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Abstract

Collagen, the most abundant protein in the extracellular matrix (ECM), plays a vital role in tissue
repair and regeneration. With the advent of 3D bioprinting technologies, collagen-based
constructs have garnered immense attention for use in tissue engineering and regenerative
medicine. This review provides a comprehensive analysis of collagen's structural attributes, its
integration into various 3D bioprinting platforms, formulation strategies for enhancing printability
and mechanical strength, and its applications in both soft and hard tissue regeneration.
Furthermore, it outlines the current challenges and presents future prospects for clinical

translation.
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1. Introduction

Over the past few years, tissue engineering has advanced significantly, and 3D bioprinting has been
an increasingly important modality for creating functional three-dimensional (3D) biomimetic
tissue constructs. By combining living cells, bioactive molecules and biomaterials, tissue like
construct with hierarchical structures could be achieved. Collagen is one of the most popular
bioinks used in 3D bioprinting applications because of its biocompatibility and bioactivity [4,5]. It

can be used to mimic the natural ECM and promote cellular contact. While pure collagen has its
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benefits, it has its difficulties as well, including printability and structural stability. In this review,
the various strategies to address these challenges, using the inherent biological properties of

collagen are discussed.

2. Collagen: Structure and Properties

Collagen is a triple-helical fibrous protein predominantly composed of glycine, proline, and
hydroxyproline. Type I collagen, the most common form, is extensively used in biomedical

applications. Key attributes include:

¢ High biocompatibility
e Low immunogenicity
e Ability to support cell adhesion, proliferation, and differentiation

¢ Biodegradability compatible with tissue remodeling processes

It is sourced from bovine, porcine, marine, and recombinant systems. Marine collagen, while less
immunogenic, often exhibits lower mechanical properties. Collagen's structural characteristics
make it ideal for soft tissue engineering but limit its use in load-bearing applications without

reinforcement.

3. Collagen-Based Bioink Formulations

Formulating collagen as a bioink requires consideration of rheological properties, gelation kinetics,

and crosslinking strategies.

3.1 Native Collagen Bioinks

Native collagen can be printed under physiological conditions but lacks structural integrity. Pre-
gel solutions must be temperature controlled to ensure homogeneity and prevent premature

fibrillogenesis.

3.2 Composite Bioinks

To improve printability and mechanical properties, collagen is often combined with:

e Gelatin: Enhances viscosity, thermosensitivity

e Alginate: Ionic crosslinking improves shape fidelity
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e Hyaluronic acid: Supports cell migration and hydration
¢ Nanocellulose: Reinforces structural network

e Polycaprolactone (PCL): Used for dual-extrusion with collagen for mechanical strength

3.3 Photocrosslinkable Collagen

Methacrylated collagen (ColIMA) or thiol-ene modified collagen allows for rapid, UV-initiated
crosslinking, improving stability and print resolution. UV exposure must be carefully controlled to

prevent cell damage.

3.4 Self-Healing and Shear-Thinning Bioinks

Advanced formulations exhibit thixotropy, allowing them to shear during extrusion and regain

shape post-deposition. This property is vital for layer stacking and complex structures.

4. 3D Bioprinting Technologies for Collagen

4.1 Extrusion-Based Bioprinting

The most widely used method, involving mechanical or pneumatic deposition of viscous bioinks.

Parameters influencing success include:

o Ink viscosity and gelation kinetics
e Nozzle diameter and pressure

e Temperature control for collagen stability

4.2 Inkjet Bioprinting

Utilizes thermal or piezoelectric actuators to deposit droplets of low-viscosity bioink. Offers high

resolution but is limited to bioinks with low solid content.

4.3 Laser-Assisted Bioprinting (LAB)

Employs a focused laser to generate pressure and propel bioink droplets onto a substrate. Enables

high spatial precision and cell viability but is costly and complex.
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4.4 Freeform Reversible Embedding of Suspended Hydrogels (FRESH)

FRESH printing involves printing collagen into a supportive gelatin microparticle bath. After
printing, the structure is thermally released. Allows fabrication of complex structures with high

fidelity.

4.5 Digital Light Processing (DLP) and SLA

Photopolymerization-based techniques for crosslinkable collagen derivatives, enabling rapid and

precise construct generation.

5. Applications in Tissue Engineering

5.1 Skin Tissue Engineering

Bioprinted collagen scaffolds support dermal fibroblasts and keratinocytes, promoting epidermal
regeneration. Composite collagen-gelatin constructs have demonstrated enhanced wound healing

in diabetic models.

5.2 Bone Tissue Engineering

Collagen—hydroxyapatite (HA) and collagen—calcium phosphate composites enhance osteogenesis.
Incorporation of BMP-2 and vascular endothelial growth factor (VEGF) further supports bone

regeneration.

5.3 Cartilage Regeneration

Chondrocytes embedded in collagen—hyaluronic acid matrices retain phenotype and secrete ECM
components such as aggrecan and collagen II. Zonal stratification improves biomechanical

mimicry.

5.4 Cardiac and Vascular Tissues

Collagen enables alignment of cardiomyocytes and supports capillary formation with endothelial
cells. Bioprinted vascular grafts using collagen demonstrate patency and mechanical compliance

1n vivo.
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5.5 Neural Tissue Engineering

Aligned collagen hydrogels provide directional cues for axonal regrowth. Incorporation of

neurotrophic factors enhances regeneration of peripheral and spinal cord injuries.

5.6 Corneal and Ocular Tissue

Transparent, aligned collagen bioinks can replicate the stromal architecture of the cornea. Corneal

keratocytes maintain phenotype and contribute to ECM regeneration.

6. Characterization of Collagen Constructs

6.1 Mechanical Properties

Evaluated through tensile, compressive, and shear testing. Parameters such as Young’s modulus

and ultimate tensile strength provide insight into scaffold performance.

6.2 Morphological Assessment

SEM and confocal microscopy assess pore architecture and fiber alignment. Micro-CT allows for

3D evaluation of porosity and interconnectivity.

6.3 Biological Assays

e Cell viability (MTT, Live/Dead)

e Proliferation (AlamarBlue, EdU)

e Gene expression (qPCR for ECM markers)
e Histology (H&E, Masson’s trichrome)

6.4 Degradation and Swelling Studies

Collagen degradation rates depend on crosslinking degree. Enzymatic assays with collagenase

assess scaffold longevity. Swelling index relates to porosity and water uptake.

7. Challenges in 3D Bioprinting with Collagen

e Low viscosity limits print resolution

e Variability in natural collagen sources
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e UV or chemical crosslinking may compromise biocompatibility
o Difficulty in creating thick, vascularized tissues

o Limited shelf life and batch reproducibility

8. Recent Advances and Innovations

e High-concentration collagen inks (Viscoll up to 80 mg/mL)

e Thermoreversible supports (FRESH 2.0) for multi-material constructs
e Integration of microfluidics for dynamic nutrient perfusion

e 4D bioprinting for stimuli-responsive tissue constructs

e Al-assisted design for scaffold architecture and print optimization

9. Clinical Translation and Regulatory Aspects

Collagen-based constructs face stringent regulatory requirements:

e Source traceability and sterility testing
e  GMP-compatible manufacturing
¢ Animal model validation for preclinical efficacy

e Clinical trials for safety and functional performance

Few commercial bioprinted products exist, but interest is rising in wound healing, cartilage repair,
and corneal implants. Regulatory bodies (FDA, EMA) are developing frameworks for bioprinted

tissues.

10. Future Perspectives

o Integration of vasculature and neural networks for thick tissues
e Hybrid bioprinting with electrospinning and lithography

¢ On-demand printing for surgical reconstruction

e Personalized medicine via patient-specific bioinks

e Sustainable and ethical sourcing of collagen

11. Conclusion

Collagen’s unique biological characteristics make it an ideal candidate for bioink development.

With ongoing innovations in material formulation, printing technologies, and crosslinking
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strategies, the bioprinting of collagen is approaching clinical reality. Addressing current limitations

in mechanical strength, scalability, and vascularization will be crucial to translating this promising

platform into widespread clinical use.
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