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A B S T R A C T

Three-dimensional (3D) bioprinted cartilage-mimicking substitutes for full-thickness articular cartilage defect
repair have emerged as alternatives to in situ defect repair models. However, there has been very limited
breakthrough in cartilage regeneration based on 3D bioprinting owing to the lack of ideal bioinks with print-
ability, biocompatibility, bioactivity, and suitable physicochemical properties. In contrast to animal-derived
natural polymers or acellular matrices, human-derived Wharton's jelly is biocompatible and hypoimmunogenic
with an abundant source. Although acellular Wharton's jelly can mimic the chondrogenic microenvironment, it
remains challenging to prepare both printable and biologically active bioinks from this material. Here, we firstly
prepared methacryloyl-modified acellular Wharton's jelly (AWJMA) using a previously established photo-
crosslinking strategy. Subsequently, we combined methacryloyl-modified gelatin with AWJMA to obtain a
hybrid hydrogel that exhibited both physicochemical properties and biological activities that were suitable for 3D
bioprinting. Moreover, bone marrow mesenchymal stem cell-loaded 3D-bioprinted cartilage-mimicking sub-
stitutes had superior advantages for the survival, proliferation, spreading, and chondrogenic differentiation of
bone marrow mesenchymal stem cells, which enabled satisfactory repair of a model of full-thickness articular
cartilage defect in the rabbit knee joint. The current study provides a novel strategy based on 3D bioprinting of
cartilage-mimicking substitutes for full-thickness articular cartilage defect repair.
1. Introduction

Articular cartilage defect has a poor self-repair capacity owing to its
avascular and aneural nature [1–3]. Usually, autologous cartilage im-
plantation is considered the gold standard for the clinical treatment of
articular cartilage defects, but there remains some shortcomings, such as
limited donors, iatrogenic damage, and poor adaptation to irregular
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defect shapes [4,5]. Recently, tissue engineering, in which seed cells are
combined with biocompatible scaffolds, has proven to be a promising
alternative to current clinical treatments [6–9]. Compared with tradi-
tional polymer-based scaffolds, hydrogels can better mimic the
three-dimensional (3D) microenvironment to facilitate cell proliferation,
spreading, and differentiation, which enables satisfactory in situ articular
cartilage defect repair, as previously reported [10–12].
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Using the prevailing technique of 3D bioprinting, cartilage-
mimicking substitutes can be individually customized with irregular
morphology, large size, and biological activities for articular cartilage
defect repair [13–18]. To construct the 3D bioprinted architecture, seed
cells need to be encapsulated in cytocompatible and printable hydrogels
to form bioinks, followed by extrusion molding to achieve the structural
complexity of specific 3D shapes. Notably, bone marrow mesenchymal
stem cells (BMSCs) are one of the desired seed cells for articular cartilage
regeneration owing to their definite chondrogenic differentiation po-
tential, especially in cartilage-specific microenvironments [19–21]. Thus,
the key difficulty of 3D bioprinting cartilage-mimicking substitutes is the
preparation of ideal bioinks that meet the following requirements: 1)
favorable biocompatibility; 2) good printability; 3) suitable physico-
chemical properties (e.g., rheological behavior and mechanical strength);
4) cartilage-specific induction activity for BMSCs. Owing to the lack of
ideal bioinks that meet all these requirements, the 3D bioprinting of
cartilage-mimicking substitutes remains a challenge.

Bioinks based on temperature-sensitive methacryloyl-modified
gelatin (GelMA) and viscous hyaluronic acid (HAMA) are widely used
because they can be easily printed, and the morphological stability of the
resulting structure can be maintained through non-contact photo-cross-
linking methods [22–26]. However, these universal bioinks lack
tissue-specific induction activity, which impedes the reconstruction of
complex extracellular matrices of multi-type tissues. Photo-crosslinkable
acellular hydrogels can mimic tissue-specific extracellular matrices, such
as the cartilage-, derm-, or muscle-derived acellular matrix, and undergo
rapid sol-to-gel transitions upon light irradiation [27–29]. However,
components of these extracellular matrices are derived from animals, and
thus may cause xenografting problems in clinical translation. In contrast
to the above animal-derived acellular matrices, Wharton's jelly is ob-
tained from the human umbilical cord, which is widely available and
considered a medical waste, and thus it would reduce the risk associated
with xenografting [30,31]. More importantly, Wharton's jelly has
emerged as a promising material for cartilage regeneration because it is
similar to articular cartilage components and contains several chondro-
genic growth factors, such as insulin-like growth factor-I (IGF-I) and
transforming growth factor-β (TGF-β) [32]. Existing studies usually apply
acellular Wharton's jelly in the form of powder additives, from which 3D
specific shapes are difficult to form unless they are combined with other
frameworks, such as lyophilized gelatin scaffolds or 3D-printed polymers
[33,34]. Therefore, it is valuable to exploit previously established
photo-crosslinking strategies to prepare both printable and biologically
active bioinks based on acellular Wharton's jelly.

Herein, we developed a novel strategy for full-thickness articular
cartilage defect repair using 3D-bioprinted cartilage-mimicking sub-
stitutes based on photo-crosslinkable Wharton's jelly bioinks.
Methacryloyl-modified acellular Wharton's jelly (AWJMA) was firstly
prepared through a multi-step procedure of decellularization, enzymatic
digestion, methacrylatetion (MA) modification, and lyophilization.
Subsequently, GelMA was combined with AWJMA to obtain hybrid
photo-crosslinkable bioinks (AWJMA/GelMA hydrogels) with enhanced
physicochemical properties and biological activities. Furthermore,
BMSCs-loaded cartilage-mimicking substitutes were successfully con-
structed by light-assisted extrusion-based 3D bioprinting. In vitro exper-
iments verified that the 3D-bioprinted cartilage-mimicking substitute
was beneficial for inner BMSC survival, proliferation, spreading, and
chondrogenic differentiation. Finally, a model of full-thickness articular
cartilage defect in the rabbit knee joint was treated with the BMSCs-
loaded 3D-bioprinted cartilage-mimicking substitute, revealing satisfac-
tory repair of the articular cartilage defect.

2. Materials and methods

2.1. Materials

In this study, trypsin, pepsin, acetic acid, dexamethasone, methacrylic
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anhydride, sodium hydroxide, and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were purchased from Sigma-
Aldrich. ITS were purchased from ScienCell. TGF-β1 were purchased
from R&D Systems Inc. All other chemicals were reagent grade, and
deionized water was used.

2.2. Preparation of acellular Wharton's jelly (AWJ)

AWJ was prepared with reference to a previous method [35] using
umbilical cords, which were collected after obtaining informed consent
of donors. All tissue samples were rinsed with phosphate-buffered saline
(PBS) containing 2% penicillin/streptomycin solution to remove residual
blood. After carefully taking off blood vessels and redundant connective
tissues from the umbilical cords, Wharton's jelly was minced into small
fragments. Then, the fragments were decellularized with 1 M NaOH so-
lution for 3 h at room temperature, generating AWJ. Thereafter, AWJ
was homogenized into a suspension slurry using a tissue disintegrator,
followed by digestion with pepsin supplemented with acetic acid (pH ¼
2–3) at 37 �C for 24 h. After neutralization to pH ¼ 7.4 by using NaOH,
the slurry was then centrifuged (5000 rpm, 5 min), and the supernatant
was lyophilized to obtain AWJ.

2.3. Synthesis of AWJMA and GelMA

The AWJ solution was prepared by dissolving 0.5 g of AWJ in 200 mL
of deionized water with stirring, and 0.5 mL methacrylic anhydride was
added at a rate of 0.5 mL/min in an ice bath. The pH was maintained
between 8 and 10 with 5 M NaOH, and the reaction continued overnight
under constant stirring. After the reaction completed, the solution was
centrifuged to remove insoluble substances, and the pH was adjusted to
7.4 with 0.5 M HCl. Then, the product was dialyzed using a 3500 Da
dialysis membrane in distilled water for 1 week, followed by freezing and
lyophilizing.

Methacryloyl modification of gelatin was performed as previously
reported [36]. Briefly, A total of 10 g of gelatin was dissolved in 200 mL
of PBS (pH ¼ 7.4) and stirred vigorously at a constant speed using a
magnetic stirrer at 50 �C. Methacrylate anhydride (8 mL) was slowly
added and allowed to react with gelatin for 3 h. The solution was
collected, and the portion that did not react was removed under 5000
rpm centrifugation. Then, the solution was dialyzed at 40 �C for 1 week
using a dialysis membrane (7000 Da). The dialyzed reaction solution was
lyophilized to acquire GelMA.

2.4. Proteomic analysis of acellular Wharton's jelly

To prepare the samples for proteomic analysis,WJ and AWJ powders
were dissolved and cracked to extract proteins. After measuring the
protein levels, each protein sample was digested with trypsin overnight
at 37 �C, and the peptides were desalted and quantified. Trypsin-digested
peptides were analyzed using liquid chromatography (LC) with tandem
mass spectrometry (MS/MS) performed on an EASY-nLC 1200 nanoflow
system (Thermo, USA) connected to a Q Exactive HF-X quadrupole
Orbitrap mass spectrometer (Thermo, USA) equipped with a nano-
electrospray ion source. MS/MS spectra were searched using Proteome-
DiscovererTM Software 2.4. The false discovery rate (FDR) of peptide
identification was set to FDR �0.01. A minimum of one unique peptide
identification was used to support protein identification. Annotation of
all identified proteins was performed using GO (http://geneontology.o
rg/) and KEGG pathways (http://www.genome.jp/kegg/). Differential
expressed proteins (DEPs) were further used for GO and KEGG enrich-
ment analyses.

2.5. Characterization of AWJMA and GelMA

AWJMA and GelMA were analyzed using Fourier-transform infrared
(FTIR) spectroscopy (Thermo Nicolet Nexus 470, USA), andmethacryloyl
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modification of AWJ and gelation was confirmed using 1H nuclear
magnetic resonance (NMR) spectroscopy (Bruker 700 MHz Advance,
Switzerland) and D2O as the solvent.

2.6. Hydrogel preparation

Unless otherwise stated, all concentrations are given as a percentage
of weight per volume (w/v). GelMA (800 mg, 8 wt%), AWJMA (200 mg,
2 wt%), and lithium acylphosphinate (LAP) (0.25 wt%) were dissolved in
10 mL of PBS solution (pH 7.4) to obtain the AWJMA/GelMA hydrogel.
The GelMA hydrogel consisted of GelMA (10 wt%) and LAP (0.25 wt%)
in 10 mL of PBS solution (pH 7.4). The AWJMA hydrogel consisted of
AWJMA (10wt%) and LAP (0.25wt%) in 10mL of PBS solution (pH 7.4).
All hydrogel formulations were fully mixed with continuous stirring,
sterilized with syringe filters (0.22 μm pore size). Finally, the hydrogel
formulations were photo-crosslinked by exposure to blue light at the
wavelength of 405 nm using a light-emitting diode (LED) source (Uvata
Precision Optoelectronics Co., Ltd.) with an intensity of 20 mW/cm2 for
an exposure time of 30 s.

2.7. Morphology observation

The microstructure of lyophilized AWJMA/GelMA hydrogel,
AWJMA hydrogel, and GelMA hydrogel samples were observed using
scanning electron microscopy (SEM) at an accelerating voltage of 3 keV
(ZEISS Gemini 300). All samples were sputtered with gold for 45 s (Ox-
ford Quorum SC7620) before observation.

2.8. Rheological analysis

Dynamic rheology experiments were performed on a HAAKE MARS
III photorheometer using a parallel plate with a diameter of 20 mm (P20
TiL) and an ultraviolet light curing system (OmniCure Series 2000)
operated at 20 mW/cm2. Time sweep oscillatory tests were performed at
10% strain (CD mode) with a frequency of 1 Hz and gap of 0.5 mm for 70
s. Temperature-sweep oscillatory tests were performed at 10% strain (CD
mode) and 1 Hz frequency parameters from 60 to 0 �C. The sol-to-gel
transition point was determined as the time when the storage modulus
(G00) surpassed the loss modulus (G00).

2.9. Testing of mechanical properties

Mechanical tests of as-prepared hydrogels were carried out using a
INSTRON 5542 universal material testing machine with a capacity of
500 N. For compression tests at the speed of 1 mm/min, hydrogel sam-
ples were prepared as cylinders with a diameter of 5 mm and length of 4
mm. The hydrogels were subjected to compression tests after complete
gelation under light irradiation using a 405-nm LED at a power of 20
mW/cm2.

2.10. Equilibrium porosity and swelling ratio

The porosity (average void volume) of the hydrogels was determined
using alcohol. All experiments were performed in triplicate. Freeze-dried
hydrogels were immersed in a sealed tube containing alcohol for 24 h, at
which the weight of the sample (W24) was constant. The actual volume
(Va) of the sample was calculated using the following formula:

Va ¼ ðW24�W0Þ = p;

where W24, and W0 are respectively the weight of the sample at 24 h and
0 h, and p is the density of alcohol (0.785 g/cm3). The porosity was
determined using the following equation:

Porosity ð%Þ¼Va=Ve� 100%;
3

where Ve is the exterior volume of each sample.
The swelling behavior of the AWJMA/GelMA hydrogel, AWJMA

hydrogel and GelMA hydrogel was investigated using the gravimetric
method. Briefly, lyophilized or wet AWJMA/GelMA hydrogel, AWJMA
hydrogel, and GelMA hydrogel samples were immersed in PBS at 37 �C
and weighed after 2, 4, 6, 12, 24, and 36 h. Excess water on the surface of
the sample was absorbed with filter paper. The wet weight of each
sample (Ws) was measured with an electronic balance. The swelling ratio
was calculated using the following equation:

Swelling ratio ð%Þ ¼ ðWs�WdÞ=Wd � 100%;

where Ws is the swollen weight of the hydrogel sample in the swelling
state at equilibrium and Wd is the dry weight of the lyophilized hydrogel
sample.

2.11. In vitro collagenase degradation

The dry weight of the AWJMA/GelMA hydrogel, AWJMA hydrogel,
and GelMA hydrogel were recorded as W0. Then, the gel was incubated
in Dulbecco's PBS (D-PBS) (pH ¼ 7.4) supplemented with collagenase
solution (1 U/mL in D-PBS). At each time point, these samples were
collected and washed with distilled water. The washed samples were
lyophilized using a freeze-drying machine. Then, the weight of each
lyophilized sample (Wt) was measured using an electronic balance. The
mass loss (%) was calculated according to the following equation:

Degradation ratio ð%Þ ¼ ðW0�WtÞ=W0 � 100%;

where W0 is the dry weight of the hydrogel sample without D-PBS in-
cubation and Wt is the dry weight of this hydrogel sample following D-
PBS incubation with the time indicated.

2.12. Cytocompatibility evaluation

BMSCs were obtained from the bone marrow of adult rabbits, and
harvested, cultured, and expanded in the culture medium at 37 �C with
5% CO2 of incubator, medium was changed every two days to ensure
sufficient nutrient supply to the cells. Cells were used when they
expanded into the second generation.

The cytocompatibility of the AWJMA/GelMA hydrogel was evalu-
ated using the live/dead staining assay and cell counting kit-8. For live/
dead staining, 3� 105 cells were mixed in 100 μL of the pregel solution of
the AWJMA/GelMA hydrogel before gelation. After the cells were
cultured in the medium for 1, 4, 7, and 14 days, the AWJMA/GelMA
hydrogel was stained with 2 μg/mL fluorescein in diacetate at 37 �C for
15 min and 5 μg/mL propidium iodide at 37 �C for 5 min. The cells were
evaluated under a fluorescence microscope. For the cytotoxicity assay,
BMSCs were seeded in 96-well plates at a concentration of 1000 cells per
well and cultured for 24 h. The medium was replaced with a series of
fresh medium containing AWJMA powder (0, 0.025%, 0.05%, 0.1%,
0.2%, or 0.4% w/v). The culture solution was removed after 1, 4, and 7
days of incubation, and 10 μL of CCK-8 reagent and 100 μL of culture
medium were added to each well, and the cells were incubated for 2 h at
37 �C. The absorbance at 450 nm was measured using a microplate
reader (Synergy H1, BioTek).

2.13. In vitro chondrogenic induction experiments

In vitro chondrogenic capacity was determined by RT-qPCR and
immunofluorescence staining. For RT-qPCR, BMSCs were seeded in 6-
well plates at a concentration of 2 � 105 cells per well and cultured for
24 h. The medium was then replaced with cartilage induction medium,
which was supplemented with 0.4% AWJ powder for one group. In
addition, BMSCs were cultured in common low-sugar DMEM medium,
set as the Control group. Then, the expression levels of cartilage-related
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genes, such as COL2, aggrecan (ACAN), and SOX9, of all groups were
evaluated.

For immunofluorescence staining, BMSCs-loaded GelMA and
AWJMA/GelMA hydrogels were prepared as cylinders (6 mm diameter,
2 mm height), and 6 mL of pre-warmed chondrogenic culture medium
(High-sugar DMEM medium with 10 ng/mL of TGF-β1, 40 ng/mL of
dexamethasone, 1.25 mg/mL of bovine serum albumin, 1% ITS, and 1%
antibiotic-antimycotic) was carefully overlaid on each gel and changed
every three days during in vitro culturing. After 28 days, COL2 immu-
nofluorescence staining was used to determine cartilaginous induction.

2.14. 3D printing of AWJMA/GelMA hydrogel scaffolds

Before printing, pregel solutions of AWJMA/GelMA hydrogel with
LAP (0.25 w/v%) in PBS buffer were prepared. Porous hydrogel scaffolds
were fabricated using a three-axis positioning system (3D Bio-Architects
working station, Regenovo, China). For cell-free printing, gel precursors
were directly used or dyed with Safranin-O. The gel precursor was loaded
separately into 5-mL syringes and then extruded through a nozzle with an
inner diameter of 0.21 mm to deposit a physical gel at 18 �C, followed by
exposure to LED light (405 nm, 20 mW/cm2) for 1 min. During the
printing process, relevant printing parameters, such as applied pressure,
printing speed, and interfilament gap, were tested separately. For bio-
printing, BMSCs weremixed homogeneously in the bioink at the last step.
Immediately after bioprinting, the bioprinted constructs were incubated
in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 �C under 5% CO2. Each step was strictly
conducted under sterile conditions. To demonstrate the biological func-
tions of bioprinted tissues, live/dead staining and phalloidin-FITC/DAPI
staining were performed at 1, 4, and 7 days. Live/dead staining was
performed as described in Section 2.13. For phalloidin-FITC/DAPI
staining, at designated time points of culturing, the bioprinted tissues
were first fixed with 4% paraformaldehyde for 30 min and then treated
with 0.1% w/v Triton X-100 in PBS for 15 min to permeabilize the cell
membrane. After PBS leaching and washing, 5 μg/mL Gobbi cyclic pep-
tide solution was added dropwise, and the cells were incubated for 1 h.
After washing with PBS, the specimen was incubated in DAPI solution at
1:1000 dilution for 5 min in darkness, and the nucleus was stained.
Finally, the samples were examined using confocal laser scanning mi-
croscopy (CLSM) (Leica, TCS SP8 STED3X).

2.15. Repair of rabbit articular cartilage defect

New Zealand white rabbits weighing 2.5–3.0 kg were used in accor-
dance with protocols approved by the Animal Research Committee of
Xinxiang Medical University (XYLL-20210288). After general anesthesia,
rabbit knee joints were opened using a medial parapatellar approach. A
full-thickness cylindrical defect (4 mm in diameter, 3 mm in depth) was
created on the patellar groove of the femur in both legs using a sterile
drill. The articular cartilage defects of rabbit models were randomly
classified into three groups: (A) untreated group; (B) scaffold alone
group; and (C) BMSCs-loaded scaffold group.

2.16. Gross morphology evaluation, histological examination, and
evaluation after 6 and 12 weeks

Specimens were harvested 6 and 12 weeks after the operation, and
macroscopic evaluations were conducted by three blinded observers. The
International Cartilage Repair Society (ICRS) gross scoring system was
used to assign scores for the degree of repair, integration, surface regu-
larity, and total judgment. All samples were fixed in 4% para-
formaldehyde, decalcified in 12% (w/v) ethylenediamine-tetra acetic
acid (EDTA), dehydrated through an ethanol series, embedded in
paraffin, and sectioned for histological analysis. Hematoxylin and eosin
(H&E) staining, Safranin-O staining, and COL2 immunohistochemical
staining of sections were used to evaluate histological structures and
4

cartilage specific ECM deposition in repaired regions. The osteochondral
joints at 6 and 12 weeks were evaluated using a histological grading
system, namely the modified O'Driscoll histology scoring system
(MODS).

2.17. Statistical analysis

All data are expressed as mean � standard deviation with at least n ¼
3. Unpaired Student's t-tests were used to evaluate the differences be-
tween the groups, and values of *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001 were considered statistically significant (see Fig. 1).

3. Results

3.1. Preparation and characterization of methacrylate-modified Wharton's
jelly

In this study, Wharton's jelly (WJ) was used to prepare methacryloyl-
modified acellular Wharton's jelly (AWJMA) through a multi-step pro-
cedure of decellularization, enzymatic treatment, MA modification, and
lyophilization. As shown in Fig. 2A and S1, by removing the outer
membranes and blood vessels of the umbilical cords, followed by
decellularization, bulk AWJ samples were slightly transparent. After
enzymatic digestion (1 mg/mL pepsin in acetic acid solution, pH ¼ 2–3)
and lyophilization, water-soluble AWJ products were obtained. Then,
MA modification of AWJ was adopted to prepare AWJMA. Methacrylic
anhydride was mixed with the AWJ solution under suitable conditions,
followed by dialysis and lyophilization. To characterize the MA graft of
the AWJMA polymer, 1H NMR and FTIR spectra were collected. As
shown in Fig. 2B and S2, the characteristic peaks of methacrylamide at
5.4 and 5.6 ppm appeared after the MA modification of the AWJ poly-
mer, indicating successful synthesis of the AWJMA polymer. The typical
absorption peak of C––C stretching vibration at 1452 cm�1 region was
observed in the FTIR spectrum of the AWJMA polymer, which was ab-
sent from the spectrum of AWJ polymer, further confirming the suc-
cessful addition of C

–

–C bonds (Fig. 2C).
Acellular Wharton's jelly is considered a cartilage-mimicking bioma-

terial that can emulate the intricacy of the native microenvironment.
First, histological results showed that there were less cellular components
in the AWJ sample than in native tissue, confirming the maximal clear-
ance of cellular and genetic components of the ECM (Fig. 2D). Further-
more, to identify the ECM components retained after the
decellularization treatment, both WJ and AWJ samples were processed
for proteomics analysis. As shown in Fig. 2E and 339 unique proteins
were found in the native tissue, whereas 307 unique proteins were found
in decellularized Wharton's jelly. The scatter diagram and hierarchical
clusters further revealed that the proteome of acellular Wharton's jelly
was not significantly different from that of the native tissue (Fig. 2F and
G). Furthermore, GO and KEGG pathway results indicated that the dif-
ferential proteins were mainly enriched in focal adhesion and ECM-
receptor interaction pathways (Fig. 2H and I), which confirmed that
AWJ reserved most of the ECM components. Notably, TGF-β and IGF
growth factors were found in bothWJ and AWJ samples, which may play
important roles in chondrogenic differentiation, a process that relies on
the TGF-β pathway.

3.2. Physicochemical properties of AWJMA/GelMA hydrogels

To obtain an ideal hydrogel formulation with both mechanical
strength and biological activity, GelMA polymer was added to bioactive
AWJMA polymer to prepare AWJMA/GelMA hydrogels. As shown in
Fig. 3A, light irradiation (405 nm, 20 mW/cm2) induced the sol-to-gel
transition to produce AWJMA/GelMA hydrogels, as well as GelMA
and AWJMA hydrogels. To further evaluate the physicochemical prop-
erties of AWJMA/GelMA hydrogels, 1H NMR spectra, rheological and
compressive experiments were performed. The 1H NMR spectra revealed



Fig. 1. Schematic illustration of 3D-bioprinted cartilage-mimicking substitute based on photo-crosslinkable Wharton's jelly bioinks for full-thickness articular cartilage
defect repair.

G. Hu et al. Materials Today Bio 21 (2023) 100695
that the methacrylate peak at 5.4 and 5.6 ppm distinctly decreased in
intensity, indicating successful polymerization of the methacrylate
groups (Fig. 3B). As shown in Fig. 3C and D, time-dependent sweep tests
showed that AWJMA hydrogels (gel point ¼ 9.4 � 1.1 s) underwent
relatively slow gelation, whereas both GelMA (gel point ¼ 4.1 � 0.7 s)
and AWJMA/GelMA hydrogels (gel point ¼ 5.0 � 0.6 s) underwent fast
gelation. Additionally, the shear modulus of the single-component
AWJMA gel (133.7 � 5.7 Pa) was significantly increased by intro-
ducing the GelMA polymer (6240 � 400 Pa), which produced the
AWJMA/GelMA gel with an intermediate modulus (4608 � 125.5 Pa)
owing to the dual-crosslinked network (Fig. 3E). As shown in Fig. 3F–H,
the AWJMA gel was rigid (Young's modulus ¼ 0.27 � 0.02 MPa) but
brittle (maximum stress ¼ 0.07 � 0.008 MPa), whereas the GelMA gel
was soft (Young's modulus ¼ 0.11 � 0.01 MPa) and ductile (maximum
stress ¼ 0.36 � 0.03 MPa). By combining AWJMA and GelMA compo-
nents, the resulting compressive properties were satisfactory for the
following experiments (Young's modulus ¼ 0.11 � 0.01 Pa; maximum
stress ¼ 0.29 � 0.04 MPa).

Furthermore, SEM images showed that GelMA, AWJMA, and
AWJMA/GelMA hydrogels had a highly porous and interconnected
structure (Fig. 4A), which facilitates the exchange of nutrients and
wastes. It should be noted that the pores of lyophilized AWJMA hydrogel
were smaller than those of the other two groups (Fig. 4B), suggesting that
the AWJMA hydrogel differed from the other two hydrogels in both
composition and crosslinking density. In addition, the degradation of the
AWJMA hydrogel in a collagenase solution was slower than those of the
other two hydrogels under the same conditions (Fig. 4C). Moreover, the
swelling ratio of the AWJMA hydrogel was larger than those of the
GelMA and AWJMA/GelMA hydrogels (Fig. 4D and S3), indicating that
the AWJMA hydrogel contained a higher amount of hydrophilic groups
than the other two hydrogels. This also suggested that the AWJMA
hydrogel contained more complex components than the GelMA
hydrogel.

All these results demonstrate that the AWJMA/GelMA hydrogel is a
promising tissue-engineered scaffold because it has suitable rheological
and mechanical properties as well as a reasonable swelling ratio and
degradation rate.
5

3.3. Biological properties of AWJMA/GelMA hydrogels

The biocompatibility of hydrogels is critical for cartilage regenera-
tion. Thus, the biocompatibility of the AWJMA/GelMA hydrogel was
first assessed using the CCK-8 assay and live/dead staining. Following
coincubation with different concentrations (0, 0.025, 0.05, 0.1, 0.2, and
0.4% wt) of AWJMA polymers for 1, 4, and 7 days in DMEM culture
medium, BMSCs showed good proliferation. Notably, cell viability in the
group of 0.4% AWJMA polymers was significantly higher than those of
the other groups on day 7 (Fig. 5A and S4), indicating that acellular
Wharton's jelly is conductive to cell proliferation. Live/dead fluorescence
staining demonstrated that BMSCs grew well and spread in the AWJMA/
GelMA hydrogel after 4 days of culturing owing to the existence of the
adhesive protein in the hybrid hydrogel formulation (Fig. 5B). After the
addition of the AWJ polymer (0.4 wt%) to the chondrogenic culture
medium (CCM) solution, the expression of cartilage-specific genes
(ACAN, COL2, and SOX9) was significantly upregulated (Fig. 5C).
Furthermore, the results of immunofluorescence staining (Fig. 5D) indi-
cated that the BMSCs-loaded AWJMA/GelMA hydrogel expressed a
greater amount of COL2 than the GelMA hydrogel after co-culturing in
CCM for approximately 28 days, consistent with the proteomic results
(Fig. 2G–I). All these results demonstrate that AWJMA/GelMA hydrogels
not only have good biocompatibility but also promote the growth,
spreading, and chondrogenic differentiation of cells.

3.4. 3D bioprinting of BMSCs-loaded AWJMA/GelMA hydrogels

Next, we investigated the printability of our designed AWJMA/
GelMA hydrogels as bioinks, which usually relies on inherent physical
properties, such as viscosity and temperature sensitivity. As shown in
Fig. 6A, the AWJMA gel precursor was in a dilute solution state without
any temperature-sensitive property. However, the GelMA component
induced both GelMA and AWJMA/GelMA gel precursors to undergo
temperature-sensitive sol-to-gel transitions, which is essential for
extrusion-based 3D bioprinting. Therefore, the AWJMA/GelMA gel
precursor was inherently printable and first loaded into the printing sy-
ringe at a low temperature (18 �C) to form a physical gel that could be



Fig. 2. Preparation and characterization of methacryloyl-modified Wharton's jelly. A) Synthesis of AWJMA polymer through decellularization, enzymatic
treatment, MA modification, and lyophilization treatment. B, C) 1H NMR (B) and FTIR (C) spectra of AWJMA and AWJ polymers. D) Histological images of H&E and
DAPI staining of Wharton's jelly before and after decellularization. E) Venn diagram showing the number of proteins identified in Wharton's jelly and AWJ powder. F)
Scatter diagram showing the significantly high-retention (red dots, FC > 2, P value < 0.05) and low-retention (blue dots, FC < 0.5, P value < 0.05) proteins in AWJ
versus Wharton's jelly. G) Heatmap and hierarchical cluster analysis using protein expression data from AWJ and Wharton's jelly. E) GO enrichment analysis and H)
KEGG enrichment analysis of differentially reserved proteins in AWJ and Wharton's jelly, showing the top 20 enrichment terms.
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extruded without collapsing. Then, the 3D printed constructs were
further stabilized by photo-crosslinking with blue-light irradiation
(Fig. 6B). Moreover, the main printing parameters, namely applied
pressure, printing speed, and interfilament gap, were investigated to
obtain the optimum printing resolution with the AWJMA/GelMA
6

hydrogel. As shown in Fig. 6C, for a printing needle with a diameter of
210 μm, the applied pressure was optimized to 0.35 MPa (printing
diameter ¼ 271 � 39 μm), and the printing speed was optimized to 10
mm/s (printing diameter ¼ 254 � 28 μm). Additionally, a series of
hydrogel scaffolds with different interfilament gaps was printed (the



Fig. 3. Physicochemical properties of GelMA, AWJMA, and AWJMA/GelMA hydrogels. A) Photographs showing the sol-to-gel transitions of GelMA, AWJMA,
AWJMA/GelMA upon light irradiation (405 nm, 20 mW/cm2). B) 1H NMR spectra confirming the photoinitiated polymerization of the AWJMA/GelMA hydrogel. Red
arrows represent methacrylate peaks of the AWJMA/GelMAmixture. C) Time-sweep rheological analyses of photo-crosslinkable hydrogels with different components.
D, E) The gelation time (D) and storage moduli (E) of GelMA, AWJMA, AWJMA/GelMA hydrogels. F–H) The compression analysis (F), Young's modulus (G), and
maximum stress (H) of GelMA, AWJMA, and AWJMA/GelMA hydrogels. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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center distance of the printing filaments was preset to 1.0, 1.5, or 2.0
mm), and satisfactory morphological fidelity was achieved with the
interfilament gap of 1.5 mm under 0.35 MPa printing pressure and 10
mm/s printing speed (Fig. 6D and E). To investigate the cytocompati-
bility of 3D-bioprinted lattice constructs, BMSCs-loadedAWJMA/GelMA
hydrogels were used for printing in the following experiments. The re-
sults of live/dead staining and phalloidin-FITC/DAPI staining revealed
that BMSCs exhibited good cell viability, spreading, and proliferation in
the 3D-bioprinted AWJMA/GelMA hydrogel after 7 days of culturing in
vitro (Fig. 6F and S5). Overall, 3D-bioprinted AWJMA/GelMA hydrogel
scaffolds have suitable 3D-printing characteristics and ideal cyto-
compatibility for BMSC cultures in vitro.
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3.5. Repair of full-thickness articular cartilage defect in rabbit

To investigate the repair efficacy of 3D-bioprinted cartilage-
mimicking substitutes, models of cylindrical full-thickness cartilage de-
fects (4 mm in diameter and 3 mm in depth) in rabbits were created. The
defects were repaired with BMSCs-loaded 3D-bioprinted AWJMA/
GelMA hydrogels as the experimental group and BMSCs-free 3D-bio-
printed AWJMA/GelMA hydrogels as the control group (Fig. 7A). The
rabbits were sacrificed and collected for gross observation (Fig. 7B) and
histological examinations at 6 and 12 weeks post-surgery. In the un-
treated group at 6 weeks and 12 weeks post-surgery, the gross view
showed that obvious defects were repaired with fibrous-like tissue in the
cartilage layer. In the control group, the defects were distinctly repaired



Fig. 4. Characterization of hydrogel structure, swelling ratio, and degradation rate. A) SEM images of lyophilized GelMA, AWJMA, and AWJMA/GelMA
hydrogels. B) Open porosity of lyophilized hydrogels with different components. C) The degradation rate of GelMA, AWJMA, and AWJMA/GelMA hydrogels in
collagenase solutions (1 U/mL). D) The swelling rate of GelMA, AWJMA, and AWJMA/GelMA hydrogels at dried condition. *p < 0.05, **p < 0.01, ***p < 0.001.
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with fibrous/cartilaginous hybrid tissue at 6 weeks, which gradually
grew into immature cartilage tissues with unsatisfactory interfacial
integration at 12 weeks post-surgery. In the experimental group, the
regenerated cartilage tissue was mature and the interfacial integration
was seamless without an obvious boundary at 6 and 12 weeks post-
surgery.

Histological examinations of H&E staining, Safranin-O staining, and
type II collagen immunofluorescence staining further confirmed the
above observations (Fig. 7C and 8A). The untreated group was mainly
repaired by fibrous tissue at both 6 and 12 weeks and showed visible
hierarchical chaotic tissue at the edge of the defects. Notably, the un-
treated group presented obvious structural collapse from the injured
calcified layer sustained during the creation of the full-thickness cartilage
defect. In the control group, the cartilage region was also repaired by
fibrous/cartilaginous hybrid tissue at 6 weeks, and the subchondral bone
region was relatively better than that of the untreated group. At 12 weeks
post-surgery, the cartilage area showed immature cartilage tissue filling
and some clusters of the regenerated tissue. Consistent with the gross
observation, the cartilage region in the experimental group was mainly
repaired by the regenerated cartilaginous tissue with a relatively smooth
cartilage surface, normal hyaline cartilage thickness, and seamless
interfacial integration between the neocartilage and surrounding native
cartilage as well as specific ECM staining with positive Safranin-O and
COL2 staining at 6 weeks post-surgery. Notably, the quality of cartilage
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regeneration in the 6-week experimental group was better than that in
the 12-week control group, indicating that BMSCs introduced to the local
tissue had an important role in cartilage regeneration. At 12 weeks post-
surgery, the regenerated cartilage in the experimental group was similar
to the native cartilage, with a clear interface between the bone and
cartilage as well as satisfactory interface integration with normal carti-
lage tissue. Furthermore, ICRS macroscopic scores and MODS histologi-
cal scores were used to quantify the macroscopic and histological
cartilage repair findings of the specimens. As shown in Fig. 8B and C,
ICRS and MODS scores of the experimental group were higher than those
of the other two groups, indicating that articular cartilage defect repair
was more effective with the BMSCs-loaded 3D-bioprinted cartilage-
mimicking substitute than with the other treatments.

4. Discussion

In the current study, we developed a novel strategy for the con-
struction of 3D-bioprinted cartilage-mimicking substitutes for full-
thickness articular cartilage defect repair. First, AWJMA was success-
fully prepared through a multi-step procedure of decellularization,
enzymatic digestion, MA modification, and lyophilization, and the po-
tential of AWJMA to support chondrogenic differentiation was
confirmed. Then, we showed that hybrid AWJMA/GelMA hydrogels had
suitable rheological and mechanical properties as well as reasonable



Fig. 5. Biological properties of AWJMA/GelMA hydrogels. A) CCK-8 tests of AWJMA polymers at different concentrations show satisfactory cytocompatibility. B)
Live/dead fluorescence staining shows the viability of encapsulated BMSCs on days 1, 4, 7, and 14, with live cells in green and dead cells in red. C) Expression of
cartilage-specific genes (ACAN, COL2, and SOX9) induced by 0.4 wt% AWJ polymer. D) Collagen II immunofluorescence staining of BMSCs-loaded GelMA and
AWJMA/GelMA hydrogels after 28 days of culturing (green: COL2; blue: DAPI). *p < 0.05, **p < 0.01, ***p < 0.001.
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swelling ratios and degradation rates for 3D bioprinting. Furthermore,
optimization of 3D bioprinting parameters enabled the printing of
BMSCs-loaded cartilage-mimicking substitutes with superior advantages
for BMSC survival, proliferation, spreading, and chondrogenic differen-
tiation. Finally, a model of full-thickness articular cartilage defect in the
rabbit knee joint was satisfactorily repaired using the BMSCs-loaded 3D-
bioprinted cartilage-mimicking substitute. Thus, the current study
9

provides novel cartilage-mimicking hydrogel materials and 3D-bio-
printed substitutes as an alternative treatment for articular cartilage
repair.

How to prepare photo-crosslinkable Wharton's jelly as bioinks for 3D
bioprinting is the first challenge that we faced. First, we selected Whar-
ton's jelly to prepare photo-crosslinkable hydrogels for the following two
reasons: 1) In contrast to animal-derived cartilage or derm acellular



Fig. 6. 3D bioprinting of BMSCs-loaded AWJMA/GelMA hydrogels. A) Temperature-sweep rheological analyses indicate that the printability of AWJMA/GelMA
hydrogels is based on the temperature-sensitive property. B) Photographs of 3D bioprinting by light-assisted extrusion molding. C) Optimization of the main printing
parameters of AWJMA/GelMA hydrogels, namely printing speed and pressure. D, E) The gross view (D) and microscope images (E) of 3D-bioprinted lattice constructs
with different gaps, namely 1.0 mm (i), 1.5 mm (ii), and 2.0 mm (iii). F) Live/dead and phalloidin staining of 3D-bioprinted lattice constructs with BMSC encap-
sulation after 1, 4, and 7 days of culturing in vitro.
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matrices, human-derived Wharton's jelly is biocompatible and hypo-
immunogenic with an abundant source [37]. 2) Wharton's jelly contains
cartilage-like components and several chondrogenic growth factors that
benefit cartilage regeneration. However, it is difficult to construct com-
plex architectures from widely used powder-like Wharton's jelly by
means of the prevailing technique of 3D bioprinting. Therefore, it is
necessary to prepare Wharton's jelly into soluble components as bioinks.
By referring to our groups' previously established photo-crosslinking
strategies for constructing acellular matrix-based hydrogels [38],
10
AWJMA was successfully prepared through a multi-step procedure of
decellularization, enzymatic digestion, MA modification, and lyophili-
zation, which was confirmed with 1H NMR and FTIR spectra. The results
of proteomics analysis further verified that acellular Wharton's jelly
reserved most of the ECM components found in the cartilage matrix and
contained chondrogenic active substances conductive to cartilage
regeneration.

Whether photo-crosslinkable Wharton's jelly-based bioinks could
realize 3D-bioprinting of cartilage-mimicking substitutes is the next



Fig. 7. Gross morphology and histological examinations of samples at 6 weeks. A) Full-thickness cartilage defects on rabbit knee joints were created and repaired
by the 3D-bioprinted cartilage-mimicking substitute. B) Gross views of the articular cartilage at 6 and 12 weeks post-surgery. C) Representative histological images of
H&E staining, Safranin-O staining, and type II collagen immunofluorescence staining of the cartilage defect areas of Untreated, Control, and Experimental groups at 6
weeks post-surgery. RC: repaired cartilage; IF: interface; NC: native cartilage.
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important issue. Although AWJMA hydrogels possessed ideal biocom-
patibility and chondrogenic activity, it exhibited low viscosity without
temperature-sensitive properties for supporting extrusion and resisting
collapse. To address the above problem, printable GelMAwas introduced
into AWJMA to form hybrid GelMA/AWJMA hydrogels, which exhibi-
ted temperature-sensitive sol-to-gel transitions suitable for extrusion-
based 3D bioprinting, as well as rapid photo-crosslinking to sustain
specific 3D shapes. Additionally, the combination ofGelMA and AWJMA
provided a hydrogel that exhibited not only suitable rheological and
mechanical properties but also reasonable swelling ratios and degrada-
tion rates. The current results demonstrated that 3D-bioprinted lattice
structures with high fidelity and clear resolution were successfully ach-
ieved by optimizing relevant parameters, such as applied pressure,
printing speed, and interfilament gap. The in vitro experiments further
confirmed that the BMSCs-loaded cartilage-mimicking substitute
11
exhibited superior advantages for BMSC survival, proliferation, and
spreading, which depended on the interconnected channels within the
3D-bioprinted architecture. More importantly, Wharton's jelly-based
hydrogels contained IGF and TGFβ active substances, which facilitated
the chondrogenic differentiation of BMSCs to some extent.

Finally, whether the 3D-bioprinted cartilage-mimicking substitute
could repair full-thickness articular cartilage defects was a very impor-
tant preclinical consideration. In this study, BMSCs were selected as seed
cells for the construction of 3D-bioprinted cartilage-mimicking substitute
because autogenous BMSCs are easily obtained by minimally invasive
approach, as well as a definite chondrogenic differentiation potential
under the in situ cartilage-specific microenvironment. The current results
demonstrated that cartilage defects in both BMSCs-loaded and BMSCs-
free groups were satisfactory repaired with cartilage-specific matrix
deposition and clear epiphyseal line-like structures at 12 weeks, whereas



Fig. 8. Histological examinations of samples at 12 weeks post-surgery and histological scores at 6 and 12 weeks post-surgery. A) Representative histological
images of H&E staining, Safranin-O staining, and type II collagen immunofluorescence staining of the cartilage defect areas of Untreated, Control, and Experimental
groups at 12 weeks post-surgery. RC: repaired cartilage; IF: interface; NC: native cartilage. B) International Cartilage Repair Society (ICRS) scores of samples at 6 and
12 weeks post-surgery. C) Modified O'Driscoll histology scoring system (MODS) scores of samples at 6 and 12 weeks post-surgery. *p < 0.05, **p < 0.01, ***p < 0.001.
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defects in the untreated group were repaired with disorganized fibrous-
like tissue. Notably, BMSCs-loaded groups achieved defect repair with
mature hyaline cartilage at 6 weeks, indicating that the cartilage defect
repair rate was faster, and the regenerated cartilage thickness and quality
were better than those of the BMSCs-free group. This is attributed to the
following reasons: 1) 3D-bioprinted lattice structures have inter-
connected channels that facilitate the enrichment of local autologous
stem cells from the injured subchondral bone, as well as nutrient trans-
port in joints. 2) The addition of extra BMSCs provides sufficient seed
cells for cartilage defect repair. 3) Stem cell differentiation and cartilage-
specific repair are mediated by Wharton's jelly-based scaffolds and the in
situ microenvironment.
12
5. Conclusion

In summary, we developed novel 3D-bioprinted cartilage-mimicking
substitutes for full-thickness articular cartilage defect repair. Human-
derived Wharton's jelly is biocompatible and hypoimmunogenic with
an abundant source, which has a broad prospect for clinical applications
and cartilage tissue engineering. Furthermore, the hybrid design of
photo-crosslinkable GelMA and AWJMA components facilitates the 3D
printing of cartilage-mimicking substitutes with suitable physicochem-
ical properties and ideal biological activities, which enables full-
thickness articular cartilage defect repair. In future, this strategy
together with other advanced techniques (e.g., microfracture and
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arthroscopy) will enable 3D bioprinting of individually customized
elaborate cartilage-mimicking substitutes with larger sizes and more
complex morphologies for articular cartilage defect repair. Although the
current work represents a proof-of-concept study using the rabbit models,
after a preclinical evaluation in a big animal model with a long-term
follow up, we can envision that 3D bioprinting is a promising strategy
for articular cartilage defect repair.
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