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Abstract— Extrusion- grounded 3D bioprinting (eclipse) critically depends on the parcels of hydrogels, which serve as bioinks. These 

accoutrements must combine precise rheological geste, mechanical strength, and cytocompatibility to support complex towel structures. 

This paper investigates a range of hydrogel phrasings natural, synthetic, and mongrel — through mechanical, rheological, and natural 

lenses. Our findings emphasize a “rheological window” pivotal for printability and identify gelatin- alginate and MeHA hydrogels as 

high- performing campaigners. The study also highlights the eventuality of stimulants- responsive hydrogels and AI- guided design as 

arising inventions in biofabrication. 

 

Keywords: 3D Bioprinting, Extrusion-Based Bioprinting (EBB), Hydrogel Bioinks, Rheology of Hydrogels, Gelatin-Alginate, 

Methacrylated Hyaluronic Acid (MeHA), PEG/HA Thermogels, Nanocellulose Composites. 

 

I. INTRODUCTION 

3D bioprinting has emerged as a transformative approach 

for tissue engineering, enabling the layer-by-layer assembly 

of complex biological structures. At the core of 

extrusion-based 3D bioprinting lies the development of 

bioinks—primarily hydrogel-based substances with carefully 

tailored physicochemical properties. Hydrogels provide a 

hydrated, cell-friendly environment and mimic many features 

of the native extracellular matrix (ECM), including high 

water content, biocompatibility, and viscoelastic behavior 

[18]. Successful hydrogel-based bioprinting demands a fine 

balance between rheological performance—such as 

shear-thinning and thixotropic recovery—and biological 

compatibility to ensure both print fidelity and post-print cell 

viability [10]. However, the field still faces significant 

challenges in standardizing hydrogel compositions, 

optimizing mechanical properties for specific tissues, and 

ensuring long-term in vivo stability [4]. 

II. HYDROGEL FUNDAMENTALS 

Hydrogels are three- dimensional networks of hydrophilic 

polymers able of absorbing and retaining large volumes of 

water. Their physical parcels are governed by polymer 

attention, crosslinking viscosity, and environmental 

responsiveness [18, 19]. Their structural and mechanical 

resemblance to soft natural apkins makes them ideal for 

operations in regenerative drug, crack mending, and 

medicine delivery [1]. Importantly, their tunable 

viscoelasticity supports the encapsulation and release of 

cells, medicines, and growth factors [5]. 

III. EVOLUTION OF BIOINKS 

The evolution of bioinks has progressed from basic 

alginate systems to sophisticated hybrid materials integrating 

natural (e.g., gelatin, hyaluronic acid) and synthetic (e.g., 

PEG, PVA) polymers [15]. These advanced hydrogels aim to 

combine biocompatibility with tunable mechanical properties 

and crosslinking mechanisms [2, 6]. Recent innovations 

include double-network and interpenetrating hydrogels that 

withstand greater mechanical stress while promoting cell 

proliferation [1, 11]. Bioinks now also include 

nanocomposites and materials capable of responding to 

environmental stimuli, such as temperature, pH, or light [4, 

9]. 

IV. MATERIALS AND METHODS 

Formulations included Alginate, Gelatin-alginate (1:1 and 

4:1), Methacrylated hyaluronic acid (MeHA), PEG/HA 

thermogels, and Nanocellulose-reinforced composites. 

Shear-thinning and thixotropy were analyzed using shear rate 

sweeps (0.01–100 s⁻¹) and oscillatory frequency sweeps. 

Loop tests were applied to assess hysteresis and yield stress 

under cyclic strain [6, 8]. Print performance was evaluated 

using pneumatic and piston extrusion systems, measuring 

filament continuity, layer fidelity, and stacking height. 

Compression modulus tests were performed under 

physiological conditions (37°C, PBS), and viability was 

assessed using Live/Dead staining and fluorescence 

microscopy [13]. 

4.1. Hydrogel Preparation 

Formulations included: 

• Alginate 

• Gelatin-alginate (1:1 and 4:1) 

• Methacrylated hyaluronic acid (MeHA) 

• PEG/HA thermogels 

• Nanocellulose-reinforced composites 

• Concentrations were based on prior optimization studies 

[3, 7]. 



  ISSN (Online) 2456 -1304 

International Journal of Science, Engineering and Management (IJSEM) 

Volume 12, Issue 06, June 2025 

 

16 

4.2. Rheological Testing 

Shear-thinning and thixotropy were analyzed using shear 

rate sweeps (0.01–100 s⁻¹) and oscillatory frequency sweeps. 

Loop tests were applied to assess hysteresis and yield stress 

under cyclic strain [6, 8]. 

 
Figure 1: Rheological curves of tested hydrogels showing 

shear-thinning behavior. 

Table 1: Summary of Rheological and Mechanical 

Properties 

Hydrogel 
Shear- 

Thinning 

Yield 

Stress 

(Pa) 

G′ 

(Pa) 
tan δ 

Modulus 

Range (Pa) 

Alg:Gel 1:1 Strong 300 1000 0.5 500–1500 

MeHA Moderate 200 800 0.5 300–1200 

Nanocellulose High 150 500 0.4 200–800 

PEG/HA High 250 1200 0.5 600–2000 

4.3. Printability Index 

Print performance was evaluated using pneumatic and 

piston extrusion. The following parameters were recorded: 

• Filament continuity 

• Layer fidelity 

• Strand collapse 

• Stacking height 

• A composite Printability Index (PI) was calculated for 

each formulation [6]. 

4.4. Mechanical Testing 

Compression modulus tests were performed in 

physiological conditions (37°C, PBS). Each hydrogel was 

subjected to cyclic loading to mimic in vivo conditions. 

4.5. Cell Viability and Optical Testing 

Hydrogels were seeded with Schwann cells, mesenchymal 

stem cells, and chondrocytes. Viability was measured via 

Live/Dead staining. Optical coherence tomography and 

fluorescence microscopy were used to assess cellular 

integration and scaffold integrity [13]. 

V. RESULTS AND DISCUSSION 

All tested hydrogels exhibited non-Newtonian 

shear-thinning behavior, critical for EBB. Gelatin-alginate 

and PEG/HA blends displayed high yield stress and 

thixotropic recovery. PEG/HA hydrogels showed superior 

modulus (~2000 Pa), and gelatin-alginate composites 

maintained consistent elasticity over repeated cycles. Bioinks 

with moderate to high yield stress (150–300 Pa) and a tan δ 

between 0.4–0.6 demonstrated optimal print fidelity. All 

hydrogels maintained post-print cell viability >90%. 

Gelatin-based systems promoted strong cell adhesion and 

proliferation, while MeHA supported high-density cell 

encapsulation with minimal stress response [14]. 

5.1. Rheological Profiles 

All tested hydrogels exhibited non-Newtonian 

shear-thinning behavior, critical for EBB. Gelatin-alginate 

and PEG/HA blends displayed high yield stress and 

thixotropic recovery, ensuring fidelity during layer stacking 

(Figure 1). 

 
Figure 2 

5.2. Mechanical Properties 

PEG/HA hydrogels exhibited superior modulus (~2000 

Pa) under physiological temperatures, while gelatin-alginate 

composites maintained consistent elasticity over repeated 

cycles (Figure 2, Table 1). 

 
Figure 3 
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5.3. Printability Trends 

Bioinks with moderate to high yield stress (150–300 Pa) 

and a tan δ between 0.4–0.6 demonstrated optimal print 

fidelity. Nanocellulose and PEG/HA inks scored highest on 

the Printability Index. 

5.4. Biological Compatibility 

All hydrogels maintained post-print cell viability >90%. 

Gelatin-based systems promoted strong cell adhesion and 

proliferation, while MeHA supported high-density cell 

encapsulation with minimal stress response [14]. 

VI. ADVANCED HYDROGEL STRATEGIES 

Smart hydrogels enable control over drug release and 

scaffold shape via external stimuli. PEG/HA blends and 

MeHA variants demonstrated temperature-responsive sol-gel 

transitions [4, 9]. Artificial intelligence is increasingly 

employed to predict rheological performance and optimize 

bioink formulations. Models trained on empirical datasets 

can define a printability window and reduce trial-and-error 

iterations, improving reproducibility across laboratories [6, 

20]. 

VII. CONCLUSION 

Our investigation confirms that successful extrusion-based 

bioprinting requires a hydrogel bioink with fine-tuned 

rheology, mechanical integrity, and cellular support. 

Gelatin-alginate (1:1) and MeHA compositions stand out for 

their printability and cytocompatibility. Innovations such as 

stimuli-responsive gels and AI-driven formulation design 

hold significant promise for future applications in 

personalized and regenerative medicine. 
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