressure and
speed of bioinks through air pressure. Based on data obtained from
preliminary experiments, this significantly reduces the damage
caused by shear forces to the cells. In contrast, syringe-based
extrusion cannot maintain uniform pressure, and fluctuations in
pressure and shear forces can significantly reduce cell viability.
Lastly, the organ-like hydrogels constructed by 3D bioprinting are
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reproducible and have standardized significance. The syringe
extrusion method, being reliant on manual operation, offers poor
controllability, making it difficult to ensure consistency and
precision.

3D bioprinting can generate biomimetic 3D scaffolds with
uniform cell distribution, providing spatial depth and enhanced cell-
to-cell communication; moreover, it can facilitate the simulation of
biological processes in normal tissues [68]. Experiments further
confirmed that MNP-BMSCs exhibited a significantly higher
chondrogenic differentiation capability in a 3D culture
environment compared to a 2D planar culture environment. We
employed a layer-by-layer printing strategy to ensure a uniform
distribution of MNP-BMSCs within the vertical structure while
maintaining adequate porosity. Upon completion of the hydrogel
ionic cross-linking, a loose, porous internal structure is maintained,
while a thin, low-porosity layer forms on the surface. This
configuration restricts the cells within the hydrogel, directing the
chondrogenic differentiation of MNP-BMSCs primarily within the
vertical stacking structure.

Consequently, the produced collagen and proteoglycans
exhibited a vertical distribution, effectively mimicking the middle
layer structure of normal cartilage. This longitudinal distribution of
the collagen structure was confirmed by the structural analysis of
the organoids. Meanwhile, it was observed that organoids not
constructed using 3D bioprinting had a loose structure, with
collagen fibers showing no clear directional arrangement.
Therefore, the application of 3D bioprinting technology for
constructing improved cartilage organoids is essential. Further
comparison of the three types of seed cells in organoid culture
showed that the advanced cartilage organoids constructed with
MNPs-BMSCs had  significantly enhanced expression of
chondrogenic-related proteins and mechanical properties. This
evidence underscores the superiority of MNP-BMSCs as seed cells
and highlights the critical role of 3D bioprinting in optimizing
scaffold  architecture to support effective chondrogenic
differentiation and tissue integration [61].

Eight weeks after implantation, the advanced cartilage organoids
demonstrated impressive cartilage defect repair. Nearly all
evaluation metrics indicated an improvement in the healing
response. Advanced cartilage organoids significantly improved the
repair of cartilage defects by reducing fibrous proliferation and
filling the repair area with a more substantial collagen and
proteoglycan matrix; this facilitated the subsequent colonization of
mature chondrocytes. Additionally, the chondrocytes in the repair
area were arranged perpendicular to the joint surface in the newly
formed cartilage matrix. We hypothesized that this advantage was
due to the vertical cell distribution structure achieved by 3D
bioprinting, which shortened the overall tissue repair time [69].
Despite administering more chondrogenic MNP-BMSCs in the
simple cell injection group, the repair outcomes were unsatisfactory.
This could be because the cells were dispersed throughout the joint
cavity, resulting in only a few cells eventually settling in the defect
area and contributing to repair. This highlights the advantage of
modified cartilage organoids, which can confine most cells to the
defect area, significantly enhancing cell utilization and repair
efficacy [70]. Although the cartilage repair achieved by advanced
cartilage organoids has not yet reached complete restoration, the
current results indicate that they have already provided a solid
foundation for further development and maturation of new

cartilage.
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Our study had some limitations. First, although we observed that
MNPs influenced cell polarization and conducted transcriptomic
sequencing, the detailed underlying molecular mechanisms remain
unexplored. In future studies, we will investigate the series of signal
transduction and molecular biological processes that occur within
cells after MNPs are introduced to elucidate the biological effects of
MNPs on BMSCs. Second, we demonstrated effective in vivo
cartilage repair using a small animal model; however, the
experimental duration and sampling points were insufficient to
confirm complete cartilage defect repair. Future studies should
extend the experimental period and increase the number of
sampling time points to further detail and refine the cartilage repair
process. Additionally, long-term repair effects in medium-to-large
animal models should be explored to simulate the anatomical and
functional characteristics of human cartilage more accurately.
Third, the cartilage repair process is often complex and involves
inflammation, immune responses, apoptosis, and other cellular and
biological processes. Future work should build on the current
research results to further improve the use of cartilage organoids for
cartilage repair, making them more functional and effective.
Additionally, although the in vivo study results demonstrated
excellent repair effects, the comparative effectiveness with other
mainstream clinical treatment methods remains uncertain. Future
studies should compare our advanced osteochondral organoid
method with representative clinical treatments to evaluate its
efficacy.

5 Conclusion

In this study, we developed an engineered MNPs-BMSCs-based
seed cell and combined it with 3D bioprinting technology to create
an advanced cartilage organoid. By introducing MNPs into BMSCs,
we constructed engineered MNPs-BMSCs. Under the influence of
magnetic forces, these cells undergo polarization. mRNA-seq
analysis indicated that the polarization process may be associated
with a series of biological processes, including cell adhesion, signal
transduction, and cytoskeleton organization. MNP-BMSCs exhibit
enhanced migration, aggregation, and chondrogenic differentiation
capabilities in vitro. Considering these advantages, we used 3D
bioprinting technology to employ these cells as seed cells and
combined them with optimally proportioned alginate/gelatin
hybrid hydrogels to develop advanced cartilage organoids. This
organoid mimics the structure of the middle zone of normal
cartilage, displaying the expected collagen and proteoglycan
distribution and possessing good mechanical properties in vitro.
Finally, we investigated the in vivo cartilage repair capability of the
advanced cartilage organoid in a rat femoral cartilage defect model.
The results demonstrated significantly enhanced cartilage
regeneration and reconstruction of the normal cartilage structure.

This study provides enhanced seed cells for constructing cartilage
organoids and introduces new perspectives for stem cell therapy. It
presents an innovative strategy for cartilage tissue engineering and
demonstrates a wide range of potential applications.

Electronic Supplementary Material: Supplementary material (the
IC50 of MNPs on BMSCs; the effect of MNPs on osteogenic
differentiation of BMSCs; the effects of MNPs on surface markers
of BMSCs; and the design of primer sequences of the genes for RT-
gPCR analysis) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907084.
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