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Abstract: Articular cartilage degeneration poses a significant public health challenge; techniques
such as 3D bioprinting are being explored for its regeneration in vitro. Gelatin-based hydrogels
represent one of the most promising biopolymers used in cartilage tissue engineering, especially
for its collagen composition and tunable mechanical properties. However, there are no standard
protocols that define process parameters such as the crosslinking method to apply. To this aim, a
reproducible study was conducted for exploring the influence of different crosslinking methods
on 3D bioprinted gelatin structures. This study assessed mechanical properties and cell viability
in relation to various crosslinking techniques, revealing promising results particularly for dual
(photo + ionic) crosslinking methods, which achieved high cell viability and tunable stiffness. These
findings offer new insights into the effects of crosslinking methods on 3D bioprinted gelatin for
cartilage applications. For example, ionic and photo-crosslinking methods provide softer materials,
with photo-crosslinking supporting cell stretching and diffusion, while ionic crosslinking preserves a
spherical stem cell morphology. On the other hand, dual crosslinking provides a stiffer, optimized
solution for creating stable cartilage-like constructs. The results of this study offer a new perspective
on the standardization of gelatin for cartilage bioprinting, bridging the gap between research and
clinical applications.

Keywords: biopolymers; gelatin methacryloyl; hyaluronic acid methacrylate; cartilage tissue
engineering; biomechanics; human adipose derived stem cells; scaffolds; regenerative medicine

1. Introduction

Articular cartilage is a specialized connective tissue that enables joint movement and
distribution of loads, but it lacks the ability to self-repair due to the absence of blood vessels
and nerves, leading to the progressive degeneration of defects and osteoarthritis [1,2].
Cartilage deterioration causes pain and functional impairments, often necessitating surgical
intervention with inconsistent outcomes [3,4]. Given the limitations of current drugs and
surgical materials, cartilage tissue engineering (CTE) offers a promising alternative [4,5].
An emerging strategy in CTE aims to develop scaffolds that replicate the properties of
native cartilage tissue [6]. 3D bioprinting is a technology that extrudes living cells within
printable bioinks, enabling the creation of customized tissue constructs [7–9]. This method
is particularly effective due to its ability to produce patient-specific scaffolds with complex
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shapes and gradients of cells and biomaterials. The success of 3D bioprinting lies in the
development of suitable bioinks and printing techniques for specific applications [10,11].

3D printed structures must meet key mechanical and biological requirements depend-
ing on the tissue they aim to replicate. The aggregate modulus of articular cartilage typically
ranges from 0.1 to 3 MPa, where its compressive strength varies from 14 to 59 MPa and
Poisson’s ratio from 0.06 to 0.30 [12–16]. Printed constructs must also combine structural
stability with biological functionality to facilitate cell proliferation, new tissue formation,
and controlled degradation [17,18]. Bioprinting materials are highly varied and need
to be tailored to meet specific application requirements for optimal performance [19,20].
Hydrogels derived from natural biopolymers are extensively studied due to their biocom-
patibility, controlled cellular adhesion, and biodegradability [11,21]. Gelatin-based bioinks
are particularly relevant in CTE due to the high collagen content in native cartilage [22,23];
however, they face challenges such as poor mechanical stability and rapid dissolution at
physiological temperatures. Modifying gelatin molecules such as gelatin methacrylate
(GelMA) to enable post-printing crosslinking addresses some of these issues [11]. GelMA
bioinks offer low immunogenicity and high cell adhesion but suffer from brittleness and
rapid degradation [4]. To improve GelMA’s performance in bioprinting, it is typically
blended with natural biopolymers like alginate and xanthan gum, forming multicompo-
nent hydrogels with enhanced viscosity and scaffold flexibility. This is also achieved by
adjusting the concentration and crosslinking degree via divalent cation concentrations (e.g.,
Ca2+) [24–27].

Crosslinking is crucial in the formation of degrading hydrogel structures. In polymer
chemistry, crosslinking stabilizes polymer chains by extending them into multidimensional
networks, enhancing hydrogel stability and structure [28]. Literature reviews analyzing
various crosslinking methods for gelatin-based biomaterials highlight the role that the
choice of crosslinking technique plays in achieving optimal tissue regeneration [29–32].
Different methods can significantly influence the mechanical properties, biocompatibil-
ity, and structural integrity of the biomaterial, ultimately determining the success of the
regenerated tissue. Therefore, selecting the appropriate crosslinking strategy is fundamen-
tal for tailoring the material’s properties to meet the specific requirements of the target
tissue. Hydrogels are commonly crosslinked through photopolymerization or ionic meth-
ods. Photopolymerization is a rapid method for crosslinking hydrogels modified with a
photoinitiator using a light source. Common photoinitiators like Irgacure 2959 and LAP
generate free radicals under UV or visible light, forming crosslinked networks. Factors
such as photoinitiator concentration, light intensity, and exposure time are key in con-
trolling hydrogel properties, as they can also affect cell viability [11,33–35]. In contrast,
ionic-crosslinking involves polymer interactions through ions and proteins rather than ionic
bonds [36]. This process is simple and cost-effective but can lead to weaker mechanical
properties and unpredictable degradation [37]. Dual-crosslinking, which combines light-
induced and ionic methods, may improve scaffold stability and cell viability compared to
single techniques [38,39].

The novelty of this study is the reproducible investigation of different crosslinking
methods effects over a commercial gelatin-based bioink, aiming to optimize the printing
process parameters to regenerate cartilage using 3D bioprinting. In detail, we investigated
eight different crosslinking conditions to characterize the mechanical and biological proper-
ties of the printed construct for CTE applications. We assessed their mechanical properties
using a compression assay and biological properties with a Live/Dead viability assay based
on established protocols and literature.

2. Materials and Methods

To investigate the effects of different crosslinking methods on gelatin-based bioinks, we
utilized the commercially available GelXA Cartilage bioink (Cellink, Gothenburg, Sweden).
This hydrogel is primarily composed of GelMA, supplemented with sodium alginate, xan-
than gum, hyaluronic acid methacrylate, and laminin 521, which is altogether specifically
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formulated to replicate the cartilage tissue microenvironment. The incorporation of hyaluro-
nan and laminin 521 enhances the bioink’s cytocompatibility and promotes chondrogenic
differentiation, while the methacrylated components (45–55% degree of methacrylation for
GelMA and 15–25% for HAMA) and addition of LAP facilitate crosslinking through both
photocuring and ionic methods.

2.1. Crosslinking Experiment Set Up

As illustrated in Table 1, the experimental setup included key evaluations of 3D-
printed constructs under various crosslinking conditions. All tests were conducted in
triplicate to ensure statistical reliability. A total of n = 73 samples were printed and tested:
six for each mechanical condition, which was assessed on the day of printing and one week
following incubation, and three for biological assessments, which were performed 24 h
after printing.

The crosslinking conditions adopted in our experiments were based on the proto-
col provided by Cellink, on results from preliminary studies and on previous works in
the literature that have employed similar bioinks, which guided our choice of exposure
times [40–43]. This experimental variations allowed us to better understand the impact of
different crosslinking durations on the final constructs. The chosen crosslinking conditions
were as follows:

• Ionic-crosslinking: After printing, the constructs were kept in a 50 mM calcium
chloride solution for either 5 or 15 min, depending on the experimental condition.
They were then washed with PBS and placed in incubator with media.

• Photo-crosslinking: During printing, the constructs were exposed to 405 nm blue light
for 15 s, either after each layer or every two layers, depending on the experimental
condition being tested. The light source was positioned at a distance of 5 cm from the
constructs.

• Dual-crosslinking: Constructs underwent a combination of both methods, with the
blue light exposure during printing followed by submersion in the Crosslinking Agent.
A total of four conditions were tested.

Table 1. Overview of experimental conditions, crosslinking methods, and tests.

Ionic Photo Dual

Exposure N. of Samples Exposure N. of Samples Exposure N. of Samples Exposure N. of Samples

5 min 6 for mechanical
3 for biological 15 s every layer 6 for mechanical

3 for biological
15 s every layer +
5 min ionic

6 for mechanical
3 for biological

15 s every 2 layers +
5 min ionic

6 for mechanical
3 for biological

15 min 6 for mechanical
3 for biological 15 s every 2 layer 6 for mechanical

3 for biological
15 s every layer +
15 min ionic

6 for mechanical
3 for biological

15 s every 2 layers +
15 min ionic

6 for mechanical
3 for biological

2.2. Bioprinting Process Parameters

The INKREDIBLE+ 3D bioprinter (Cellink, Sweden) was used to print cylindrical
scaffolds, both with and without embedded cells. This printer features built-in photocuring
modules (365 nm and 405 nm), enabling photo-crosslinking during or after bioprinting.

2.2.1. G-Code Formulation

To create a structure that could replace the defect taken from a biopsy punch, a cylinder
with a 4 mm diameter and 3 mm height was designed using Fusion360 CAD software
(Autodesk, San Rafael, CA, USA). The STL file was sliced using HeartWare (Cellink,
Sweden) using “Tissue Model” settings. The GCode was then adapted for the specific
tests. For the photo-crosslinking experiment, three structures were arranged in a triangular
pattern and photo-crosslinked with light positioned at the center, ensuring equal exposure
for each sample, as shown in Figure 1.
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Figure 1. Triangular layout of three samples in a petri dish, crosslinked with centrally positioned
light for equal exposure. (a) GCode interface from Repetier-Host Mac. (b) Photo-crosslinking of three
samples in petri dish during the printing.

2.2.2. Printing Protocol

Preparation, printing, and sample handling were performed following Cellink’s proto-
col under sterile conditions in a safety cabinet. For the preparation of samples, the bioink
was mixed with one-tenth of its volume of medium using two 3 mL syringes connected by a
luer lock, either with or without cells, depending on the experiment. After thorough mixing,
the bioink was incubated at 37 ◦C, transferred to a UV-shielded cartridge while carefully
avoiding bubbles, then loaded into the print head set to 25 ◦C. Extrusion was carried out
using a 23 G blunt needle (Cellink, Sweden). Preliminary tests were conducted to optimize
the extrusion pressure and identify any potential issues. The final extrusion settings were:
80 kPa pressure and a temperature of 25 ◦C. Since the printer lacked temperature-insulated
print heads, the cartridge was wrapped in aluminum foil to minimize heat loss, and the
petri dish was cooled before starting each printing. Following printing, samples intended
for ionic-crosslinking (or dual-crosslinking) were detached from the petri dish and trans-
ferred to a 24-well plate using sterile spatula and tweezers. The wells were then filled with
cell culture medium and placed in an incubator.

2.3. Human Mesenchymal Stem Cell Culture

Human Adipose Derived Stem Cells (hADSCs) were used at passage #3. Cells were
expanded in standard medium composed of DMEM-F12 with 10% pathogen inactivated
platelet lysate (PIPL) supernatant and 1% Penicilin-Streptomycin. After two passages,
hADSCs were trypsinized and counted in a hemocytometer using Trypan Blue staining to
evaluate the number of dead cells. Cells and reagents were purchased from Thermo Fisher
Scientific, MA, USA. 5 million of hADSCs were used for the experiment and resuspended
in 100 µL to be then mixed with 1 mL of bioink. After printing, cell laden samples were
kept in incubator in a 24-well plate. 2 mL of standard growing medium were changed in
each well every other day.

2.4. Mechanical Characterization

Mechanical testing included unconfined compression tests conducted immediately
after printing and one week later to assess the constructs’ stability and durability. The
tests were performed using a Univert testing machine (CellScale, Waterloo, ON, Canada)
equipped with a 20 N load cell and controlled by UniVert software. This setup is sensitive
enough to measure mechanical properties of hydrogels intended for use in CTE [44–47].
The goal of these tests was to compare the stiffness of gelatin samples across different
crosslinking conditions.
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Compression Protocol and Mechanical Data Analysis

Three samples per crosslinking condition were kept in growth medium at 37 ◦C
until testing and then analyzed. Each sample underwent three compressive loads at
50% deformation at a speed of 1 mm/min, aiming to evaluate the solid phase of the
material while minimizing the liquid phase’s effect. The raw data (force and displacement)
was cleaned and filtered to remove noise and inconsistencies. Stress-strain curves were
generated based on sample dimensions and truncated at the highest stress point of the first
cycle. The compressive modulus was calculated from the slope of the linear phase (20–80%
of the max stress measured) of the stress-strain curves. The entire process, including
data extrapolation and mechanical analysis, was conducted using MATLAB (MathWorks,
Natick, MA, USA), which provided a robust platform for handling and processing the data,
while statistical analysis was performed using RStudio.

2.5. Biological Characterization

Bioprinted samples were tested for biological assessment 24 h after-printing to measure
the influence of the process parameters and different crosslinking methods.

2.5.1. Live/Dead Assay and Images Analysis

The LIVE/DEAD™ Viability/Cytotoxicity Kit (ThermoFisher, Waltham, MA, USA)
was used to assess cell viability, aligning with standard practices in the literature [48,49].
Samples were washed with PBS and incubated with the staining solution for 30 min. A
negative control was prepared by incubating cells with methanol for 30 min. Samples were
analyzed using a confocal microscope (OLYMPUS FV1200) with excitation at 488 nm and
emission at 488 nm for green and 647 nm for red. Three acquisitions per sample were taken
at three random locations in the 3D structure using a 10× magnification, and the imaging
software utilized was cellSens, from Olympus. Confocal images were analyzed with Fiji’s
particle analyzer plug-in [50]. The threshold for including particles was set to no larger than
5 microns, which facilitated counting the total number of cells (green + red cells) and the
percentage of those alive (green cells) in each image. A Shapiro-Wilk test confirmed normal
distribution of the data, and two-way ANOVA was used to identify significant differences
between crosslinking conditions and samples from each condition, with a significance level
set at p < 0.05.

3. Results and Discussion

Gelatin-based bioinks have shown promising results in CTE for their good biological
and mechanical properties [51,52]. The addition of chondrogenic tissue specific components
such as hyaluronic acid and laminin ensure a good environment for cartilage development;
however, gelatin can be challenging to work with, and there is no established standard
for its optimal crosslinking. For this reason, this work focused on exploring the effects of
crosslinking on cell viability and mechanical properties of bioprinted constructs, with the
aim to establish a standard for gelatin-based bioprinting.

3.1. Mechanical Properties and Construct Stability

The first printing experiments indicated that the biomaterial was highly temperature-
dependent, which was characterized by its small printability window; the bioink was too
liquid to be printed at temperatures above 26 degrees and too solid to be extruded under
24 degrees. Moreover, samples differed in consistency depending on the length of time
they were kept outside of the incubator, which highlights the influence of temperature
on its viscoelastic properties. Notably, after four days (two medium changes), photo-
crosslinked samples had completely dissolved, as shown in Figure 2. After one week of
incubation, the remaining samples lost mechanical stiffness and could not be measured
with the 20 N loading cell. Nevertheless, this bioink behaviour of degradability could
potentially benefit CTE applications when cells are embedded in the matrix and expected
to reproduce and substitute extracellular matrix (ECM). Indeed, researches support that
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controlled biodegradability can be a beneficial feature, aiding tissue growth while the
scaffold progressively degrades [53,54].

Figure 2. Printed samples in 24-well plate; (a) immediately after printing and (b) after four days of
incubation, showing the dissolved state of the photo-crosslinked samples in the third row of the plate.

Measures that would possibility overcome the dissolution of the samples could be
the integration of cells into the scaffold, since for these mechanical tests we did not seed
any cells into the scaffold, and we would expect cells to interact with the bioink and
form extracellular matrix. If this would’t solve the problem, another possibility would be
integrate the photo-crosslinking to a secondary crosslinking mechanism to enhance stability
and mitigate early dissolution. In the end, only dual-crosslinking samples were sufficiently
robust to be measured by our testing equipment.

Compressive Modulus after Printing

Results from the four measured conditions are presented in Figure 3, where compres-
sion tests confirmed the influence of the crosslinking method on the mechanical properties
of the final structure. In particular, there was an evident difference in stress capacity be-
tween samples that were ionic-crosslinked for 5 min, compared to the samples that were
ionic-crosslinked for 15 min, which were able to sustain higher stresses.

The compressive modulus was calculated as the slope of the regression in the linear
region of these curves (Figure 3). These results are presented as box plots in Figure 4. As
illustrated, the compressive modulus was as high as 70 kPa for the stiffer condition, down
to 25 kPa for the softer condition, which were photo-crosslinked every two layers and kept
for 5 min in the calcium chloride solution. The increase in the compressive modulus with
higher crosslinking is due to the denser network of polymer chains formed, which restricts
molecular motion and increases the hydrogel stiffness. Longer exposure to the Crosslinking
Agent facilitated stronger interactions between the polymer chains, resulting in higher
compressive modulus. Moreover, we observed a positive correlation with the degree of
crosslinking and compressive strength, as the scaffolds with longer crosslinking exposures
resulted able to withstand higher compressive forces before breaking, as it is possible to see
from the measured Stress in Figure 3. These compressive modulus values are consistent
with other studies employing gelatin/hyaluronic acid-based hydrogels [55–57].

Normal distributions were validated with the Shapiro-Wink test, and one-way ANOVA
determined whether differences in mechanical properties among crosslinking conditions
were statistically significant (Figure 4).
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Figure 3. Mechanical results; stress-strain curves of the four measured crosslinking conditions and
their correspective linear regressions for (a) photo-crosslinking every 2 layers with 5 min of chemical-
crosslinking and (b) 15 min of chemical-crosslinking, (c) photo-crosslinking every layer with 5 min of
chemical-crosslinking and (d) 15 min of chemical-crosslinking.

Figure 4. Mechanical results; including (a) box plot of the compressive moduli calculated for the four
crosslinking conditions, (b) data summary, (c) Shapiro-Wilk test results for normality, and (d) ANOVA
results for statistical significance of crosslinking methods.
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3.2. Viability

A Live/Dead assay was performed 24 h after printing to evaluate the influence of the
different crosslinking conditions on hADSC viability. Results showed high viability in all
tested conditions.

Overall, viable cells (stained green) were observed at high densities and were homoge-
neously distributed across all imaged areas (Figure 5). The cells notably displayed a pre-
dominantly spherical shape in the constructs crosslinked by ionic-crosslinking (Figure 5c,d)
and dual-crosslinking (Figure 5g,h), while the photo-crosslinked samples (Figure 5g,h)
had a stretched morphology, likely due to the higher inconsistency of the material. The
successful colonization of the constructs by cells was further confirmed by cell density
analysis, which was performed using Fiji software as described in Section 2.5.1. ANOVA
results indicated statistically significant differences between the crosslinking conditions
(p < 0.05), highlighting the impact of crosslinking methods on cellular viability (Figure 6).
In contrast, differences between samples were not significant, indicating that the three
samples for each condition were comparable. Results from cell counting indicated that all
conditions supported high cell viability, with averages above 84%.

As expected, ionic-crosslinking yielded the highest viability of around 93%, while
prolonged exposure to blue light resulted in a slight decrease in cell viability. The highest
exposure yielded a viability of around 84%. The negative impact on cell viability observed
in dual-crosslinking systems is possibly due to the increased crosslinking density, which can
limit nutrient diffusion and increase local stiffness, making the environment less favorable
for cell survival. To counter this, systems such as perfusion bioreactors could be used to
improve the nutrient distribution [58].

Figure 5. Cont.
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Figure 5. Confocal microscopy; Live/dead fluorescent assay showing (a) 2D positive control, (b) 3D
negative control, (c) 5 min and (d) 15 min of exposure in ionic-crosslinking, (e) every two layers
and (f) every layer in photo-crosslinking, (g) every two layers with 15 min of ionic-crosslinking, and
(h) every layer with 15 min of dual-crosslinking. Image bar scale = 100 µm.

Figure 6. Viability results; including (a) box plot of cell viability across different conditions, (b) data
summary, (c) Shapiro-Wilk test results for normality, and (d) Two-Way ANOVA results for statistical
significance of crosslinking methods.
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4. Conclusions

The objective of this study was to evaluate the effects of various crosslinking techniques
on gelatin-based bioinks. Measurements revealed that samples crosslinked using only
photocuring lacked stability at 37 ◦C in growth medium, as they dissolved after two
medium changes. In contrast, samples crosslinked solely with ionic methods retained
their shape, but they were not stiff enough for mechanical testing and were challenging to
3D print due to layer flattening during the process. However, samples subjected to dual-
crosslinking exhibited greater stability and improved mechanical properties, with reduced
light exposure providing the most cell-friendly environment. Findings are summed up in
Table 2.

Table 2. Summary of results for each experimental condition, highlighting the compressive modulus,
cell viability, and overall considerations observed across different crosslinking methods.

Crosslinking Compressive Modulus Cellular Viability Overall

Ionic 5 m Not measurable ~93% Enhanced cellular compatibility, with reduced structural
stability during the printing process

Ionic 15 m Not measurable ~94% Enhanced cellular compatibility, with reduced structural
stability during the printing process

Photo every layer Not measurable ~84% Structural stability during printing, with complete
dissolution observed after 4 days and lower viability

Photo every 2 layer Not measurable ~86% Structural stability during printing, with complete
dissolution observed after 4 days and lower viability

Photo every layer + ionic 5 m ~20 kPa Not measured Extended preparation time, with favorable
mechanical properties

Photo every layer + ionic 15 m ~43 kPa ~87% Extended preparation time, with good mechanical properties

Photo every 2 layer + ionic 5 m ~16 kPa Not measured Extended preparation time, with favorable
mechanical properties

Photo every 2 layer + ionic 15 m ~45 kPa ~93% Extended preparation time, with enhanced mechanical
properties and higher cell viability

The most promising crosslinking methods for CTE applications are the ones that
combine photo-crosslinking (which allows for the manufacturing of 3D structures with-
out having them collapsing during the printing process) with ionic-crosslinking, which
improves their overall mechanical stability. These findings provide valuable insights into
the optimal process parameters for printing gelatin-based materials like GelXA cartilage.
This study further highlights the link between mechanical and biological properties of this
bioink, paving the way for various applications in CTE. Additionally, when planning a
study with this bioink, it is essential to consider its narrow printability window. A sys-
tem capable of precisely controlling the print head temperature is important, along with
maintaining a low printing bed temperature to ensure good shape fidelity. Further studies
should continue to standardize mechanical characterization and viability methods, such
as the ones performed in this study, to improve the comparability and reproducibility of
these constructs. Further developments for improved cellular activity and mechanical
stability might aim to include smart materials that are able to change their properties
depending on external stimuli, or the use of dynamic culture conditions where bioreactors
play an important role in improving nutrient distribution, waste removal, and mechanical
stimulation [59–61].



Polymers 2024, 16, 2741 11 of 13

Author Contributions: Conceptualization, G.B.; methodology, G.B., H.E.B., L.B. and S.S.; formal
analysis, G.B., H.E.B. and L.B.; investigation, G.B., H.E.B. and L.B.; resources, G.B., S.B. and Ó.E.S.;
data curation, G.B., H.E.B. and L.B.; writing—original draft preparation, G.B., H.E.B. and L.B.;
writing—review and editing, G.B., H.E.B., L.B., S.B., S.S, P.G. and Ó.E.S.; supervision, G.B., Ó.E.S.
and P.G.; project administration, G.B.; funding acquisition, G.B. and Ó.E.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Reykjavik University Research Fund.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Li, M.; Yin, H.; Yan, Z.; Li, H.; Wu, J.; Wang, Y.; Wei, F.; Tian, G.; Ning, C.; Li, H.; et al. The immune microenvironment in cartilage

injury and repair. Acta Biomater. 2022, 140, 23–42. [CrossRef] [PubMed]
2. Ouyang, Z.; Dong, L.; Yao, F.; Wang, K.; Chen, Y.; Li, S.; Zhou, R.; Zhao, Y.; Hu, W. Cartilage-Related Collagens in Osteoarthritis

and Rheumatoid Arthritis: From Pathogenesis to Therapeutics. Int. J. Mol. Sci. 2023, 24, 9841. [CrossRef] [PubMed]
3. Hunziker, E.B.; Lippuner, K.; Keel, M.J.B.; Shintani, N. An educational review of cartilage repair: Precepts & practice—Myths &

misconceptions—Progress & prospects. Osteoarthr. Cartil. 2015, 23, 334–350. ISSN 1063-4584. [CrossRef]
4. Shen, J.; Song, W.; Liu, J.; Peng, X.; Tan, Z.; Xu, Y.; Liu, S.; Ren, L. 3D bioprinting by reinforced bioink based on photocurable

interpenetrating networks for cartilage tissue engineering. Int. J. Biol. Macromol. 2024, 254, 127671. [CrossRef] [PubMed]
5. Zhu, M.; Zhong, W.; Cao, W.; Zhang, Q.; Wu, G. Chondroinductive/chondroconductive peptides and their-functionalized

biomaterials for cartilage tissue engineering. Bioact. Mater. 2022, 9, 221–238. [CrossRef]
6. Wang, M.; Wu, Y.; Li, G.; Lin, Q.; Zhang, W.; Liu, H.; Su, J. Articular cartilage repair biomaterials: Strategies and applications.

Mater. Today Bio 2024, 24, 100948. [CrossRef]
7. Martyniak, K.; Lokshina, A.; Cruz, M.A.; Karimzadeh, M.; Kemp, R.; Kean, T.J. Biomaterial composition and stiffness as decisive

properties of 3D bioprinted constructs for type II collagen stimulation. Acta Biomater. 2022, 152, 221–234. [CrossRef]
8. Decante, G.; Costa, J.B.; Silva-Correia, J.; Collins, M.N.; Reis, R.L.; Oliveira, J.M. Engineering bioinks for 3D bioprinting.

Biofabrication 2021, 13, 032001. [CrossRef]
9. Leong, K.F.; Cheah, C.M.; Chua, C.K. Solid freeform fabrication of three-dimensional scaffolds for engineering replacement

tissues and organs. Biomaterials 2003, 24, 2363–2378. [CrossRef]
10. Das, S.; Basu, B. An Overview of Hydrogel-Based Bioinks for 3D Bioprinting of Soft Tissues. J. Indian Inst. Sci. 2019, 99, 405–428.

[CrossRef]
11. Das, S.; Jegadeesan, J.T.; Basu, B. Gelatin Methacryloyl (GelMA)-Based Biomaterial Inks: Process Science for 3D/4D Printing and

Current Status. Biomacromolecules 2024, 25, 2156–2221. [CrossRef] [PubMed]
12. Hafezi, M.; Nouri Khorasani, S.; Zare, M.; Esmaeely Neisiany, R.; Davoodi, P. Advanced Hydrogels for Cartilage Tissue

Engineering: Recent Progress and Future Directions. Polymers 2021, 13, 4199. [CrossRef] [PubMed]
13. Jahn, S.; Seror, J.; Klein, J. Lubrication of Articular Cartilage. Annu. Rev. Biomed. Eng. 2016, 18, 235–258. [CrossRef] [PubMed]
14. Petitjean, N.; Canadas, P.; Royer, P.; Noël, D.; Le Floc’h, S. Cartilage biomechanics: From the basic facts to the challenges of tissue

engineering. J. Biomed. Mater. Res. 2023, 111, 1067–1089. [CrossRef] [PubMed]
15. Wu, J.; Chen, Q.; Deng, C.; Xu, B.; Zhang, Z.; Yang, Y.; Lu, T. Exquisite design of injectable Hydrogels in Cartilage Repair.

Theranostics 2020, 10, 9843–9864. [CrossRef]
16. Zhou, L.; Guo, P.; D’Este, M.; Tong, W.; Xu, J.; Yao, H.; Stoddart, M.J.; van Osch, G.J.V.M.; Ho, K.K.-W.; Li, Z.; et al. Functionalized

Hydrogels for Articular Cartilage Tissue Engineering. Engineering 2022, 13, 71–90. [CrossRef]
17. Tripathi, S.; Mandal, S.S.; Bauri, S.; Maiti, P. 3D Bioprinting and Its Innovative Approach for Biomedical Applications. MedComm

2022, 4, e194. [CrossRef]
18. Moroni, L.; Burdick, J.A.; Highley, C.; Lee, S.J.; Morimoto, Y.; Takeuchi, S.; Yoo, J.J. Biofabrication strategies for 3D in vitro models

and regenerative medicine. Nat. Rev. Mater. 2018, 3, 21–37. ISSN 2058-8437. [CrossRef]
19. Jia, W.; Yang, X.; Liu, Z.; Sun, L.; Shen, Z.; Li, M.; Zhang, H.; An, Y.; Sang, S. Nasal cartilage tissue engineering materials based on

3D bioprinting: Seed cells and dECM. Appl. Mater. Today 2024, 40, 102364. ISSN 2352-9407. [CrossRef]
20. Abbadessa, A.; Ronca, A.; Salerno, A. Integrating bioprinting, cell therapies and drug delivery towards in vivo regeneration of

cartilage, bone and osteochondral tissue. Drug Deliv. Transl. Res. 2024, 14, 858–894. [CrossRef]
21. Lam, T.; Dehne, T.; Krüger, J.P.; Hondke, S.; Endres, M.; Thomas, A.; Lauster, R.; Sittinger, M.; Kloke, L. Photopolymerizable

gelatin and hyaluronic acid for stereolithographic 3D bioprinting of tissue-engineered cartilage. J. Biomed. Mater. Res. Part B 2019,
107, 2649–2657. [CrossRef] [PubMed]

http://doi.org/10.1016/j.actbio.2021.12.006
http://www.ncbi.nlm.nih.gov/pubmed/34896634
http://dx.doi.org/10.3390/ijms24129841
http://www.ncbi.nlm.nih.gov/pubmed/37372989
http://dx.doi.org/10.1016/j.joca.2014.12.011
http://dx.doi.org/10.1016/j.ijbiomac.2023.127671
http://www.ncbi.nlm.nih.gov/pubmed/37884244
http://dx.doi.org/10.1016/j.bioactmat.2021.07.004
http://dx.doi.org/10.1016/j.mtbio.2024.100948
http://dx.doi.org/10.1016/j.actbio.2022.08.058
http://dx.doi.org/10.1088/1758-5090/abec2c
http://dx.doi.org/10.1016/S0142-9612(03)00030-9
http://dx.doi.org/10.1007/s41745-019-00129-5
http://dx.doi.org/10.1021/acs.biomac.3c01271
http://www.ncbi.nlm.nih.gov/pubmed/38507816
http://dx.doi.org/10.3390/polym13234199
http://www.ncbi.nlm.nih.gov/pubmed/34883702
http://dx.doi.org/10.1146/annurev-bioeng-081514-123305
http://www.ncbi.nlm.nih.gov/pubmed/27420572
http://dx.doi.org/10.1002/jbm.a.37478
http://www.ncbi.nlm.nih.gov/pubmed/36583681
http://dx.doi.org/10.7150/thno.46450
http://dx.doi.org/10.1016/j.eng.2022.03.008
http://dx.doi.org/10.1002/mco2.194
http://dx.doi.org/10.1038/s41578-018-0006-y
http://dx.doi.org/10.1016/j.apmt.2024.102364
http://dx.doi.org/10.1007/s13346-023-01437-1
http://dx.doi.org/10.1002/jbm.b.34354
http://www.ncbi.nlm.nih.gov/pubmed/30860678


Polymers 2024, 16, 2741 12 of 13

22. Li, Z.; Yan, W.; Zhao, F.; Wang, H.; Cheng, J.; Duan, X.; Fu, X.; Zhang, J.; Hu, X.; Ao, Y. Regional specific tunable meniscus
decellularized extracellular matrix (MdECM) reinforced bioink promotes anisotropic meniscus regeneration. Ion. Eng. J. 2023,
473, 145209. [CrossRef]

23. Hafezi, M.; Khorasani, S.N.; Khalili, S.; Neisiany, R.E. Self-healing interpenetrating network hydrogel based on GelMA/alginate/
nano-clay. Int. J. Biol. Macromol. 2023, 242, 124962. [CrossRef]

24. Jia, J.; Richards, D.J.; Pollard, S.; Tan, Y.; Rodriguez, J.; Visconti, R.P.; Trusk, T.C.; Yost, M.J.; Yao, H.; Markwald, R.R.; et al.
Engineering alginate as bioink for bioprinting. Acta Biomater. 2014, 10, 4323–4331. ISSN 1742-7061. [CrossRef] [PubMed]

25. Axpe, E.; Oyen, M.L. Applications of alginate-based bioinks in 3D bioprinting. Int. J. Mol. Sci. 2016, 17, 1976. ISSN 1422-0067.
[CrossRef] [PubMed]

26. Piola, B.; Sabbatini, M.; Gino, S.; Invernizzi, M.; Renò, F. 3D Bioprinting of Gelatin-Xanthan Gum Composite Hydrogels for
Growth of Human Skin Cells. Int. J. Mol. Sci. 2022, 23, 539. [CrossRef]

27. Li, J.; Moeinzadeh, S.; Kim, C.; Pan, C.-C.; Weale, G.; Kim, S.; Abrams, G.; James, A.W.; Choo, H.; Chan, C.; Yang, Y.P.
Development and Systematic Characterization of GelMA/Alginate/PEGDMA/Xanthan Gum Hydrogel Bioink System for
Extrusion Bioprinting. Biomaterials 2023, 293, 121969. [CrossRef]

28. Lu, L.; Yuan, S.; Wang, J.; Shen, Y.; Deng, S.; Xie, L.; Yang, Q. The formation mechanism of hydrogels. Curr. Stem Cell Res. Ther.
2018, 13, 490–496. [CrossRef]

29. Rashid, A.B.; Showva, N.N.; Hoque, M.E. Gelatin-based scaffolds: An intuitive support structure for regenerative therapy. Curr.
Opin. Biomed. Eng. 2023, 26, 100452. [CrossRef]

30. Wang, X.; Ao, Q.; Tian, X.; Fan, J.; Tong, H.; Hou, W.; Bai, S. Gelatin-Based Hydrogels for Organ 3D Bioprinting. Polymers 2017,
9, 401. [CrossRef]

31. Bello, A.B.; Kim, D.; Kim, D.; Park, H.; Lee, S.H. Engineering and Functionalization of Gelatin Biomaterials: From Cell Culture to
Medical Applications. Tissue Eng. Part B Rev. 2020, 26, 164–180. [CrossRef] [PubMed]

32. Alavarse, A.C.; Frachini, E.C.G.; da Silva, R.L.C.G.; Lima, V.H.; Shav, I.A.; Petri, D.F.S. Crosslinkers for polysaccharides and
proteins: Synthesis conditions, mechanisms, and crosslinking efficiency, a review. Int. J. Biol. Macromol. 2022, 202, 558–596.
[CrossRef] [PubMed]

33. Ikehata, H.; Higashi, S.; Nakamura, S.; Daigaku, Y.; Furusawa, Y.; Kamei, Y.; Watanabe, M.; Yamamoto, K.; Hieda, K.;
Munakata, N.; et al. Action Spectrum Analysis of UVR Genotoxicity for Skin: The Border Wavelengths between UVA and
UVB Can Bring Serious Mutation Loads to Skin. J. Investig. Dermatol. 2013, 133, 1850–1856. [CrossRef] [PubMed]

34. An, R.; Nimi, N.; Sivadas, V.P.; Lal, L.M.R.; Nair, P.D. Dual crosslinked pullulan–gelatin cryogel scaffold for chondrocyte-mediated
cartilage repair: Synthesis, characterization and in vitro evaluation. Biomed. Mater. 2022, 17, 015001. [CrossRef]

35. Shehzad, A.; Mukasheva, F.; Moazzam, M.; Sultanova, D.; Abdikhan, B.; Trifonov, A.; Akilbekova, D. Dual-Crosslinking of
Gelatin-Based Hydrogels: Promising Compositions for a 3D Printed Organotypic Bone Model. Bioengineering 2023, 10, 704.
[CrossRef]

36. Kong, Y.; Xu, J.; Guan, W.; Sun, S.; Yang, Y.; Li, G. Tailoring the elasticity of nerve implants for regulating peripheral nerve
regeneration. Smart Mater. Med. 2023, 4, 266–285. ISSN 2590-1834. [CrossRef]

37. Hernández-González, A.C.; Téllez-Jurado, L.; Rodríguez-Lorenzo, L.M. Alginate hydrogels for bone tissue engineering, from
injectables to bioprinting: A review. Carbohydr. Polym. 2020, 229, 115514. ISSN 0144-8617. [CrossRef]

38. Yan, X.; Huang, H.; Bakry, A.M.; Wu, W.; Liu, X.; Liu, F. Advances in enhancing the mechanical properties of biopolymer
hydrogels via multi-strategic approaches. Int. J. Biol. Macromol. 2024, 272, 132583. [CrossRef]

39. Qin, Z.; Yu, X.; Wu, H.; Yang, L.; Lv, H.; Yang, X. Injectable and Cytocompatible Dual Cross-Linking Hydrogels with Enhanced
Mechanical Strength and Stability. ACS Biomater. Sci. Eng. 2020, 6, 3529–3538. [CrossRef]

40. Schmidt, S.K.; Schmid, R.; Arkudas, A.; Kengelbach-Weig, A.; Bosserhoff, A.K. Tumor Cells Develop Defined Cellular Phenotypes
After 3D-Bioprinting in Different Bioinks. Cells 2019, 8, 1295. [CrossRef]

41. Ronzoni, F.L.; Aliberti, F.; Scocozza, F.; Benedetti, L.; Auricchio, F.; Sampaolesi, M.; Cusella, G.; Redwan, I.N.; Ceccarelli, G.;
Conti, M. Myoblast 3D bioprinting to burst in vitro skeletal muscle differentiation. J. Tissue Eng. Regen. Med. 2022, 16, 484–495.
[CrossRef] [PubMed]

42. Calderon, G.A.; Jack, K.; Venkatraman, S.; Wong, J.Y.; Burdick, J.A. Tubulogenesis of co-cultured human iPS-derived endothelial
cells and human mesenchymal stem cells in fibrin and gelatin methacrylate gels. Biomater. Sci. 2017, 5, 1652–1660. [CrossRef]
[PubMed]

43. Choi, G.; Cha, H.J. Recent advances in the development of nature-derived photocrosslinkable biomaterials for 3D printing in
tissue engineering. Biomater. Res. 2019, 23, 18. [CrossRef]

44. Olvera, D.; Daly, A.; Kelly, D.J. Mechanical Testing of Cartilage Constructs. In Cartilage Tissue Engineering, Methods in Molecular
Biology; Doran, P., Ed.; Humana Press: New York, NY, USA, 2015; Volume 1340, pp. 263–275. [CrossRef]

45. Juráš, V.; Matejka, J.; Zbyn, S.; Masek, M. The Relationship between MR Parameters and Biomechanical Quantities of Loaded
Human Articular Cartilage in Osteoarthritis: An In-Vitro Study. Meas. Sci. Rev. 2009, 9, 127–130. [CrossRef]

46. Juras, V.; Zbyn, S.; Mlynarik, V.; Szomolanyi, P.; Sulzbacher, I.; Trattnig, S. In vitro determination of biomechanical properties of
human articular cartilage in osteoarthritis using multi-parametric MRI. J. Magn. Reson. 2009, 197, 40–47. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cej.2023.145209
http://dx.doi.org/10.1016/j.ijbiomac.2023.124962
http://dx.doi.org/10.1016/j.actbio.2014.06.034
http://www.ncbi.nlm.nih.gov/pubmed/24998183
http://dx.doi.org/10.3390/ijms17121976
http://www.ncbi.nlm.nih.gov/pubmed/27898010
http://dx.doi.org/10.3390/ijms23010539
http://dx.doi.org/10.1016/j.biomaterials.2022.121969
http://dx.doi.org/10.2174/1574888X12666170612102706
http://dx.doi.org/10.1016/j.cobme.2023.100452
http://dx.doi.org/10.3390/polym9090401
http://dx.doi.org/10.1089/ten.teb.2019.0256
http://www.ncbi.nlm.nih.gov/pubmed/31910095
http://dx.doi.org/10.1016/j.ijbiomac.2022.01.029
http://www.ncbi.nlm.nih.gov/pubmed/35038469
http://dx.doi.org/10.1038/jid.2012.504
http://www.ncbi.nlm.nih.gov/pubmed/23407394
http://dx.doi.org/10.1088/1748-605X/ac338b
http://dx.doi.org/10.3390/bioengineering10060704
http://dx.doi.org/10.1016/j.smaim.2022.11.004
http://dx.doi.org/10.1016/j.carbpol.2019.115514
http://dx.doi.org/10.1016/j.ijbiomac.2024.132583
http://dx.doi.org/10.1021/acsbiomaterials.0c00416
http://dx.doi.org/10.3390/cells8101295
http://dx.doi.org/10.1002/term.3293
http://www.ncbi.nlm.nih.gov/pubmed/35246958
http://dx.doi.org/10.1039/C7BM00223H
http://www.ncbi.nlm.nih.gov/pubmed/28661522
http://dx.doi.org/10.1186/s40824-019-0168-8
http://dx.doi.org/10.1007/978-1-4939-2938-2_20
http://dx.doi.org/10.2478/v10048-009-0024-4
http://dx.doi.org/10.1016/j.jmr.2008.11.019
http://www.ncbi.nlm.nih.gov/pubmed/19114313


Polymers 2024, 16, 2741 13 of 13

47. Shi, W.; Fang, F.; Kong, Y.; Greer, S.E.; Kuss, M.; Liu, B.; Xue, W.; Jiang, X.; Lovell, P.; Mohs, A.M.; et al. Dynamic hyaluronic acid
hydrogel with covalent linked gelatin as an anti-oxidative bioink for cartilage tissue engineering. Biofabrication 2021, 14, 014107.
[CrossRef]

48. Cometa, S.; Busto, F.; Scalia, A.C.; Castellaneta, A.; Gentile, P.; Cochis, A.; Manfredi, M.; Borrini, V.; Rimondini, L.; De Giglio, E.
Effectiveness of gellan gum scaffolds loaded with Boswellia serrata extract for in-situ modulation of pro-inflammatory pathways
affecting cartilage healing. Int. J. Biol. Macromol. 2024, 277 Pt 1, 134079. [CrossRef]
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