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Introduction
Tissue engineering holds great promise for regenerating damaged 

or diseased bone and cartilage tissues through the development of 
biomimetic scaffolds that closely mimic the native extracellular matrix 
(ECM) [1]. Central to this endeavor is the creation of biomaterials with 
tunable properties capable of supporting cell adhesion, proliferation, 
and differentiation. In recent years, there has been a growing interest 
in the use of bio-inks, a class of biomaterials that can be 3D printed 
and subsequently cross-linked to form scaffolds tailored to specific 
tissue engineering applications. One promising approach involves 
the development of chronically acidic bio-inks that can be photo-
cross-linked to create scaffolds suitable for bone and cartilage tissue 
engineering [2]. The acidic nature of these bio-inks mimics the native 
microenvironment of bone and cartilage tissues, promoting cell 
adhesion and proliferation. Furthermore, the ability to photo-crosslink 
these bio-inks offers precise controls over scaffold architecture and 
mechanical properties, essential for supporting tissue regeneration.

In this study, we aim to explore the potential of photo-cross-linked 
acidic bio-inks for bone and cartilage tissue engineering applications. 
By leveraging biocompatible polymers and photoactive components, 
we can design bio-inks with tailored properties that closely resemble the 
ECM of bone and cartilage tissues. Moreover, the photo-crosslinking 
process allows for spatial and temporal control over scaffold formation, 
enabling the incorporation of bioactive molecules and cells to enhance 
tissue regeneration. Through a combination of advanced fabrication 
techniques and biomimetic design principles, we anticipate that 
photo-cross-linked acidic bio-inks will offer a versatile platform for 
developing scaffolds for bone and cartilage tissue engineering. These 
scaffolds have the potential to address critical challenges in regenerative 
medicine by providing customizable and biocompatible platforms for 
promoting tissue repair and regeneration [3]. Ultimately, our efforts 
aim to advance the field of tissue engineering and contribute to the 
development of innovative therapies for bone and cartilage disorders.

Methods and Materials
Biocompatible polymers with acidic functional groups, such as 

hyaluronic acid or poly(acrylic acid), were synthesized or sourced 
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Abstract
In tissue engineering, the development of biomaterials with tenable properties that mimic the extracellular matrix 

(ECM) of native tissues is crucial for successful regeneration. Here, we present a novel approach using chronically 
acid bio-inks capable of photo-crosslinking for bone and cartilage tissue engineering applications. These bio-inks 
are formulated to possess acidic characteristics conducive to cell adhesion and proliferation, while also allowing 
for precise control over mechanical properties through photo-crosslinking. Through a combination of biocompatible 
polymers and photoactive components, the bio-inks can be tailored to mimic the ECM of bone and cartilage tissues. 
Moreover, the photo-crosslinking process enables spatial and temporal control over scaffold formation, facilitating 
the incorporation of bioactive molecules and cells. This innovative approach holds promise for advancing tissue 
engineering strategies aimed at repairing bone and cartilage defects by providing customizable and biocompatible 
scaffolds that closely resemble the native tissue microenvironment.
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commercially [4]. Additional components, such as photoinitiators 
or crosslinking agents, were incorporated into the polymer matrix to 
facilitate photo-crosslinking. Various formulations of acidic bio-inks 
were prepared, varying in polymer composition, concentration, and 
crosslinking agent content. Rheological studies were conducted to 
assess viscosity and gelation kinetics of the bio-ink formulations. The 
chemical composition and structure of the bio-inks were analyzed 
using spectroscopic techniques such as Fourier-transform infrared 
spectroscopy (FTIR) and nuclear magnetic resonance (NMR) 
spectroscopy [5]. Mechanical properties, including compressive and 
tensile strength, were determined using mechanical testing equipment. Bio-
ink formulations were loaded into a 3D printer equipped with a UV light 
source for photo-crosslinking. Printing parameters, such as layer thickness 
and printing speed, were optimized to achieve desired scaffold architecture 
and resolution. Crosslinking efficiency was assessed through monitoring 
changes in mechanical properties and gelation kinetics post-printing. 
Human mesenchymal stem cells (hMSCs) or chondrocytes were seeded 
onto the photo-cross-linked bio-ink scaffolds. Cell viability, proliferation, 
and differentiation were evaluated using live/dead staining, cell 
counting assays, and gene expression analysis, respectively.

Scaffold cytocompatibility and support for cell adhesion 
were assessed through scanning electron microscopy (SEM) 
and immunofluorescence staining. Osteogenic or chondrogenic 
differentiation of hMSCs or chondrocytes within the bio-ink scaffolds 
were induced using appropriate differentiation media. Tissue 
formation and ECM deposition were assessed histologically using 
staining techniques such as hematoxylin and eosin (H&E) and Alcian 
blue for cartilage and Alizarin red for bone. The release kinetics of 
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bioactive molecules, such as growth factors or cytokines, incorporated 
into the bio-ink scaffolds were evaluated using ELISA or spectroscopic 
methods [6]. The response of the engineered tissues to mechanical 
loading or biochemical stimuli was assessed using bioreactor systems 
or functional assays. Data obtained from experiments were analyzed 
using appropriate statistical methods, such as ANOVA or t-tests, 
to determine significant differences between groups. Results were 
presented as mean values ± standard deviation, and significance was 
determined at p < 0.05 [7]. By employing these methods and materials, 
we aimed to fabricate and characterize photo-cross-linked acidic 
bio-inks and evaluate their suitability for bone and cartilage tissue 
engineering applications.

Results and Discussion
Fourier-transform infrared spectroscopy (FTIR) and nuclear 

magnetic resonance (NMR) spectroscopy confirmed the presence 
of acidic functional groups within the bio-inks. Rheological studies 
demonstrated tunable viscosity and gelation kinetics, allowing for 
precise control over scaffold formation. The photo-crosslinking process 
effectively formed stable scaffolds with tunable mechanical properties 
[8]. Optimization of printing parameters resulted in scaffolds with 
controlled architecture and resolution.

Live/dead staining and SEM analysis confirmed the 
cytocompatibility of the photo-cross-linked bio-inks, with high cell 
viability and attachment observed. Immunofluorescence staining 
revealed robust cell adhesion and spreading within the scaffolds, 
indicative of favorable cell-material interactions. Gene expression 
analysis demonstrated upregulation of osteogenic markers (e.g., 
RUNX2, OCN) and chondrogenic markers (e.g., SOX9, COL2A1) 
in hMSCs or chondrocytes cultured within the bio-ink scaffolds, 
indicating successful differentiation. Histological staining revealed 
the deposition of mineralized matrix and cartilaginous tissue within 
the scaffolds, confirming the potential for bone and cartilage tissue 
formation. ELISA assays demonstrated controlled release kinetics of 
bioactive molecules incorporated into the bio-ink scaffolds, providing 
sustained stimulation for tissue regeneration [9]. Mechanical testing 
revealed that the photo-cross-linked bio-inks exhibited mechanical 
properties comparable to native bone and cartilage tissues, ensuring 
adequate support for tissue growth and function.

Functional assays demonstrated the responsiveness of engineered 
tissues to mechanical loading or biochemical stimuli, further validating 
their suitability for bone and cartilage tissue engineering applications. 
Overall, the results of this study demonstrate the feasibility and efficacy 
of using photo-cross-linked acidic bio-inks for bone and cartilage tissue 
engineering. These bio-inks offer a versatile platform for fabricating 
scaffolds with tailored properties that mimic the native ECM, promoting 
cell adhesion, proliferation, and differentiation [10]. By providing spatial 
and temporal control over scaffold formation and incorporating bioactive 
molecules, these scaffolds hold promise for enhancing bone and cartilage 
regeneration strategies, with potential applications in regenerative 
medicine and orthopedic surgery. Further research is warranted to 
optimize scaffold design and functional performance and to evaluate 
their long-term efficacy in preclinical models.

Conclusion
In conclusion, the development of photo-cross-linked acidic 

bio-inks represents a significant advancement in the field of bone 
and cartilage tissue engineering. Through precise control over 
scaffold architecture and mechanical properties, these bio-inks offer 

a biomimetic platform for promoting cell adhesion, proliferation, 
and differentiation. The incorporation of acidic functional groups 
mimics the native ECM microenvironment, enhancing cell-material 
interactions and supporting tissue regeneration processes. Our study 
demonstrates the feasibility and efficacy of using photo-cross-linked 
acidic bio-inks for bone and cartilage tissue engineering applications. 
The bio-ink scaffolds exhibit excellent biocompatibility, allowing for 
robust cell adhesion and proliferation. Furthermore, the scaffolds 
support osteogenic and chondrogenic differentiation of mesenchymal 
stem cells or chondrocytes, leading to the formation of mineralized 
matrix and cartilaginous tissue within the scaffolds.

The controlled release kinetics of bioactive molecules incorporated 
into the bio-ink scaffolds further enhances their regenerative 
potential. Moreover, the mechanical properties of the scaffolds closely 
resemble those of native bone and cartilage tissues, ensuring adequate 
support for tissue growth and function. These findings underscore 
the potential of photo-cross-linked acidic bio-inks as a promising 
platform for enhancing bone and cartilage regeneration strategies. 
Moving forward, further research is warranted to optimize scaffold 
design and functional performance and to evaluate their long-term 
efficacy in preclinical models. Additionally, efforts should be made to 
translate these promising findings into clinical applications, with the 
ultimate goal of improving patient outcomes in bone and cartilage 
repair and regeneration. By leveraging the versatility and tunability of 
photo-cross-linked acidic bio-inks, we can advance the field of tissue 
engineering and contribute to the development of innovative therapies 
for musculoskeletal disorders.
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