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Abstract
Current therapies for articular cartilage defects or degeneration, such as 
osteoarthritis, remain largely unsatisfactory. There are significant clinical demands 
for the development of more efficient approaches to enhance the repair or 
regeneration of articular cartilage lesions. In this study, a newly defined alginate-
gelatin (A-G) composite bioink was synthesized using the carbodiimide chemistry 
crosslinking method. Then, the dual-crosslinking (DC) bioscaffolds containing both 
chemical and ionic networks were fabricated by 3D-bioprinting technique and Ca2+ 
treatment. Mimicking the mechanical properties of the pericellular matrix of native 
articular cartilage, the optimized networks formed in the DC bioscaffolds provided 
a desirable Young’s modulus and geometric constraints, which were superior to 
that of the single-crosslinking control group. Chondrocytes encapsulated in the 3D 
printed A-G-DC bioscaffolds exhibited above 95% viability and higher proliferation 
rate compared to those in the alginate-only group after 7 days of in vitro culture. 
Chondrogenic differentiation in vitro was improved in the A-G-DC bioscaffolds 
compared to that of the alginate-only group, indexed by upregulation of 
chondrogenic marker gene expression, including SOX9, COL2A1, COMP, and ACAN. In 
subcutaneous transplantation and osteochondral defect models in severe combined 
immunodeficiency mice, the A-G-DC bioscaffolds exhibited superior chondrogenesis 
and repair capacity compared to the alginate-only or no-implant control groups. 
This was evidenced by increased expression of SOX9 and collagen type II (Col II) and 
higher ICRS II scores. These findings demonstrate that the biomechanically inspired 
A-G composite bioink and the 3D-printed A-G-DC bioscaffolds possess excellent cell 
biocompatibility, satisfactory biomechanical properties, and the ability to promote 
chondrogenesis, making them a promising candidate for enhancing cartilage 
regeneration in patients with articular cartilage lesions. 
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1. Introduction
Osteoarthritis (OA) is a high-prevalence disease 
worldwide, with a rising incidence because of population 
aging. Articular cartilage has a very limited capacity 
for self-repair, often due to the lack of vasculature, 
innervation, and lymphatic supply. In the early stage of 
OA, the collapse of collagen fibers leads to a significant 
instability of the structures of the pericellular matrix 
(PCM) and extracellular matrix (ECM). These alterations 
in the local microenvironment stimulate the production 
of degradation enzymes such as matrix metalloproteases 
(e.g., MMPs) and aggrecanases (e.g., ADAMTS), which 
further exacerbate the degeneration of articular cartilage. 

Traditional therapeutic strategies for OA, including 
nonsteroidal anti-inflammatory drugs (NSAIDs), 
microfracture, and osteochondral transplantation (OCT) 
surgery, remain unsatisfactory and are often associated 
with severe side effects, such as secondary lesions from 
the donor side and long-term intervention.1–3 To address 
these difficulties, tissue engineering is emerging as a 
promising strategy, in which biomaterials, chondrogenic 
cells, biomechanical stimuli, and bioactive factors are 
combined to fabricate an engineered cartilage tissue to 
facilitate chondrogenesis and hyaline cartilage formation.4,5 
In parallel, an additive manufacturing technique, 3D 
bioprinting, utilizes computer-aided design to precisely 
place stem/progenitor cells in specific positions within 
the 3D-printed bioscaffolds, enabling the production 
of personalized tissue-adapted implants to facilitate 
drug screening, disease modeling, and regenerative 
transplantation.6,7 Various bioprinting techniques, 
including methods based on extrusion, inkjet, laser, 
and stereolithography, are widely applied across diverse 
functions and situations.8 Extrusion-based bioprinting 
employs pneumatic or screw-driven systems to extrude 
materials through a nozzle, enabling the layer-by-layer 
assembly of complex 3D structures compatible with a 
broad range of biomaterials.9–11 Despite its limitations in 
resolution and potential risks for inducing cellular stress, 
extrusion-based bioprinting remains a popular choice due 
to its cost-effectiveness, high throughput, and enhanced 
printability through bioink design innovations. Inkjet-
based bioprinting is a non-contact technique that sprays 
bioink droplets onto a substrate to build layers, however, 
high-viscosity bioinks may clog the nozzle.12 Laser-assisted 
bioprinting uses focused laser pulses to deposit bioinks 
with high precision, though it is costly and complex.13 
Stereolithography uses light penetration to cure bioinks 
layer by layer without nozzle contact, providing high 
resolution and reduced cellular stress. However, it is not 
cost-effective, and the range of compatible biomaterials is 
still limited.14,15

The 3D-printed bioscaffolds serve as the artificial PCM 
and ECM to provide a specific 3D microenvironment to 
modulate cellular processes including cell attachment, 
migration, proliferation, and differentiation.16–18 A key 
focus in this field is the development of bioscaffolds 
with satisfactory biomechanical properties and excellent 
biocompatibility to promote chondrogenesis and 
improve transplantation success for articular cartilage 
repair or regeneration. Previous studies indicate that the 
application of biopolymer hydrogel-based bioinks is a 
key element in the bioprinting of cartilage tissue.19,20 The 
composite bioinks overcome the drawbacks of the single-
component bioinks and have multifunctional effects on 
cartilage regeneration.21,22 For instance, multiple synthetic 
polymers are bioinert, while pure natural biomaterials 
usually lack sufficient biomechanical properties and 
printability. Therefore, dual-crosslinking (DC) hydrogels 
are considered promising bioink candidates, as they graft 
other functional moieties to promote cell adhesion and 
proliferation while forming more rigid networks that 
provide geometric constraints with improved biomimetic 
mechanical properties.23,24 It is frequently blended with 
positively charged biomaterials or modified to enhance 
adhesive properties, such as through the introduction 
of the arginyl-glycyl-aspartic acid (RGD) motif, a cell-
binding amino acid sequence comprising arginine, glycine, 
and aspartate.25,26

In this study, a novel alginate-gelatin (A-G) 
composite bioink was developed. Following the 
gelation process, a composite DC hydrogel formed, 
consisting of two types of crosslinking networks, the 
covalent and the ionic bonds. Before printing, the first 
chemically crosslinked network was generated by using 
carbodiimide chemistry crosslinking method, where 
1-ethyl-(dimethylaminopropyl) carbodiimide (EDC) and 
N-hydroxysulfosuccinimide (Sulfo-NHS) were used as 
a two-step coupling reaction to form amide linkages (a 
category of covalent bonds) between amino groups from 
the gelatin part and carboxylate moieties on the alginate 
backbone.27 The extrusion-based bioprinting technique 
was selected to fabricate the A-G pre-hydrogel due to 
its high throughput and ability to accommodate high 
cell densities (e.g., 1.5 × 106 cells / 30 μL). Following the 
printing process, the A-G pre-hydrogel scaffold can be 
crosslinked by divalent cations (e.g., Ca2+ and Mg2+) to 
form the ionic bonds as the second crosslinking in a stable 
3D hydrogel construct.28

Our study demonstrated that the 3D-printed 
dual-crosslinked alginate-gelatin (A-G-DC) hydrogel 
bioscaffolds exhibited advanced capacities, including (1) 
excellent shape fidelity and high mechanical properties 
post-bioprinting, attributed to an optimized degradation 
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rate and the formation of more rigid networks to develop 
a biomimetic microstructure; (2) high cell viability, 
enhanced proliferation and chondrogenic differentiation 
potential of chondrocytes incorporated in the A-G-DC 
hydrogel bioscaffolds, leading to the excellent neocartilage 
formation in the osteochondral defect region. Additionally, 
the modified biomechanical microenvironment 
in the A-G-DC hydrogel bioscaffolds matched the 
stiffness of native chondrocyte PCM, promoting better 
cell–matrix interaction. Our findings highlight the 
potential of integrating mechanobiology application 
and 3D-bioprinting technology into cartilage tissue 
engineering, emphasizing the importance of biomimetic 
bioscaffolds in regulating chondrocyte fate and promoting 
the repair or regeneration of articular cartilage lesions.

2. Materials and methods
2.1. Materials
Sodium alginate (from brown algae), gelatin type A 
(from porcine skin), and calcium chloride were supplied 
by Sigma-Aldrich (USA). EDC was purchased from Tele 
Communication Integrate (TCI) (Shanghai, China) and 
Sulfo-NHS was obtained from J&K Scientific (Beijing, 
China). 2-(N-morpholino)-ethanesulfonic acid (MES) 
was purchased from United States Biological (USB) 
(USA). Dialysis membranes with Molecular Weight Cut-
Off (MWCO) 14 kDa were purchased from Spectrum 
Laboratories (USA). 

2.2. Fabrication of the dual-crosslinked and the 
single-crosslinked A-G hydrogel bioscaffolds

2.2.1. Preparation of A-G 
composite biomaterial/bioink
The EDC-treated A-G composite biomaterial was 
synthesized using the carbodiimide chemistry crosslinking 
method, which combined sodium alginate and gelatin at 
specific concentrations to constitute an interpenetrating 
network held together by chemical bonds. Briefly, sodium 
alginate (2% weight/volume, w/v) was added to 1% w/v 
EDC and 0.25% w/v Sulfo-NHS in 10 mM MES buffer. 
After 20 h of mixing on a magnetic stirrer, gelatin (4% 
w/v) was added at a concentration twice that of alginate to 
the alginate solution and stirred for 20 min. The resulting 
EDC-treated A-G solution was subsequently purified in a 
14 kDa dialysis bag for 3 days, followed by lyophilization 
and storage at –20°C for further use.29 The lyophilized non-
EDC-treated A-G composite biomaterial was prepared 
similarly by mixing alginate and gelatin at specific 
concentrations but with the carbodiimide chemistry 
crosslinking step replaced by the Ca2+ crosslinking, which 
was performed after 3D-printing. When the 3D printing 

was needed, the lyophilized EDC-treated and non-EDC-
treated A-G composite biomaterials were reconstituted 
in phosphate-buffered saline (PBS) and mixed with or 
without cells, serving as the bioink for printing the A-G-
DC hydrogel bioscaffolds or the single-crosslinked alginate 
and gelatin (A-G-SC) hydrogel bioscaffolds. The design of 
the EDC-treated A-G composite bioink and the fabrication 
of the chondrocytes/A-G-DC hydrogel bioscaffolds are 
illustrated in Scheme 1.

2.2.2. 3D-printing of the A-G-SC and A-G-DC hydrogel 
bioscaffolds without cells
The hydrogel bioscaffolds were printed by a 3D bioprinter 
(Bioscaffoder 3.1, GeSim, Germany) based on an 
extrusion mechanism (Scheme 1B). The EDC-treated 
and non-EDC-treated A-G bioinks were loaded in a 10 
mL printing cartridge (Nordson EFD, GmbH, Germany) 
under the pneumatic pressure of 40–80 kPa and passed 
through a nozzle with an outlet diameter of 420 µm. The 
pneumatic pressure applied to the printing cartridge was 
controlled by a specific dispenser. The printed models 
featured an interconnected pore network, with each layer 
printed perpendicular to the previous one, and layers with 
the same orientation printed at a distance of 0.8 mm.  The 
detailed printing dimensions and other related printing 
parameters of the model were written into the G-Code 
file and uploaded to initiate the printing process (Table 1).  
Upon completion of the printing, the pre-hydrogels 
were immediately immersed in 100 mM of calcium 
chloride (CaCl2) solution for 10 min to form the A-G-SC 
hydrogels bioscaffolds with ionic bonds only or the A-G-
DC hydrogels bioscaffolds with both covalent and ionic 
bonds, followed by a wash with PBS buffer. The resulting 
A-G-SC and -DC hydrogels were designated as AnGm-
SC and -DC, where n and m indicate the initial specific 
concentrations (%) at which the alginate and gelatin 
materials were blended. 

2.3 Characterization of the hydrogel bioscaffolds 
without cells

2.3.1 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was 
utilized to determine the formation of the covalent bond 
between alginate and gelatin by the carbodiimide chemistry 
crosslinking. Both EDC-treated and non-EDC-treated 
A-G bioinks with concentration of A3G6 and A4G8 were 
prepared and printed into monolayers of thin films and 
then crosslinked in 100 mM of CaCl2 for 10 min followed 
by PBS wash. The resulting films were dried overnight at 
4°C and subsequently analyzed using FTIR spectroscopy. 
The absorption spectra of the films were recorded in the 
wavenumber range of 4000–400 cm−1 at room temperature.

https://doi.org/10.36922/ijb.5230


Composite bioink for cartilage engineering

319Volume 11 Issue 2 (2025) doi: 10.36922/ijb.5230

International Journal of Bioprinting

2.3.2. Determination of the degree of the 
carbodiimide chemistry crosslinking
The degree of the covalent crosslinking between alginate 
and gelatine following the EDC treatment was determined 
by ninhydrin assay.30 To establish a standard curve, glycine 
(Sigma-Aldrich, USA) was diluted to concentrations 
ranging from 0 to 10 mg/mL in 1 mg/mL increments. 
The mean absorbance for each glycine concentration was 
plotted to generate a standard curve. Both EDC-treated 
and non-EDC-treated A3G6 and A4G8 bioinks were 
diluted 10 times simultaneously and plated in triplicates 
in 96-well plates. A solution of 12 mM of ninhydrin in 
ethanol was added in a 1:8 volume/volume (v/v) ratio of 
ninhydrin to the samples to make a total volume of 100 µL. 

Scheme 1. The design of EDC-treated A-G composite bioink and the fabrication of A-G-DC chondrocytes/bioscaffold. (A) Synthesis of A-G 
composite biomaterial using chemical modification approach. (B) Fabrication of the chondrocytes-encapsulated A-G composite bioink and 3D-printing 
of the chondrocytes/A-G-DC hydrogel bioscaffolds possessing the biomechanical properties mimicking the PCM of cartilage. (C) Functional evaluation 
of chondrogenesis of the 3D-printed chondrocytes/A-G-DC hydrogel bioscaffolds in the subcutaneous transplantation model and the osteochondral 
defect model in the SCID mice. The diagram was generated with BioRender scientific illustration software. Abbreviations: A-G, alginate-gelatin; DC, 
dual crosslink; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS, N-hydroxysuccinimide; PCM, pericellular matrix; SCID, severe combined 
immunodeficiency.

Table 1. 3D printing parameters for the A-G composite 
bioscaffolds

Parameter Values

External dimensions 5 × 5 × 1.2 mm3

Fiber width 420 µm

Inter-fiber distance 0.8 mm

Angle between fibers 90°

Printing pressure 40–80 kPa

Printing velocity 3–4 mm/s

Nozzle diameter 0.42 mm

Crosslinking time (CaCl2) 10 min
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Then, the plates were sealed and incubated in a 70 °C oven 
for 20 min. The absorbance at 570 nm was measured using 
a 96-well plate microplate reader (SpectraMax, Molecular 
Devices, CA, USA), and the residue gelatin concentrations 
in the samples were calculated based on the standard curve. 
The degree of the covalent crosslinking was calculated 
using the following Equation I:

Degree of crosslinking
NH NH

NH
nt t

nt

2 2

2
� (I)

where (NH2)nt and (NH2)t represent the mole fractions 
of free amino groups in the control and EDC-treated 
samples, respectively.

2.3.3. Degradation test
The degradation of A-G hydrogel scaffolds was indicated 
by the relative amount of dissolved gelatin, which was 
measured and quantified using a bicinchoninic acid (BCA) 
protein assay kit (Thermo Scientific, USA). The printed 
A-G-SC and A-G-DC hydrogel bioscaffolds without cells 
were immersed in PBS buffer and placed in the incubator 
set at 37 °C with 5% CO2. On the 1st, 2nd, 3rd, 5th, 7th, and 
10th day, the supernatant of each sample was harvested and 
measured using the BCA protein assay kit, as previously 
described,31 to determine the gelatin release concentration. 
The total release concentration was obtained by summing 
the daily release concentrations from previous days, as 
shown in the Equation II below: 

	

Total releaseconcentration day
Releaseconcentration d

m( ) =
aay

Releaseconcentration day
Releaseconcentrati

1

2

( )
+ ( ) +…
+ oon daym( )

� (II)

2.3.4. Mechanical test
A compression test was performed to determine the 
mechanical properties of the 3D-printed cell-free A-G-
SC and A-G-DC hydrogel bioscaffolds using a mechanical 
tester (Mach-1 v500csst, Biomomentum Inc., Canada). The 
tests were carried out at a compression rate of 0.0167 mm/s 
for each sample until the sample was fractured completely. 
The relative Young’s modulus was calculated from the 
slope of the linear region of the strain‒stress curve and the 
fracture point was recorded as the point at which the stress–
strain curve dropped suddenly, as previously described.32

The viscoelastic property measurement was also 
evaluated using a Mach-1 v500csst mechanical tester. 
The printed hydrogel samples were placed between the 
rheometric plates and subjected to slight compression 

of around 0.1 N. Amplitude sweep tests were performed 
under strain control, with the strains ranging from 0.01% 
to 10%, and the oscillation frequency was maintained at 
a constant 1 Hz. Frequency sweep tests were conducted 
under stress control mode, where the frequency range was 
typically between 0.1 and 10 Hz.

2.3.5. Morphology
The morphology of the 3D-printed hydrogel bioscaffolds 
was examined by scanning electron microscopy (SEM) 
(JSM-5600, JEOL, Japan). The samples were swollen in 
distilled water at 37 °C overnight, and then the swollen 
hydrogels were immersed in liquid nitrogen for shape 
maintenance. Following the lyophilization process, the 
samples were transferred to the platform, coated with gold-
palladium by a sputter coater (Edwards, UK), and imaged 
by SEM at a voltage of 5 kV.

2.4. Isolation and culture of murine chondrocytes
Murine chondrocytes derived from the ribs of newborn 
C57BL/6 mice were isolated and cultured following an 
established protocol.33,34 Under sterile conditions, the rib 
tissue was digested by collagenase I (Gibco, Invitrogen, 
USA) and collagenase D (Roche Diagnostics GmbH, 
Germany). Following that, the impurities were removed 
by filtering with a cell strainer (70 µm, Falcon, USA), 
and the chondrocytes were obtained by centrifugation. 
Then, the chondrocytes were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, Invitrogen, 
USA) supplemented with 1% penicillin/streptomycin 
sulfate (P/S) (Gibco, Invitrogen), 1% L-glutamine (Gibco, 
Invitrogen), and 10% fetal bovine serum (FBS) (Gibco, 
Invitrogen) and incubated in a humidified incubator set 
at 37 °C with 5% CO2. Following the cell adherence, the 
medium was replaced every 2 days until the cells became 
confluent. Chondrocytes at passage less than three were 
used for the experiments.

2.5. Chondrocytes encapsulated-hydrogel 
bioscaffolds 
Before cell encapsulation experiments, all solutions were 
autoclaved at 121 °C or sterilized via filtration through 
a disposable 0.22 𝜇m syringe filter (Millipore, USA) in a 
biological safety cabinet. The chondrocytes were suspended 
at a density of 1.5 × 106 /30 𝜇L in the bioinks and mixed 
well following the dual-syringe method.35 The total volume 
of cell suspension added was negligible compared to the 
whole volume of bioinks and did not significantly affect the 
final material concentration or viscosity.

Following the 3D-bioprinting and gelation processes 
as previously described, the chondrocyte encapsulated-
hydrogel bioscaffolds were transferred into 12-well plates 
containing DMEM and cultured at 37°C with 5% CO2 in a 
humidified incubator for further experiments.
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2.6. Cell viability and proliferation in the 
hydrogel bioscaffolds
For the visualization of live and dead cells encapsulated in 
the hydrogel bioscaffolds, a Live/Dead assay kit (Invitrogen, 
Thermo Fisher Scientific, USA) was used. The detection 
reagents were added to the medium at a specific dilution 
ratio (calcium = 1:2000; homodimer = 1:500), in which the 
bioscaffolds were cultured. After incubation in the dark 
at 37 °C for 20 min, the bioscaffolds were transferred to 
slides for observation under an IX83 inverted microscope 
(Olympus, Japan). The cell viability in the 3D-printed 
bioscaffolds was quantified by using the ImageJ software 
on the 1st, 3rd, and 7th day of culture. 

The relative cell proliferation rate of the chondrocytes 
growing in the 3D-printed bioscaffolds was assessed using 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Invitrogen, USA) assay on the 1st, 3rd, 
and 7th days of the chondrocyte encapsulated-hydrogel 
bioscaffold culture in the 12-well plates. After the cell 
culture medium was removed, 2 mL of 5 mg/mL MTT 
was added to each well of the 12-well plates to cover the 
bioscaffolds, followed by incubation at 37 °C. After 4 h of 
incubation, 1 mL of dimethyl sulfoxide (DMSO, Sigma‒
Aldrich, USA) was added, and the plate was shaken for 
20 min to dissolve the formazan salts. Then, the 200 𝜇L of 
resultant solution from each well was transferred to 96-well 
plates for quantification. The optical density was measured 
by a microplate reader (SpectraMax Plus, Molecular 
Devices, CA, USA) using 540 nm absorbance. The analysis 
was conducted in triplicate for each experimental group 
according to the manufacturer’s instructions. 

2.7. In vitro chondrogenesis in the 
hydrogel bioscaffolds
To evaluate the capacity of the 3D-printed hydrogel 
bioscaffolds in promoting chondrogenesis in vitro, 
the 3D-printed chondrocyte encapsulated-hydrogel 
bioscaffolds were cultured in the chondrogenic medium 
containing DMEM (high glucose) with 10% (v/v) FBS, 1% 
(v/v) P/S, 100 mM L-glutamine, 50 μg/mL ascorbic acid 

(pH 7.1), and 10 mM glycerophosphate (Sigma, USA). At 
Day 21, all samples were harvested for the evaluation of 
cartilage phenotypes. 

2.8. Quantitative real-time PCR
Each printed chondrocyte encapsulated-hydrogel 
bioscaffold was dissolved in 55 mM of sodium citrate 
(USB Corporation, USA) at 4 °C, and the total mRNA was 
isolated using a Qiagen RNeasy Kit (Qiagen, Germany). At 
least 0.5 𝜇g of isolated mRNA was transcribed to cDNA by 
using the oligo-dT12-18 primer (Invitrogen, USA) according 
to the manufacturer’s protocol (Promega). PCR was 
performed with 1 𝜇g of cDNA using SYBR Premix Ex Taq 
(Takara, Japan) in an ABI QuantStudio 7 (QS7) Flex Real-
Time PCR system (Thermo Fisher Scientific, USA). Each 
reaction was conducted in triplicate using the following 
protocol: 95 °C for 30 s and 40 cycles of 5 s at 95 °C. The 
gene expression data were normalized to the expression 
level of GAPDH. The primer sequences used for real-time 
PCR are listed in Table 2.

2.9. In vivo subcutaneous transplantation 
of 3D-printed chondrocyte-encapsulated 
hydrogel bioscaffolds
The in vivo experimental protocols were approved by the 
Animal Experimentation Ethics Committee, The Chinese 
University of Hong Kong and the Animal (Control of 
Experiments) Ordinance from the Department of Health, 
Hong Kong SAR. For subcutaneous transplantation, 
4-week-old male severe combined immunodeficiency 
(SCID) mice were anesthetized with a mixture of xylazine 
(5 mg/kg, Sigma-Aldrich) and ketamine (40 mg/kg, 
Alfasan, Holland). Following a 5-mm-long skin incision on 
the back of the SCID mice, the 3D-printed chondrocytes-
encapsulated hydrogel bioscaffolds were transplanted 
into subcutaneous pockets created by blunt dissection. 
Skin wounds were carefully closed with standard surgical 
procedures. The SCID mice were sacrificed by cervical 
dislocation, and the samples were collected after 6 weeks of 
subcutaneous transplantation.

Table 2. Primer sequences used for the quantitative real-time PCR

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)

SOX9
COMP
COL2A1
ACAN
COL1A1
MMP13
GAPDH

ATGAATCTCCTGGACCCCTT
GCGAAACGTGGGTTGGAA

CCTGTCTGCTTCTTGTAAAAC
GAGGTTCCCTGGAGCAGCA

GAGCGGAGAGTACTGGATCG
GGTCCCAAACGAATTAACTTACA

TGAACGGGAAGCTCACTGG

AACTTTGCCAGCTTGCACGT
GCCGGTGCTGCAGGAA

AAAAAATACAGAGGTGTTTGACACGA
GGTCTGCACTACACGATGCCT
GCTTCTTTTCCTTGGGGTTC

CCTTGAACGTCAGGAAGC
TCCACCACCCTGTTGCTGTA
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2.10. Mouse osteochondral defect model
The mouse osteochondral defect model was established 
with modification to a previously documented protocol.36 
In brief, 8-week-old SCID mice were subjected to 
anesthesia using a cocktail of xylazine (5 mg/kg) and 
ketamine (40 mg/kg). Under sterile conditions, a 1 mm 
diameter and 1 mm deep osteochondral defect was created 
in the patellar groove using a fine drill. Then, the defect area 
was implanted with a hydrogel bioscaffolds with or without 
chondrocytes. The defect group without implants was 
used as a negative control. Following the transplantation 
process, the wounds were carefully sutured using standard 
surgical procedures. For the post-surgery treatments, 
analgesics (buprenorphine HCl, 0.02 mg/kg/day) were 
administrated once per day for 3 days. In addition, the 
animals were monitored daily during the initial weeks. The 
mice were euthanized by cervical dislocation at 12 weeks 
post-surgery, and cartilage samples from the distal femur 
were harvested. 

2.11. Histochemical and  
immunohistochemical analysis 
The samples from the subcutaneous transplantation model 
and the osteochondral defect repair model were subjected 
to paraffin embedding and sectioning for histological and 
immunohistochemical analysis. In brief, the samples were 
fixed with 4% paraformaldehyde (PFA) for 2 days and 
decalcified with 10% EDTA solution for 2 weeks at room 
temperature, followed by tissue processing by Excelsior ES 
Tissue processor (Thermo Scientific, USA) and paraffin 
embedding. For the frozen sectioning, the specimens of 
subcutaneously transplanted bioscaffolds were fixed in 
4% PFA solution overnight at 4°C. Subsequently, the fixed 
specimens were filtrated in O.C.T. compound (Tissue-Tek, 
Sakura Finetek, USA) and immersed in liquid nitrogen 
to prepare cryo-sections. Sections with a thickness of 10 
𝜇m each were collected on adhesion slides (HistoBond, 
Germany) and stained with hematoxylin and eosin (H&E), 
Alcian blue, and Safranin O to visualize and evaluate the 
cell morphology and the ECM components.

Immunohistochemical (IHC) staining was conducted 
following the manufacturer’s protocol (Life Technologies, 
USA). The expression of collagen type II (Col II) 
(1:100, Abcam), SOX9 (1:100, Abcam), proliferating 
cell nuclear antigen (PCNA) (1:200, CST), and matrix 
metalloproteinase 13 (MMP13) (1:100, Abcam) was 
examined in cryo-sections. The staining with relevant IgG 
or without the primary antibody was used as a control for 
the nonspecific binding of the secondary antibody. The 
quantification of SOX9 positive cell numbers and the 
integrated optical density for Col II were performed using 
the ImageJ software. The International Cartilage Repair 

Society II (ICRS II) grading system37 was employed to 
assess the quality of the cartilage repair in the different 
implant groups in the mouse osteochondral defect model. 
H&E and Safranin O staining were used to visualize 
tissue morphology and matrix content. Each sample was 
evaluated according to the ICRS II criteria, including 
surface architecture, matrix staining intensity, cell 
distribution and morphology, cell viability, subchondral 
bone morphology, and tissue integration at the repair 
site. The final score for each sample was determined by 
averaging the scores assigned by three observers.

2.12. Statistical analysis
All quantitative data were presented as means ± standard 
deviation. Quantification results were analyzed and 
graphed by using GraphPad Prism 8 (Dotmatics, USA) or 
Origin software (OriginLab Corporation, USA). ANOVA 
with Bonferroni correction was used to analyze the data 
from multiple groups. For the experiments comparing 
between two experimental groups only, the t-test was 
performed. p <0.05 was defined as statistically significant.

3. Results and discussion
3.1 Efficient formation of covalent bonds between 
alginate and gelatin in the A-G composite 
biomaterial reaction system
To determine if covalent bonds (Schiff ’s base) were formed 
between alginate and gelatin following the carbodiimide 
chemistry crosslinking, thin films printed from the EDC-
treated A-G and non-EDC-treated A-G bioinks were 
analyzed by FTIR. Based on the previous studies,38,39 the 
peaks at 1621 and 1557 cm−1 from the FTIR spectrum 
represented the formation of Schiff ’s base bonds, indicating 
the covalent crosslinking between alginate and gelatin. As 
expected, the spectrum of the EDC-treated group revealed 
two peaks at 1620 and 1560 cm−1, which corresponded to 
Schiff ’s base bonds, confirming the covalent crosslinking 
between alginate and gelatin. In the non-EDC-treated 
control group, only one peak was observed in the 
1700–1500 cm−1 region, indicating the presence of C=O 
stretching bonds in the carboxylic acid group (Figure  1A). 

To quantify the degree of the covalent crosslinking 
between alginate and gelatin in the A-G composite 
biomaterial reaction system, an optimized colorimetric 
ninhydrin assay was performed. Ninhydrin reacted 
with the primary amines from the unconjugated gelatin 
resulting in the formation of Ruhemann’s purple 
(Figure 1B). The degree of the covalent crosslinking was 
determined by measuring the remaining free amine after 
conjugation, calibrated to the standard curve. Our results 
indicated that the free gelatin concentration in the EDC-
modified A-G group was consumed significantly more 
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than that in the A-G control group (Figure 1C) owing to 
carbodiimide chemistry crosslinking. The degree of the 
covalent crosslinking in the A-G composite biomaterial 
reaction system was 44.6%, as calculated by the above 
Equation I (as described in Section 2.3.2). These results 
suggested that the A-G composite biomaterial was 
synthesized successfully, where alginate and gelatin were 
bound to form covalent bonds (Schiff ’s base) by using 
the carbodiimide method, and a highly efficient covalent 
crosslinking between alginate and gelatin was achieved. 

3.2. Viscosity measurements for the A-G composite 
bioinks and viscoelastic characterization of the 
corresponding hydrogel bioscaffolds
Bioinks with good printability are usually characterized by 
optimized viscosity, good biocompatibility, and structure 
designability. In particular, controlling the desirable 
viscosity of bioinks is crucial for successfully printing 
3D structures while maintaining cell viability.40 However, 

meeting these requirements remains challenging, as 
bioinks are expected to exhibit shear-thinning properties, 
with relatively low viscosity to ensure smooth flow during 
the printing process under high shear rates. In contrast, the 
viscosity of bioinks is expected to increase after printing 
to maintain shape fidelity.41 Additionally, insufficient 
concentrations of alginate and gelatin may also lead to loss 
of dimensional stability and interfacial layers. On the other 
hand, using extremely robust and fully crosslinked A-G 
bioinks would be unsuitable due to their susceptibility to 
harmful printing shear stress and poor interlayer adhesion. 

To illustrate the biomechanical and biological 
advantages of the A-G composite bioinks following EDC 
treatment, a pure alginate bioink was chosen as the control 
group. Previous studies indicated that an alginate-to-
gelatin ratio of 1:2 is optimal for achieving sufficient RGD 
peptide binding on the alginate structure.42 As depicted in 
Figure 2A, the viscosity of A6 (6% alginate, w/v), A3G6 (3% 

Figure 1. Characterization of the covalent bond formation and efficient covalent crosslinking between alginate and gelatin in the A-G composite biomaterial 
reaction system following EDC modification. (A) FTIR spectra characterizing the covalent bond formation between alginate and gelatin following the 
fabrication of the EDC-crosslinked A-G hydrogel films, with a non-EDC-crosslinked counterpart as control. (B) A ninhydrin test was performed to measure 
the free amino groups in the A-G composite biomaterial reaction system after EDC treatment, with a non-EDC-crosslinked counterpart as control. The 
blue color in the culture plate well indicates the existence of free amino groups in the control group, while the EDC-treated group showed much fewer free 
amino groups, indicating the efficient covalent crosslinking between gelatin and alginate. (C) Quantification of the residue gelatin concentration in the A-G 
composite biomaterial reaction system. * p < 0.05, n = 3. Abbreviations: A-G, alginate-gelatin; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; 
FTIR, Fourier-transform infrared spectroscopy.
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alginate with 6% gelatin, w/v), and A4G8 (4% alginate with 
8% gelatin, w/v) bioinks slightly decreased with increasing 
shear rate, indicating that the selected bioinks possessed 
the shear-thinning properties, which are often desirable 
for micro-extrusion applications to achieve high resolution 
and create patterns with multiple cell types. To determine 
the proper viscosity during the printing process, the shear 
rate (γ) was calculated by the Weissenberg‒Rabinowitsch‒
Mooney equation,43 as shown below:

	 �
�

� 4
3

Q
r

� (III)

where Q is the rate of flow volume and r is the 
capillary radius.

Therefore, the detailed viscosity measurements of the 
bioinks exhibited a range of viscosity values across various 
bioink categories and concentrations, varying from 20 to 
100 Pa.s. This indicates that different printing pressures 
were also required to ensure bioinks being extruded 
smoothly and continuously. Consequently, pure alginate 
control group (A6) and A-G composite bioink groups 

(A3G6 and A4G8) (Figure 2B) were chosen for further 
experiments due to their ability to keep a smooth printing 
strand and maintain good scaffold shape fidelity during the 
printing process.

To evaluate the viscoelastic properties of the 3D A-G 
hydrogel bioscaffolds, the non-EDC-treated A-G-SC and 
the EDC-treated A-G-DC constructs were subjected to 
dynamic mechanical measurement of frequency sweep 
(Figure 2C) and amplitude sweep (Figure 2D). 

The analysis of storage modulus (Gʹ) and loss modulus 
(G˝) demonstrated that both A-G SC and A-G DC hydrogel 
bioscaffolds were elastic and exhibited solid-like behavior 
in the normal cases, where no significant variation in 
phase angles was observed when the frequency or the 
strain changed.44  The phase angle is the angle between the 
storage modulus (Gʹ) and the complex modulus, which 
comprises the storage modulus (Gʹ) and the loss modulus 
(G˝), and it represents the viscoelastic properties of the 
material. However, the phase angles in the SC groups 
significantly increased at high frequencies compared to the 
DC groups, indicating that more energy was dissipated and 
lost in the SC groups, while being stored in the DC groups. 

Figure 2. Viscosity measurements for the EDC-modified A-G composite bioinks and viscoelastic characterization of the corresponding hydrogel 
bioscaffolds. (A) The viscosity of A6, A3G6, and A4G8 composite bioinks against the increased shear rate. (B) The viscosity of A6, A3G6-DC, and A4G8-
DC under 3D bioprinting conditions at room temperature. Storage modulus G’ and loss modulus G’’ of the 3D-printed A-G hydrogel bioscaffolds on 
frequency sweep (C) and amplitude sweep (D). Abbreviations: A-G, alginate-gelatin; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.
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This suggests that a stiffer and more stable polymer chain 
structure exists in the DC groups.

3.3. The A-G-DC hydrogel bioscaffolds exhibit better 
shape retention and higher Young’s modulus than 
A-G-SC and alginate-only hydrogel bioscaffolds 
The biomechanical microenvironment, defined by the 
matrix stiffness and mechanical stimulations from the 
biomaterials in which chondrocytes grow, can significantly 
influence the chondrocyte phenotype and function.45–47 
Before we incorporated cells into the A-G composite 
biomaterials, we further tested whether the biomechanical 
properties of the hydrogel scaffolds printed from the EDC-
modified A-G composite biomaterials were more stable 
and superior to those printed from the non-EDC-modified 
A-G composite biomaterials. We incubated the A3G6-DC, 
A3G6-SC, A4G8-DC, and A4G8-SC hydrogels in PBS 
buffer at 37 °C with 5% CO2. On the 1st, 2nd, 3rd, 5th, 7th, 
and 10th days, we assessed the degradation properties by 
observing oval retention and measuring the concentration 
of the released gelatin in the supernatant daily and 
cumulatively using the BCA protein assay kit. Gelatin 

has a melting point below natural body temperature 
when it is not chemically modified or mixed with another 
cross-linking polymer.48

The A3G6-DC hydrogel bioscaffolds maintained good 
shape throughout the culture period, while the A3G6-SC 
samples lost their shape fidelity gradually from Day 3 and 
entirely collapsed by Day 7 (Figure 3A). The gelatin release 
kinetics showed that the daily gelatin concentration in 
the supernatant of the A3G6-DC group was dramatically 
lower than that of the A3G6-SC group in the first 5 days 
(Figure 3B). The same assay was also performed on the 
A4G8-DC and A4G8-SC groups and similar results were 
obtained (data not shown). These results indicated that 
following the carbodiimide chemistry crosslinking, the 
A-G-DC hydrogel bioscaffolds exhibited better thermal 
stability than the A-G-SC counterparts. 

Next, the A-G-SC and A-G-DC hydrogel bioscaffolds 
were subjected to the unconfined compressive test, from 
which the Young’s modulus was calculated and compared to 
the alginate-only group (A6) (Figure 3C). The presence of a 
solely ionic network in the printed SC hydrogel bioscaffolds 

Figure 3. Enhanced biomechanical properties and characterization of the microstructure of the 3D printed A-G-DC hydrogel bioscaffolds. (A) The 
shape retention of A3G6-SC (control) and A3G6-DC (EDC-treated) hydrogel bioscaffolds incubated in PBS at 37 °C from Day 1 to Day 7. (B) Daily 
concentrations of released gelatin from A3G6-SC (control) and A3G6-DC (EDC) hydrogel bioscaffolds at indicated time points. (C) Young’s modulus 
comparison among indicated hydrogel bioscaffolds. (D) The compressive strength of the indicated hydrogel bioscaffolds. (E) Representative SEM images 
of the microstructure of the A6, A3G6-DC, and A4G8-DC hydrogel scaffolds. Scale bar: 300 μm. (F) Measurement of the average pore size (diameter) of 
the A6, A3G6-DC, and A4G8-DC hydrogels scaffolds. (G) Representative images of printed bioscaffolds of A6, A3G6-DC, and A4G8-DC. Compared with 
the A6, *** p < 0.001, **** p < 0.0001; compared with the relevant SC groups, ### p < 0.001; n = 3. Abbreviations: A-G, alginate-gelatin; DC, dual crosslink; 
EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; PBS, phosphate buffered saline; SEM, scanning electron microscopy.
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did not improve Young’s modulus in comparison to the 
alginate-only group. However, a significant increase in 
Young’s modulus was observed in the DC groups. The 
Young’s modulus of either A3G6-DC (23.43 ± 0.28 kPa) 
or A4G8-DC (28.03 ± 2.44 kPa) hydrogel bioscaffolds was 
close to the Young’s modulus of the PCM at the surface 
zone (24.0 ± 8.9 kPa) and middle/deep zone (23.2 ± 7.1 
kPa) of the native cartilage documented previously,49 while 
the Young’s modulus of A3G6-SC (9.98 ± 0.75 kPa) or 
A4G8-SC (10.86 ± 0.22 kPa) was much lower than that. 
These results indicate that dual crosslinking resulted in a 
more connected and rigid network, which may provide 
higher strength and resistance and potentially facilitate 
cell response to biomechanical stimulus alterations50 when 
cells are incorporated. 

Owing to the lower stiffness, A3G6-SC and A4G8-
SC hydrogel bioscaffolds exhibited greater toughness 
than A6, A3G6-DC, and A4G8-DC hydrogel bioscaffolds 
as demonstrated by the fracture points defined by the 
compressive strength limit (Figure 3D). The fracture points 
of A3G6-SC and A4G8-SC hydrogel bioscaffolds were 
3.084 ± 0.067 MPa and 2.644 ± 0.969 MPa, respectively. 
With the increased stiffness, the fracture points of A3G6-
DC and A4G8-DC hydrogel bioscaffolds were decreased 
to 0.466 ± 0.092 MPa and 0.469 ± 0.103 MPa, respectively, 
which falls within the optimum range of engineered 
constructs for the articular cartilage regeneration.51,52

Considering the severe degradation of the A-G-
SC hydrogel bioscaffolds in culture, our subsequent 
experiments were only performed on the A3G6-DC and 
A4G8-DC hydrogel bioscaffolds and compared with the 
alginate-only group, A6. To investigate the microstructure 
of those hydrogel bioscaffolds, we examined the SEM 
images of their freeze-dried samples. The A6 group 
exhibited a smoother surface with a larger pore size, while 
a more heterogeneous morphology and a smaller pore size 
were observed in both the A3G6-DC and A4G8-DC groups 
(Figure 3E). The average pore diameter was measured by 
using the ImageJ software and the differences between 
A6 and the two DC groups were found to be significant  
(Figure 3F). The A3G6-DC and A4G8-DC groups did not 
show significant differences in the average pore size. The 
smaller pore size may explain the stiffness of the A-G-
DC hydrogel bioscaffolds. Additionally, previous studies 
indicated that smaller pores promoted the expression 
and production of type II collagen and aggrecan of the 
cells, thereby enhancing the formation and mechanical 
properties of the engineered cartilage tissue.53,54 The 
printed bioscaffolds had a length and width of 5 mm 
and a height of 1.2 mm (Figure 3G), consisting of three 

layers and extruded under the optimized printing pressure  
(40–80 kPa) to maintain a high cell viability.

3.4. The A-G-DC hydrogel bioscaffolds 
support better survival and proliferation of 
chondrocytes in vitro compared to alginate-only 
hydrogel bioscaffolds
To further evaluate whether the biomechanical 
environment and microstructure provided by the A-G-
DC hydrogel bioscaffolds could support the survival and 
growth of chondrocytes, the primary culture of murine 
chondrocytes were mixed with the A3G6 or A4G8 
composite biomaterials to form the cell-laden bioinks, 
which were subjected to 3D printing and dual crosslinking, 
and then cultured for 7 days. For the control group, the 
chondrocytes were mixed with the alginate-only solution 
and printed into A6 hydrogel bioscaffolds.

As alginate and gelatin are derived from natural 
sources, they are non-toxic and possess excellent 
biocompatibility with the cells. Cell viability remained 
high and exceeded 95% in all the 3D-printed bioscaffolds 
during the 7 days of in vitro culture, with no significant 
differences observed among the groups, as illustrated by 
the fluorescence-based Live/Dead cell staining (Figure 4A)  
and the MTT assay quantifications (Figure 4B). 

The relative proliferation rate of chondrocytes was 
also calculated for each group using the MTT assay data 
(Figure 4C); an increased trend was observed in all groups 
from Day 1 to Day 7. After 7 days of culture, the relative 
cell proliferation rate in the A6 group was significantly 
lower than that in the two A-G-DC groups, although it was 
initially higher than in the A3G6-DC group after 3 days 
of culture. No significant difference was observed among 
groups in the relative cell proliferation rate after 1 day of 
culture. The results suggested that the AG-DC groups have 
an advantage over A6 in supporting long-term cell culture.

3.5. The A-G-DC hydrogel bioscaffolds enhance the 
in vitro chondrogenesis 
The ECM surrounding chondrocytes in hyaline cartilage 
is rich in COL II, proteoglycans, and glycosaminoglycan, 
which support the structural integrity and mechanical 
properties of the cartilage and are regulated by the 
embedded chondrocytes. Therefore, morphology and 
phenotype maintenance of chondrocytes as well as 
sufficient cell density in 3D-printed bioscaffolds are crucial 
for cartilage engineering and regeneration.55

Following 3 weeks of culture in chondrogenesis 
media in vitro, the chondrocytes in all the 3D-printed 
hydrogel bioscaffolds maintained their round or oval 
shape with large nuclei as shown by the H&E staining 
(Figure 5A). The production of abundant proteoglycans 
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and glycosaminoglycans was evident from Alcian blue 
and Safranin O staining, where significantly stained 
ECM surrounding chondrocytes were clearly observed 
(Figure 5B and C). These results further illustrated the cell 
biocompatibility of the alginate and gelatin. In line with 
the results described previously, higher PCNA-positive 
cell numbers in the A3G6- and A4G8-DC hydrogel 
bioscaffolds were observed than in the A6 counterparts  
(Figure 5D and G), demonstrating more robust 
chondrocyte proliferation in the A-G D-C 3D hydrogel 
microenvironment. It is worth noting that the absence 
of a cell-free group may compromise the comparison 
among different groups and the interpretation of the 
observed ECM staining, as the chondrogenic activity of the 
incorporated cells could influence the results.

In addition, a cell-free group will also provide more 
information related to the underlying mechanisms through 
which the hydrogel materials influence cellular behavior 
during the formation of engineered cartilage.

Strikingly, more cells expressed the master regulator of 
chondrogenesis, Sox9 protein, in the A-G-DC groups than 

in the A6 group (Figure 5E and H). Chondrocytes in the 
A4G8-DC groups expressed more Col II protein than those 
in the A3G6-DC and A6 groups (Figure 5F). However, 
chondrocytes in the A3G6-DC and A6 groups did not show 
significant differences in the Col II protein expression. 
Further analysis of the mRNA expression showed that A-G-
DC groups showed upregulation of chondrogenic marker 
genes, including SOX9, COL2A1, COMP, and ACAN, 
compared with the A6 group. However, no significant 
differences were observed in COL1A1 and MMP13 mRNA 
expressions (Figure 5J–O). These in vitro data implied 
that, compared to the alginate-only hydrogel bioscaffolds, 
the 3D-printed A-G-DC hydrogel bioscaffolds enhanced 
chondrogenesis of the encapsulated chondrocytes.

3.6 The A-G-DC hydrogel bioscaffolds promoted 
in vivo chondrogenesis in the subcutaneous 
transplantation model
To verify the in vivo chondrogenesis in the alginate 
and gelatin composite bioscaffolds, the chondrocytes-
encapsulated A-G-DC bioscaffolds (A3G6-DC and A4G8-
DC groups) and the chondrocytes-encapsulated pure 

Figure 4. High viability and enhanced relative proliferation rate of chondrocytes encapsulated in the A-G-DC hydrogel bioscaffolds following in vitro 
culture. (A) Fluorescent images of Live/Dead staining of chondrocytes encapsulated in the A6, A3G6-DC, and A4G8-DC bioscaffolds after 7 days of 
culture. Scale bar: 500µm. (B) Quantification of the cell viability in each group after 1, 3, and 7 days of culture. *p < 0.05, #p < 0.05, &&p < 0.01; n = 3.  
(C) Relative proliferation rates of chondrocytes in each group after 1, 3, and 7 days of culture. ** p <0.01, *** p <0.001, **** p <0.0001, ## p <0.01, ### p <0.005;  
n = 3. Abbreviations: A-G, alginate-gelatin; DC, dual crosslink; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.
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Figure 5. Enhanced chondrogenesis in the 3D-printed A-G-DC bioscaffolds in vitro. Representative images of histological and IHC staining on the 
sections of different hydrogel bioscaffolds after 3 weeks of chondrogenesis culture in vitro: H&E staining (A); Alcian blue staining (B); Safranin O staining 
(C); IHC staining for PCNA (D); IHC staining for SOX9 (E); IHC staining for Col II (F). Quantitation of the number of PCNA-positive cells (G) and SOX9-
positive cells (H). (I) IOD analysis of the immunohistochemical staining of Col II. (J–O) Quantitative real-time PCR analysis of the chondrogenic marker 
genes SOX9, COMP, COL2A1, ACAN, Col1a1, and MMP13 in chondrocytes encapsulated in the hydrogel bioscaffolds following 21 days of chondrogenic 
culture. GAPDH was used as the reference gene for quantifying the relative mRNA expression. * p <0.05, ** p <0.01, ***p <0.001, compared with the A6 
group. Abbreviations: A-G, alginate-gelatin; Col II, Collagen type II; DC, dual crosslink; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; H&E, 
Hematoxylin and eosin; IHC, immunohistochemistry; IOD, integrated optical density; PCNA, proliferating cell nuclear antigen.
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alginate bioscaffolds (A6 group) were subcutaneously 
transplanted in the SCID mice. The phenotype of the 
synthesized ECM and chondrocytes within the transplants 
were examined 6 weeks later by H&E, Alcian blue, and 
Safranin O staining as well as by the IHC staining for 
SOX9, Col II, and MMP13 (Figures 6 and 7). In all the 
transplants, the H&E staining revealed clustered cells 
with a rounded or elliptical shape, a flattened appearance, 
a centrally located large, round nucleus, and abundant 
cytoplasm (Figure 6A), which are typical features of mature 

chondrocytes.56 Maintaining the chondrocyte phenotype 
is crucial for the production of ECM, which supports 
neocartilage formation. Those cells were surrounded by 
newly formed ECM, which was positively stained with 
Alcian blue and Safranin O (Figure 6B and C), indicating 
the cartilage-specific ECM components proteoglycans 
and glycosaminoglycans. Furthermore, the stained areas 
transitioned from a discrete single cell to an integrated cell 
cluster structure, especially in the A3G6-DC and A4G8-
DC groups. The percentages of the Alcian blue-positive 

Figure 6. Histological characterization of cartilage-specific ECM in the 3D-printed A-G-DC hydrogel bioscaffolds in vivo. Representative images of 
H&E staining (A), Alcian blue staining (B), and Safranin O staining (C) on the histological sections obtained from the 3D-printed A-G-DC hydrogel 
bioscaffolds at 6 weeks after subcutaneous transplantation in the SCID mice, and the quantification of the percentage of Alcian blue positive area (D) and 
the percentage of Safranin O positive area (E), indicating the extent of proteoglycans and glycosaminoglycans production. ** p < 0.01, compared with the 
pure alginate group, A6; n = 3.  Abbreviations: A-G, alginate-gelatin; DC, dual crosslink; ECM, extracellular matrix; H&E, Hematoxylin and eosin; SCID, 
severe combined immunodeficiency; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS, N-Hydroxysuccinimide.
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area and Safranin O-positive area in the A3G6-D and 
A4G8-DC groups were significantly higher than those in 
the A6 group (Figure 6D and E).

The IHC staining showed an enhanced protein 
expression for SOX9 and Col II proteins in the A3G6-DC 
and A4G8-DC groups as compared with the A6 group 
(Figure 7A, B, D, E). SOX9 is a key transcription factor that 
regulates many cartilage-specific factors and structural 
components to ensure chondrocyte lineage commitment, 
while Col II is a major component of the cartilage matrix. 
On the contrary, the expression of MMP13, a primary 
enzyme involved in cartilage degradation through the 

cleavage of Col II and aggrecan,57 was significantly lower 
in the A3G6-DC and A4G8-DC groups than that in the A6 
group (Figure 7C, F). 

These results indicate that the phenotype of the 
chondrocytes was maintained in a more refined manner 
in the A-G-DC composite bioscaffolds and more cartilage-
specific ECM was produced, compared to the pure alginate 
bioscaffolds, suggesting that the modified biomechanical 
microenvironment in the A-G-DC composite bioscaffolds 
support better physiological function of the encapsulated-
chondrocytes and promote the formation of hyaline 
cartilage-like tissue.

Figure 7. Immunohistochemical staining of cartilage-specific markers in the 3D-printed A-G-DC hydrogel bioscaffolds in vivo. Representative images of 
IHC staining for SOX9 (A), Col II (B), and MMP13 (C) on the frozen sections obtained from the 3D-printed A-G-DC hydrogel bioscaffolds at 6 weeks 
after subcutaneous transplantation in the SCID mice, and the quantification of the percentage of SOX9 positive cells (D), the relative IOD for Col II (E), 
and MMP 13 (F) staining. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the pure alginate group, A6; n = 3. Abbreviations: A-G, alginate-gelatin; 
Col II, Collagen type II; DC, dual crosslink; H&E: Hematoxylin and eosin; IHC, immunohistochemistry; IOD, integrated optical density; MMP13, matrix 
metalloproteinase 13; SCID, severe combined immunodeficiency.
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3.7 The A-G-DC hydrogel bioscaffolds improved 
the articular cartilage regeneration in the mouse 
osteochondral defect model
To further confirm that our A-G-DC hydrogel bioscaffolds 
promote hyaline cartilage formation in vivo, we implanted 
the bioscaffolds (A3G6-DC and A4G8-DC) into a 
mouse osteochondral defect model and compared with 

the chondrocytes-encapsulated pure alginate hydrogel 
bioscaffolds (A6) and the control group without implants. 

After 12 weeks of surgery, samples from the defect 
region were collected and subjected to histological analysis 
using H&E and Safranin O staining. As shown in Figure 
8A and B, newly formed hyaline cartilage was substantially 
developed and well-integrated with host tissues in the 
osteochondral defect region in both the A3G6-DC and 

Figure 8. Enhanced articular cartilage repair by the 3D-printed A-G-DC hydrogel bioscaffolds in the mouse osteochondral defect model. Representative 
images of H&E staining (A) and Safranin O staining (B) on the paraffin sections of samples harvested at 12 weeks post-surgery, with non-treatment as 
control. The dashed line-surrounded area indicates the newly formed tissue in the defect region. (C) Immunostaining for Col II. (D) ICRS II grading score. 
(E) Quantification of the percentage of Safranin O positive area. (F) Quantification of the relative IOD for Col II immunostaining. * p <0.05, ** p <0.01, 
*** p <0.001, **** p <0.0001, compared with the control group; # p <0.05, compared with A6 groups; n = 5. Abbreviations: A-G, alginate-gelatin; BM, bone 
marrow; Col II, collagen type II; DC, dual crosslink; FT, fibrous tissue; GP, growth plate; H&E, hematoxylin and eosin; IHC, Immunohistochemistry; IOD, 
integrated optical density.
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A4G8-DC group, as evident from the histomorphology and 
the positive Safranin O staining, which was significantly 
improved compared to the A6 group. However, the non-
implant control group and the pure alginate A6 group 
exhibited significant deficiency in cartilaginous tissues, 
characterized by a discontinuous cartilage surface in the 
osteochondral defect area, with minimal cellular presence 
and the formation of only new bone and mesenchymal 
tissue. Quantitative analysis of the ICRS II scores and 
the percentage of Safranin O-positive area further 
demonstrated that both the A3G6-DC and A4G8-DC 
groups achieved a higher quality of cartilage repair and 
more abundant cartilage matrix compared to the control 
and A6 groups (Figure 8D, E). A similar phenotype was 
also observed for Col II production as indicated by Col 
II immunostaining in the region of osteochondral defect 
repair (Figure 8C, F).

These findings, along with the data from the 
subcutaneous transplantation model, provide evidence 
that chondrocytes encapsulated in the A-G-DC hydrogel 
bioscaffolds retain an excellent chondrogenic phenotype, 
allowing them to generate high-quality cartilage for in vivo 
repair of damaged tissue. Therefore, the A-G-DC hydrogel 
bioscaffolds present a promising candidate for potential 
clinical cartilage repair.  

Developing engineered articular cartilage for repairing 
articular cartilage defects is in high clinical demand 
worldwide. Currently, no treatment can fulfill the clinical 
requirements. Tissue engineering using 3D-printed 
bioscaffolds has emerged as a promising method for 
articular cartilage repair. However, the 3D-printed 
products made from certain bioinks fail to offer sufficient 
mechanical properties and have other drawbacks, such as 
poor cell adhesion and a mismatch with the chondrocyte 
microenvironment. 

In the present study, we developed a DC bioink 
using a combination of two FDA-approved natural 
biomaterials—alginate and gelatin—which exhibited 
excellent biocompatibility and printability. The subsequent 
3D-printed A-G-DC hydrogel bioscaffold possessed a 
microstructure with both chemical and physical networks, 
featuring a narrower pore size to promote chondrocyte 
condensation. It also offered a suitable Young’s modulus 
to match the PCM of native articular cartilage, thereby 
creating a biomimetic microenvironment and facilitating 
mechanotransduction to regulate the activities of 
biochemical and biophysical factors, helping to prevent 
chondrocyte dedifferentiation and promote hyaline 
cartilage regeneration. 

The stiffness of PCM was strongly associated with 
cartilage development and homeostasis. When PCM 

formation collapsed and hindered, the progression of OA 
accelerated due to insufficient biomechanical support.58 
Our A-G-DC hydrogel bioscaffolds may provide an 
environment that supports better generation of PCM, 
which serves as a crucial transduction interface between 
chondrocytes and the ECM, matching the native stiffness 
of 20–70 kPa in the chondrocyte microenvironment.49,59,60 
This led to upregulated expression of cartilage-specific 
markers and increased ECM synthesis compared to the 
control groups in both the subcutaneous transplantation 
and osteochondral defect models.

Additionally, the better performance of A-G-DC 
bioscaffolds in cartilage repair may also be attributed to 
the presence of geometric constraints,61 characterized by 
an optimized degradation rate and a more rigid porous 
microstructure, which were absent in the no-implant control 
and pure alginate groups. These factors may have played an 
important role in regulating chondrocyte differentiation.

In this study, no significant difference was observed 
in the A3G6-DC and A4G8-DC groups. Whether the 
weight ratio between alginate and gelatin could be further 
optimized for cartilage tissue engineering await further 
investigation using larger animal models.

4. Conclusion
This study established a novel strategy for engineering 
cartilage tissue by generating optimized A-G composite 
hydrogels that mimic the PCM biomechanical 
microenvironment of articular cartilage, utilizing the 
carbodiimide chemistry crosslinking approach. The 
A-G-DC bioscaffolds containing chondrogenic cells and 
both the covalent and ionic networks were fabricated 
by 3D-bioprinting technique. The 3D-printed A-G-DC 
hydrogel bioscaffolds promoted chondrogenesis and 
articular cartilage repair in vivo and showed their potential 
for future therapeutic applications in patients with cartilage 
lesions. 
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