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ABSTRACT 

Three-dimensional (3D) bioprinting represents a transformative 

platform in regenerative medicine, offering the capability to 

precisely replicate the structural and functional complexity of 

the central and peripheral nervous systems. This technology is 

crucial for advancing neural tissue engineering (NTE) by 

enabling the construction of engineered tissues that closely 

mimic the native neural microenvironment. This article 

provides a critical synthesis of current bioprinting strategies for 

neural tissue engineering, focusing on the comparative analysis 

of natural, synthetic, and hybrid polymer-based bioinks from 

mechanistic and translational viewpoints. Special attention is 

given to various printing modalities— including extrusion, 

inkjet, and electro-hydrodynamic jet printing—and their 

capacity to control spatial organization and micro-

environmental cues. The review highlights key applications, 

such as models for brain development, neurodegenerative 

diseases, and glioblastoma scaffolds. Furthermore, it addresses 

significant translational barriers, such as host tissue integration  
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and bioink standardization, and explores promising future directions, including artificial 

intelligence (AI)-guided biofabrication and organ-on-chip integration, to enhance the fidelity 

and therapeutic potential of bioprinted neural constructs. 

 

KEYWORDS: 3D Bioprinting, Neural Tissue Engineering, Bioinks, Neurodegenerative 

diseases. 

 

INTRODUCTION 

The nervous system, an exceptionally intricate network, is responsible for regulating sensory 

processing and cognitive function. Damage or dysfunction within the CNS and PNS, often 

resulting from traumatic injury, neurodegenerative diseases, or peripheral nerve injuries 

(PNIs), leads to significant and often debilitating neurological impairments. 
[1] 

The global 

incidence of these disorders is rising, driven by an aging population, which underscores the 

urgent need for more effective therapeutic strategies.
[2–4] 

 

Current interventions, such as surgical nerve grafting and pharmacological therapies, 

frequently fail to restore full function due to the limited intrinsic regenerative capacity of 

neural tissue, its structural complexity, and the inadequacy of existing treatment options. 
[5]

 

To overcome these limitations, neural tissue engineering (NTE) has emerged as a 

multidisciplinary field integrating biomaterials, cell therapy, and advanced manufacturing 

technologies. The goal of NTE is to accurately reproduce the neural microenvironment and 

promote functional restoration.
[6]

 Three-dimensional bioprinting, in particular, allows for the 

precise control of cell distribution, spatial regulation of tissue structure, and biochemical 

signaling pathways, opening new avenues for creating complex, bioinspired neural tissue 

structures. 

 

NEURAL TISSUE ENGINEERING AND THE ROLE OF 3D BIOPRINTING 

The nervous system is composed of specialized cells, primarily neurons, which form an 

intricate network for transmitting electrical impulses. The CNS (brain, cerebellum, and spinal 

cord) coordinates sensory and motor functions, while the PNS consists of nerves extending 

from the CNS to transmit information.
[7,8]

 A critical challenge in NTE is the stark difference 

in regenerative capacity: the PNS retains some ability for axonal regeneration, but the CNS 

lacks intrinsic regenerative ability, with recovery limited to injuries less than 1 cm in 

length.
[9,10] 
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Compared to other tissues, nerve tissue exhibits significantly lower regenerative capacity and 

greater functional complexity.
[11]

 The CNS's limited self-repair is due to inhibitory molecules, 

reduced neurogenesis, and highly intricate synaptic architecture.
[12]

 Therefore, NTE 

constructs must meet unique design criteria, including controlled anisotropy, targeted 

delivery of neurotrophic factors, and the ability to reproduce the native electrophysiological 

environment. 

 

Traditional fabrication methods, such as solvent casting, freeze-drying, and electrospinning, 

have been widely used but possess significant limitations. Solvent casting lacks precise 

control over pore shape and distribution, leading to uneven cell distribution and potential 

cytotoxicity from residual solvents.
[13]

 Freeze-drying produces highly porous scaffolds but 

often lacks the necessary mechanical strength and fails to reproduce unique neural 

microenvironments like axial anisotropy.
[14]

 Electrospinning creates nanofiber scaffolds that 

mimic the extracellular matrix (ECM) but primarily yields 2D or pseudo-3D constructs, 

limiting control over multilayered cell arrangements.
[15] 

 

Three-dimensional bioprinting addresses these limitations by precisely depositing bioinks in 

digitally programmed layers, enabling the integration of various cell types, growth factors, 

and anisotropic physical properties within a single construct. This precision is vital for 

replicating biologically relevant structures and creating functional tissue models.
[16-22] 

 

FUNDAMENTALS OF THREE-DIMENSIONAL BIOPRINTING FOR NEURAL 

TISSUES 

3D bioprinting technologies utilize computer-aided design and manufacturing to deposit 

biomaterials at specified locations, fabricating complex 3D biological structures. 
[23]

 

Scaffolds for nerve tissue regeneration must possess biocompatibility, biodegradability, 

appropriate porosity, and sufficient mechanical strength, while also supporting cell adhesion 

and viability.
[24]

 The main categories of bioprinting technologies, their principle, advantages 

and limitations are listed in Table 1. 
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Table 1: List of various 3D bioprinting technologies. 

Technology Principle Advantages Limitations 

Extrusion-based 

Continuous deposition of 

bioink through a nozzle, 

driven by pneumatic or 

mechanical force. 

High cell density, 

suitable for high- 

viscosity bioinks, 

scalable for large 

constructs. 

High shear stress can 

compromise cell viability, 

lower resolution compared 

to other methods. 

Inkjet-based 

Thermal or piezoelectric 

actuators generate 

droplets of bioink. 

High resolution, low 

cost, high throughput, 

low shear stress 

(biocompatible). 

Limited to low- viscosity 

bioinks, potential for nozzle 

clogging, limited scalability 

for large tissues. 

Electrohydrodynamic 

(EHD) 

Electric fields generate 

ultra-fine jets or droplets 

for high-resolution 

patterning. 

Nanoscale resolution, 

fine droplet control, 

suitable for complex 

tissue fabrication. 

Low throughput, high 

voltage risks, complex 

setup requirements. 

Laser-assisted 

Laser-induced forward 

transfer (LIFT) ejects 

bioink droplets onto a 

substrate. 

Excellent precision 

and patterning 

capabilities, high 

resolution. 

High cost, cell viability can 

be affected by laser 

exposure duration. 

Stereolithography 

(SLA) 

Patterned light projections 

polymerize photosensitive 

bioinks layer-by- layer. 

High resolution, rapid 

fabrication of 

complex geometries. 

Limited to photosensitive 

bioinks, potential for 

phototoxicity. 

Two-Photon 

Polymerization (2PP) 

Femtosecond laser creates 

highly precise, sub- 

micrometer features. 

Ultra-high resolution, 

ideal for micro-scale 

features and 

vascularized models. 

Very high cost, low 

throughput, limited material 

compatibility. 

 

Extrusion-based bioprinting is often favored for its scalability and ability to handle diverse 

bioink viscosities, despite the risk of shear stress-induced cell damage. Inkjet printing offers 

high resolution and biocompatibility but is restricted to low- viscosity bioinks. EHD 

bioprinting provides nanoscale resolution but suffers from low throughput and complex 

setup.
[25] 

 

BIOINKS FOR NEURAL TISSUE ENGINEERING 

The selection of bioink is paramount, as it dictates the mechanical, biochemical, and 

structural properties of the bioprinted construct. Bioinks for NTE must mimic the native 

ECM, providing structural support and crucial signaling cues for neural cell survival, 

differentiation, and neurite outgrowth. Bioinks are broadly categorized into natural, synthetic, 

and hybrid polymers. 

 

Natural Polymer-Based Bioinks 

Naturalpolymers are highly favored due to their inherent biocompatibility, biodegradability, 

and the presence of cell-recognition motifs. 
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(i) Collagen and Gelatin 

Collagen is a primary component of the ECM, promoting cell adhesion and proliferation. 

Gelatin, a denatured form of collagen, is often used due to its low cost and ability to form 

hydrogels. Both are widely used in neural applications for their ability to support neurite 

outgrowth.
[26,27] 

 

(ii) Alginate 

Derived from brown algae, alginate is non-immunogenic and forms hydrogels rapidly via 

ionic cross-linking with calcium ions. It is frequently used as a structural component in 

bioinks, often blended with other materials to enhance cell-material interactions.
[28] 

 

(iii) Hyaluronic Acid (HA) 

A major component of the neural ECM, HA is critical for cell migration and differentiation. 

Its functionalized derivatives, such as Gel MA/HA blends, have been used to create scaffolds 

for traumatic brain injury therapy.
[11] 

 

Synthetic and Hybrid Polymer-Based Bioinks 

Synthetic polymers offer tunable mechanical properties, degradation rates, and chemical 

modification sites, overcoming the batch-to-batch variability of natural materials. 

 

(i) Polyethylene Glycol (PEG) 

PEG is highly biocompatible and resistant to protein adsorption, making it useful for creating 

inert structural scaffolds. Its mechanical properties can be easily tuned via cross-linking.
[29] 

 

(ii) Polycaprolactone (PCL) 

PCL is a biodegradable polyester known for its excellent mechanical strength and slow 

degradation rate, making it suitable for long-term structural support in nerve guidance 

conduits.
[30] 

 

(iii) Hybrid Bioinks 

Combining natural and synthetic polymers leverages the best of both worlds—the bioactivity 

of natural materials and the mechanical tenability of synthetic ones. For instance, 

GelMA/PEG-based hybrid hydrogels are commonly used to balance mechanical stability with 

biological signaling.
[31] 
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APPLICATIONS OF 3D BIOPRINTED NEURAL TISSUES 

3D bioprinting is rapidly expanding its utility from basic research models to potential 

therapeutic applications. 

 

Disease Modeling and Drug Screening 

Bioprinted neural constructs provide superior in vitro models compared to traditional 2D 

cultures and animal models, offering a more physiologically relevant environment.
[32–35] 

 

(i) Brain Development and Neurodegenerative Disease Models 

3D bioprinted models, such as those for Alzheimer's and Parkinson's diseases, allow for the 

study of disease progression and the testing of new drug candidates in a human- relevant 

context.
[36,37] 

 

(ii) Glioblastoma Scaffolds 

Bioprinting is used to create complex tumor microenvironments, including the tumor-stroma 

interface and the blood-brain barrier (BBB), which are critical for understanding tumor 

invasion and evaluating anti-cancer therapies. A multilayered BBB model has been 

effectively developed to investigate drug permeability.
[38] 

 

Neural Regeneration and Repair 

The technology is particularly promising for repairing damaged neural pathways. 

 

(i) Peripheral Nerve Regeneration 

Bioprinted Nerve Guidance Conduits (NGCs) are a central focus. These conduits can be 

loaded with cells (e.g., Schwann cells) and growth factors, and their internal structure can be 

precisely patterned to guide axonal pathfinding, overcoming the limitations of traditional 

nerve grafts.
[39] 

 

(ii) Axonal Guidance Platforms 

Recent advances enable the fabrication of microenvironments with biophysical gradients 

(mechanical and chemical) that are crucial for peripheral nerve regeneration. These patterned 

constructs can modulate Schwann cell behavior and promote targeted axonal pathfinding.
[40] 

 

TRANSLATIONAL BARRIERS AND FUTURE DIRECTIONS 

Despite significant progress, several challenges must be addressed before 3D bioprinted 

neural tissues can be widely translated into clinical practice. 
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Translational Barriers 

(i) Host Tissue Integration 

Achieving seamless integration of the bioprinted construct with the host tissue remains a 

major hurdle. This requires the construct to not only survive but also establish functional 

neural and vascular connections.
[41] 

 

(ii) Bioink Standardization and Regulatory Hurdles 

A lack of standardized protocols for bioink preparation and characterization, coupled with 

complex regulatory pathways for combination products (cells, biomaterials, and devices), 

slows down clinical translation.
[42] 

 

(iii) Vascularization 

The creation of a functional vascular network within the thick bioprinted tissue is essential 

for nutrient and oxygen supply, a challenge often addressed through co-printing with 

endothelial cells or the use of sacrificial materials.
[43] 

 

Future Directions 

(i) Artificial Intelligence (AI)-Guided Biofabrication 

AI integration is expected to forecast biological responses, automate image analysis, and 

optimize bioprinting parameters, leading to more consistent and effective constructs.
[44] 

 

(ii) Organ-on-Chip Integration 

Combining 3D bioprinting with microfluidic organ- on-chip platforms allows for the creation 

of dynamic, functional models that better simulate the physiological environment and enable 

real-time monitoring of cellular responses.
[45] 

 

(iii) 4D Bioprinting 

The emergence of 4D bioprinting, which involves materials that change shape or function 

over time in response to external stimuli, offers a strategy for creating dynamically adaptive 

neural constructs that can evolve with the healing process.
[21] 

 

CONCLUSION 

3D bioprinting has revolutionized NTE, moving beyond the limitations of conventional 

fabrication methods to create complex, functional neural constructs. The precise control over 

spatial organization, cell placement, and microenvironmental cues offered by advanced 

printing modalities and tailored bioinks is driving innovation in disease modeling, drug 
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screening, and regenerative therapies. While challenges related to vascularization, host 

integration, and standardization persist, the integration of cutting-edge technologies like AI 

and organ-on-chip platforms promises to accelerate the translation of 3D bioprinted neural 

tissues from the laboratory to the clinic, offering new hope for patients suffering from 

neurological impairments. 
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