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Abstract

Neural regeneration devices interface with the nervous system and can provide flexibility in 

material choice, implantation without the need for additional surgeries, and the ability to serve as 

guides augmented with physical, biological (e.g., cellular), and biochemical functionalities. Given 

the complexity and challenges associated with neural regeneration, a 3D printing approach to the 

design and manufacturing of neural devices could provide next-generation opportunities for 

advanced neural regeneration via the production of anatomically accurate geometries, spatial 

distributions of cellular components, and incorporation of therapeutic biomolecules. A 3D 

printing-based approach offers compatibility with 3D scanning, computer modeling, choice of 

input material, and increasing control over hierarchical integration. Therefore, a 3D printed 

implantable platform could ultimately be used to prepare novel biomimetic scaffolds and model 

complex tissue architectures for clinical implants in order to treat neurological diseases and 

injuries. Further, the flexibility and specificity offered by 3D printed in vitro platforms have the 

potential to be a significant foundational breakthrough with broad research implications in cell 

signaling and drug screening for personalized healthcare. This progress report examines recent 
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advances in 3D printing strategies for neural regeneration as well as insight into how these 

approaches can be improved in future studies.

Graphical Abstract

3D printed platforms which combine cells, biomolecules, and scaffolds are growing in promise 

for combinatorial strategies in neural regeneration. This progress report focuses on the application 

of various 3D printing approaches to neuronal regeneration devices and mimicking the nervous 

system on a chip. Current challenges and future opportunities are highlighted to develop clinical 

implants to treat neurological diseases and injuries.
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1. Introduction

The nervous system is structurally separated into two systems: the central nervous system 

(CNS), comprised of the brain and spinal cord, and the peripheral nervous system (PNS), 

composed of the cranial and spinal nerves along with their associated ganglia that connect 

the CNS to the body. These systems are interconnected via an extensive network of nerves 

and neural cells (i.e., neurons and supporting glial cells) to facilitate communication and 

relay information (sensorimotor signals) to and from all parts of the body. Typically, neurons 

receive electrical signals via dendrites or specialized nerve endings and transmit the 

electrical signals through axons (nerve fibers) to the cell body. Supporting glial cells in the 

CNS (astrocytes and oligodendrocytes) serve various functions such as insulating the axons 

and forming the blood-brain barrier. When the nervous system is impacted by an injury or a 

disease, there is resultant neural cell death, distributed neural networks become 

disconnected, and the relay of information is disrupted. This loss can lead to many 

neurological disorders including neurodegenerative diseases (e.g., Alzheimer’s and 
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Parkinson’s disease), stroke, traumatic brain injury (TBI), spinal cord injury (SCI), and 

peripheral nerve injury (PNI).[1–4]

Nervous system regeneration refers to the re-establishment and repair of functional neural 

connections, nervous tissue, and cells. Methods to accomplish this through neural tissue 

engineering involve providing direct replacement of neural cells and/or repair of circuitry by 

utilizing cell transplantation, bio/chemical-molecular signaling, and a directed guidance 

“bridge” scaffolding (Figure 1a–c).[5–11] Direct injection of cell-based and/or biomolecular 

therapies (scaffold-free) for restoring function following nervous system injury has yielded 

promising outcomes in animal models. However, translating these approaches into practical, 

clinically available treatments has been limited due to difficulties in selecting optimal cell 

types for transplantation, cell placement, and cell survival at the injury site due to lack of 

supporting structures and systems.[12, 13] It has been proposed that using scaffolds to support 

the cells may be an effective strategy, opening opportunities to test new therapeutic options.
[12, 13] In principle, the ideal scaffold should mimic the native tissues as closely as possible, 

mechanically, organizationally, and biologically. Unfortunately, accurate mimicry of the 

complex nervous system is challenging via conventional molding techniques, especially 

when it requires materials and mechanical flexibility, control over cell placement, and 

precision in anatomical design.[14]

3D printing is an additive manufacturing process which is capable of building 3D structures 

from a computer-aided design (CAD) model in a layer-by-layer fashion to create unique 3D 

architectures. It potentially enables personalized biomedical device applications which 

incorporate combinatorial strategies to overcome some of the challenges of neural 

regeneration (Figure 1d). 3D printing provides four vital features: (1) coupling with 3D 

imaging technologies to achieve anatomical accuracy; (2) robotics-based biomanufacturing 

for precision; (3) compatibility with multiple material sets for flexible functionality; and (4) 

rapid prototyping for combinatorial sampling. Together, these features offer powerful 

advantages over other methodologies in recreating complex structures such as components 

of the nervous system. Notably, due to the different environments of the CNS and PNS, as 

well as neuronal and glial responses to injury, 3D printing also could allow different 

regeneration strategies for the CNS and PNS.

First, 3D printing allows us to tailor the shape of the scaffold to individual nervous systems 

and injuries. The combination with 3D imaging enables the acquisition of 3D topological 

data to design scaffolds that geometrically match the 3D microenvironment of each injury 

with high anatomical fidelity. Since cell-to-cell contact is critical for outgrowth and ingrowth 

of axons from grafted cells, 3D printing can play a crucial role in supporting the regenerative 

ability of the cells when transplanted by ensuring that this cell-to-cell contact is present. 

Furthermore, 3D printing can provide directionality for regenerating axons, thereby 

encouraging neural network formation.[16]

Second, in contrast to methodologies which involve printing bare scaffolds and then seeding 

them with cells or biomolecules post-fabrication, a direct 3D printing approach allows us to 

print the correct cell types or biomolecules directly onto the desired scaffold for optimal and 

efficient localization, which can be beneficial in recapitulating complex cyto-architectures 
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such as within the nervous system. For complex nervous system replication, incorporation of 

different types of cells or molecules into regionally-specific channels could allow for 

orthotopic reconstruction and optimal regeneration. Hence, 3D printing could permit 

multicellular neural tissue engineering which is: (i) able to control the position, growth, and 

differentiation of transplanted cells via direct printing of cells; and (ii) able to form specific 

neurite networks (e.g., sensory and motor) via printing particular biomolecules (neurotrophic 

factors, growth factors) within channels.[15, 17]

Third, 3D printing allows for the integration of different classes of multiple materials in a 

single printer including cells, biomaterials, fibers, polymers, nanomaterials, ceramics, and 

metals. This flexibility to choose different materials should allow closer mimicry of native 

tissue-like structures, which is essential for biomedical devices.[18–23] It will enable tuning 

of mechanical properties of 3D printed devices to achieve enhanced performance for 

neuroregeneration.[17, 24] It also minimizes mechanical mismatches with surrounding 

tissues, which is a cause of tissue damage or delamination when the scaffolds are 

transplanted.[25]

Lastly, 3D printing provides rapid prototyping of organ-level in vitro nervous system 

platforms.[26] In particular, the platforms offer opportunities for the development of model 

systems for complex neurological phenomena and targeted treatment of neurological 

disorders via the alignment of axonal networks and spatial organization of cellular 

components at the microchip scale. Combinatorial strategies may also solidify the statistical 

significance of the regeneration.

In this progress report, we discuss the application of 3D printing to neuronal regeneration 

devices and how this approach benefits nervous system tissue engineering. We also elaborate 

on the prototyping of customized nervous-system-on-a-chip technologies. First, we discuss 

general methods and strategies for 3D printing, including selection of biomaterials. Second, 

we introduce the cellular components and organizational hierarchy of the nervous system. 

Third, we present recent studies on implantable 3D printed scaffolds for PNS and CNS 

injuries. Fourth, we describe a 3D printed in vitro nervous-system-on-a-chip with broad 

research implications in regenerative medicine (e.g., cell signaling and drug screening for 

personalized healthcare). Finally, we close with a discussion on the current limitations of 

these strategies and future studies.

2. Design principle for developing 3D printed neural regeneration devices

One of the most important purposes of printing neural regeneration devices (scaffolds) is to 

create a “living” platform which is transplantable and mimics functional tissues. To generate 

a living platform, the printed scaffold, cells, and/or biomolecules need to be designed to 

provide a suitable environment for neural tissue regeneration. Key considerations for the 

design of the devices include: the printing technology and process methodology; 

biocompatible materials for cell-laden bioinks and scaffolds; and replication of target 

structure, injury, or cavity (e.g., via 3D imaging). These characteristics are dependent on the 

application to the specific injury, as shown in Figure 2.
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2.1. 3D printing and bioprinting methodologies

In 3D printed tissue engineering for neural regeneration, bioprinting refers to 3D printing of 

either biologically inert materials or biomaterials that incorporate cells and other biologics.
[27–29] Due to the high water content, a low-viscosity hydrogel is a common biomaterial for 

bioprinting. Of course, other biomaterials may be considered. For implantable scaffold 

construction, the viscosity of biocompatible inks needs to be sufficient to maintain the 

precise architecture of the injured nervous tissues, which is a challenge when these inks are 

also biodegradable. Depending on the specific regenerative strategy, 3D printed neural 

regeneration devices are classified into (i) scaffold-only (3D printing), (ii) cell-laden scaffold 

(bioprinting), and (iii) living scaffold (combining 3D printing and bioprinting, ideally on a 

single platform).

Extrusion, fused-deposition modeling (FDM), laser-assisted, and stereolithography (SLA) 

are the most common 3D printing methods to mimic nervous system tissue.[30–32] The 

purpose of the 3D printed neural tissue model or scaffold is the construction of well-defined 

neuronal network architectures and neural circuits, which are critical for neural regeneration 

or nerve injury repairs. Thus, 3D printed scaffolds should provide the mechanical support to 

maintain a transplanted scaffold within native tissues. Particularly important are channels to 

allow infiltration of cells and axons or axon propagation.[15, 24, 29, 33, 34]

Architectures of scaffold channels surrounding cells have significant effects on cellular 

morphology and function, and could change cell migration, attachment, and orientation 

within the channel of the scaffold.[24, 29] A study of autologous nerve-graft implantation 

reported that precision matching of internal microstructures of nerve fascicles exhibited 

effective and rapid functional recovery for 15 mm-long sciatic nerve defects, which shows 

the importance of multi-microchannel scaffolds.[35] An in vitro study involving seeding rat 

dorsal root ganglia and Schwann cells performed by Pawar et al. suggested that a wider 

channel diameter (~80 μm) enhanced the length of axon outgrowth, axon density, and 

Schwann cell migration compared to channels with smaller diameters (~15 μm).[36] 

However, the longitudinal alignment of both axons and Schwann cell migration diminished 

in the wider scaffold channels. In this study, the medium channel diameter (~20-35 μm) 

represented an ideal compromise between quantity (axon length and density) and quality 

(axon orientation) of axon growth. Another study involving multiple-channel scaffolds 

seeded with bone marrow stromal cells showed that an increase in channel diameter from 41 

to 64 μm did not reveal a significant difference in the number of axons in an injured rat 

spinal cord.[37] However, the axon orientation in the smaller diameter channel exhibited a 

closer resemblance to native spinal cord white matter. On the other hand, blood vessels 

(~10-15 μm in diameter) entered the scaffold channels, which inhibited the regenerating 

axons and infiltrated the space for supporting cells. Therefore, the ideal scaffold channel 

sizes should be large enough to ensure ample support for cells and blood supplies.

In different studies, multichannel peripheral nerve scaffolds with 200–300 μm diameter 

channels still allowed effective linear alignment of axons as well as vascular and glial cells 

in 1 cm-long sciatic nerve injuries.[38, 39] Similar effective linear guidance of axons 

involving scaffold-based spinal cord axon regeneration has also been observed in 150–300 

μm diameter microchannel scaffolds both in vitro and in vivo.[15, 34] On the other hand, 
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Krych et al. observed that a channel diameter larger than ~450 μm led to poor nerve 

regeneration in a rat spinal cord.[40] They observed a reduced number of regenerative axons 

in a large diameter channel two months post-implantation, presumably due to the 

inflammatory response, the inability to reach functional synaptic connections between 

neurons, and the growth of a fibrous scar into the scaffold.[40] In the case of astrocytes in 
vitro, a smaller diameter scaffold channel (~180 μm) enhanced the extent of astrocyte 

alignment via the alteration of the astrocyte proliferative morphology.[41] More comparative 

experiments on the influence of channel diameter on regenerating axons are needed.

In addition, surface structure (i.e., porosity, fill ratio, and pore size) and properties (i.e., 

roughness, hydrophilicity/hydrophobicity of the 3D printed scaffold) have a significant 

impact on cell activities such as seeding efficiency and proliferation.[42, 43] A common issue 

in 3D scaffolds can be irregular cell attachments and proliferation on the inner and outer 

sides of the scaffolds. For instance, pores that are too small could limit feeding the inner side 

of a 3D scaffold, whereas large pores could affect the mechanical stability and present 

suturing issues when the scaffolds are implanted, limiting the linear alignment of neurite 

growth. For peripheral nerve repair, a pore size of ~10-40 μm and porosity of ~80% led to 

the most efficient axonal regeneration.[44] However, the influence of these factors on spinal 

cord injury has not been studied extensively to date.

Surface roughness is another factor which affects neural cell behavior. Smoother surfaces 

(surface roughness of ~6-50 nm) supported longer axons and more neurite outgrowth/

branches in comparison to lager surface roughness (~85-200 nm).[45] Interestingly, in the 

case of human endothelial cells, a higher surface roughness (~35 nm) of biomaterials 

enhanced cell adhesion and growth compared to a roughness of ~20 nm.[46] Further, a more 

hydrophilic surface exhibited a higher rate of cell adhesion and tended to absorb more 

proteins. Indeed, higher rates of neuronal spreading and neurite outgrowth have been 

observed as the hydrophobicity of the surface was reduced.[47, 48] Therefore, carefully 

engineering the local microenvironment is critical for neural tissue engineering scaffolds.

Laser-assisted, inkjet, and extrusion-based 3D printing methods are typically used for 

bioprinting live cells in hydrogel suspensions (often called cell-laden bioinks) and 

biomolecules in hydrogel suspensions.[30, 49] In 1999, Odde et al. were the first team 

responsible for directly bioprinting spinal cord cells via laser-guided direct writing.[50] A 

near-infrared diode laser light was used to guide arrays of cells in designed 2D patterns with 

micrometer-scale precision. The printed cells remained viable after exposure to the laser 

light and exhibited neurite outgrowth. Moreover, since the technique is nozzle-free, it is not 

affected by clogging or shear stress. Typical viscosity values of printing inks for this laser-

assisted bioprinting were ca. 1-300 mPa·s.[30] However, side effects from laser exposure on 

the target cells need to be carefully considered.

Typical viscosity values of the inkjet printing droplets are limited to ca. 2-20 mPa·s.[51, 52] 

This range is acceptable for printing cells in media or a hydrogel suspension.[53] However, it 

is challenging to print a concentrated (dense) polymer solution without clogging. Hence, the 

method is not suitable for creating a high-resolution 3D structure and multiple-bioink 

printing processes. On the other hand, extrusion-based 3D printing is capable of 
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incorporating a wide range of materials with viscosities up to 106 mPa·s and with disparate 

properties.[52] Therefore, although laser-assisted and inkjet printing have been used in bioink 

printing, extrusion-based printing allows for printing bioinks with higher cell density as well 

as acellular inks. Also, it can be readily expanded to incorporate multiple inks (materials) 

including cells, biomolecules, and hydrogels, in which the materials are extruded through 

their own independent nozzle within a printing system.[30, 54] Alternatively, the extrusion-

based printing process can be performed in aqueous environments via freeform reversible 

embedding of suspended hydrogel (FRESH).[55] Here, the bioinks are printed in a hydrogel 

bath which prevents dehydration and supports low modulus inks, which, in turn, can 

enhance cell viability during a lengthy printing process. However, constructing multicellular 

architectures remains a significant challenge. Recently, commercially available extrusion-

based lab-on-a-printer systems have been utilized for tissue engineering studies.[56–59] These 

printers consist of a variable system which can control the desired temperature inside the 

syringe, a printing stage which is tunable in the range of 4 °C to 37 °C depending on the 

specific requirement of the cell-hydrogel suspension for maintain cell viability, and a built-in 

ultraviolet (UV) light system for sterility and crosslinking. Moreover, depending on the 

specific requirement for the printing process, the printer can be customized. For instance, to 

reduce shear stress on cells during extrusion, Willerth et al. have integrated microfluidic 

channels into the printhead, which allowed a separate flow of cells in bioinks and the 

associated crosslinker.[56, 60] This enabled low viscous flow, resulting in successful neural 

differentiation from printed human induced pluripotent stem cells (iPSCs).

Living scaffold printing involves a “one-pot” combination of 3D printing and bioprinting, 

which requires multiple biomaterials. Extrusion-based 3D printing is versatile for 

implementing this 3D biomanufacturing process. The printing process, time, pressure, and 

toxicity of scaffold materials are critical variables influencing cell viability. These devices 

also span multiple length scales. For instance, for nerve guidance channels, the sizes of the 

channels typically are on the order of a few tens to hundreds of micrometers in diameter. 

The lengths of the printed channel structures are in millimeter to centimeter scales.[15, 34] 

The cell density in the hydrogel matrix is ca. millions of cells per milliliter. Therefore, the 

volume of the printed cell-laden structure is in the range of ñanoliters within a channel.[15] A 

lengthy printing process can lead to drying of the cell suspension in the hydrogel (bioink), 

which results in cell death due to dehydration of hydrogel in air. Our own studies have 

determined that the printing process of the scaffolds containing cells for replacement of the 

spinal cord needs to be completed within 30 minutes to prevent this.[15] Additionally, 

printing pressures of 0.3 to 3 psi are used to maintain viabilities of neural progenitor cells 

and avoid excessive shear forces. We have also discovered that during this one-pot printing 

process, low cell viability and lack of long-term functionality can occur.[15] This observation 

could be due to the use of a toxic solvent and the photopolymerization process.[61–63] Since 

the maturation time of specific neurons or glial cells may be different, the degradation 

properties of both bioinks and biomaterials need to be considered and accommodated.[15]

2.2. Biomaterials

3D printed tissue engineering of functional neural systems incorporates multiple 

biomaterials, biomolecules and/or cells. Biomaterials interact with biological systems and 
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are used to replace and mimic the natural functions of tissues or organs. Biomaterials can be 

derived from nature or synthesized using polymers, ceramics, metallic or composite 

materials. For neural regeneration engineering, most of the biomaterials are polymers. In 

addition, since the elastic moduli of the human brain, spinal cord, and peripheral nerve 

tissues are ~ 1 kPa, 10 kPa, and 100-500 kPa, respectively,[29, 64–66] soft polymer-based 

scaffolds have the potential to seamlessly mimic and integrate into the nerve injury. 

Biomaterial inks for neural regeneration devices can be divided into bioinks and acellular 

inks.

Cell- and biomolecule-laden inks (bioinks) should be processed under mild conditions close 

to cell growth environments. On the other hand, acellular inks can be printed in harsh 

environments such as in high temperatures, intense UV light, or organic solvents. Many 

different types of biomaterials have been explored for tissue-engineered scaffolds using 

traditional manufacturing methods.[67] However, only a handful of materials have been 

successfully 3D printed for living neural regeneration scaffolds (Table 1).[17, 67–69] This is 

because neural cells are very sensitive and require hybrid materials (cells, biomolecules, 

culture media, etc.) to promote neural cell regeneration. For successful regeneration of 

neural networks, long-term viability and functionality of printed cells need to be 

demonstrated. To this end, optimization of biomaterials incorporated with neurotrophic 

factors, cells, or extracellular matrix (ECM)-based proteins and structural designs have been 

developed to improve the properties and performance of the printed constructs for neural 

regeneration device engineering.

Cell concentrations should be optimized when preparing cell-laden inks. If the concentration 

is too low, it will be challenging to achieve biologically relevant function. When the 

concentration is too high, the inks could easily clog the nozzle during printing and will 

require high shear stresses to be printed, impacting cell viability.[30] As seen in Table 1, the 

concentrations of the cells in the cell-laden inks are between 106 to 107 cells/ml. For the 

acellular inks, the printed scaffold must possess strong bioactivity to support cell growth. 

Diverse methods have been used to modify the bioink materials by mixing with bioactive 

factors and incorporating enzymatic recognition sites and adhesion factors.[70, 71]

2.2.1. Bioinks (cell or biomolecule encapsulating hydrogels)—Certain criteria 

need to be met for bioink printing, especially cell-laden printing. First, attention should be 

given to the required printing pressure and associated shear forces to process the high-

viscosity inks to avoid negatively impacting cell viability. Second, the rigidity of the printed 

structures should be sufficient to retain the desired 3D shape, and this is dependent on the 

solidification mechanism of various 3D printing technologies, such as UV polymerization, 

physical/covalent crosslinking, temperature-triggered phase transition, or solvent 

evaporation.[72–78] Third, the printed 3D constructs should be compatible with neural cells. 

Since neural stem cells (NSCs) and their progenitors are generally more sensitive and 

delicate, the mechanical properties of the printed constructs should be carefully considered 

when preparing the inks and designing the constructs. For example, to promote NSC 

migration and differentiation into neurons, the elastic moduli of the cell-laden inks was 

limited to below 1 kPa.[79, 80] Otherwise, the NSCs are more likely to differentiate into glial 

cells.
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In the past few years, tissue engineering has been evolving from 2D to 3D cell culture, 

which can better mimic the microenvironment of native tissue. To this end, different kinds of 

naturally derived hydrogels have been used to support 3D cell culture, such as gelatin, 

collagen, fibrin, hyaluronic acid (HA), and derivatives of natural materials such as alginate, 

Matrigel, and decellularized extracellular matrix (dECM).[75, 81, 82] These hydrogels can be 

loaded with various cells, printed into 3D constructs, and gelated (solidified) in different 

ways. Most natural hydrogels are solidified via physical crosslinking, which can be 

controlled by temperature, enzymes, or ions. For example, gelatin, collagen, and fibrin are 

hydrogels derived from natural proteins containing cell-binding domains such as fibronectin, 

vimentin, vitronectin, and arginylglycylaspartic acid (RGD) peptide motifs, which can 

promote cell adhesion, differentiation, and growth. Gelatin and collagen hydrogels can be 

readily crosslinked via thermosensitive gelation.[75] Natural ECM-based hydrogels such as 

Matrigel and dECM are also thermosensitive hydrogels and provide sufficient cell-binding 

domains for cell attachment, thereby promoting cellular function.[30] In addition, combining 

fibrinogen and the enzyme thrombin results in converting fibrinogen to fibrin, which rapidly 

assembles into a fibrin gel. Properties of these hydrogels are similar to physiological tissues 

because they are components of the ECM in vivo.[30] However, these hydrogels commonly 

exhibit too low mechanical strengths to maintain hi-resolution 3D printed structures and low 

reproducibility in batch-to-batch production. Nevertheless, due to their excellent 

biocompatibility, these physically crosslinked hydrogels can be directly mixed with living 

cells or biomolecules and inserted into 3D scaffolds.

Alginate is a derivative of natural materials and an anionic polysaccharide which can be 

crosslinked using multivalent cations.[76, 83] For example, adding sodium alginate matrix 

into calcium chloride solution results in the formation of a gel when the sodium ions (Na+) 

are replaced by calcium ions (Ca2+), and the alginate becomes crosslinked. The viscosity of 

the hydrogel can be controlled, and the integrity of printed 3D structures maintained. 

However, unlike other natural hydrogels, alginate does not have sufficient cell-binding 

domains. To overcome this limitation, RGD peptides have been covalently bonded with 

alginate to improve cell-adhesion when alginate is used as a cell-laden hydrogel.[84] 

Similarly, to ensure neuronal differentiation and neurite extension, alginate has been 

admixed with fibrinogen, which was then cross-linked by a mixture of cross-linking reagents 

(i.e., chitosan, calcium chloride, thrombin, and genipin).[60]

Synthetic materials are often easier to print into complex 3D constructs with high 

mechanical performance and structural fidelity. Synthetic hydrogels functionalized with 

photo-cross-linkable moieties have been actively used as cell- or biomolecule-laden 

hydrogels for neural regeneration.[72, 73, 85–87] These are covalently crosslinked upon UV 

irradiation. For instance, gelatin-methacryloyl (GelMa) is a semi-synthetic hydrogel, which 

consists of gelatin modified with methacrylamide and methacrylate groups. When the 

GelMa is mixed with a photoinitiator and then exposed to UV light, it changes into a 

covalently crosslinked hydrogel via photoinitiated radical polymerization.[88, 89] Similarly, 

poly(ethylene glycol) diacrylate (PEGDA) also has been developed as a crosslinked 

hydrogel. The covalent network inside these synthetic hydrogels can be designed to enhance 

the mechanical stability, strength, biocompatibility, absorbability, and usability of 

scaffolding structures. However, when bioprinting, the toxicity of the free radicals from the 
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photochemical reaction of the photoinitiating system upon absorption of the UV light by the 

photoinitiator should be considered, since the process can induce the potential for oxidative 

damage to the printed cells.[63, 90, 91] In addition, the viscosity of the hydrogel (both 

synthetic and natural) can be tuned by varying the ratio of chemical or biological additives 

(e.g., thrombin, photoinitiator, and calcium ions, etc.). In some applications, to enhance 

mechanical properties and cell adhesion, hybrid hydrogel has been incorporated with neural 

stem cells. For example, biodegradable polyurethane (PU) modified poly(ε-caprolactone) 

(PCL) hydrogel mixed with soy protein was used as a hybrid bioink.[92] The hydrogels were 

solidified via thermal-responsive properties at temperatures over 37 ºC.

The hydrogels for the cell-laden inks can be tailored to approach the mechanical properties 

of the native neural tissues.[75] However, the printed 3D constructs (with cell-laden hydrogel 

only) lack sufficient strength and stability for long-term cell culture or clinical implantation. 

To resolve this dichotomy, multi-material hybrid 3D printing of cell-laden and acellular inks 

has been used to allow the fabrication of 3D scaffolds with anisotropic and gradient 

mechanical properties.[15]

Apart from cell-encapsulation, neurotrophic factors such as nerve growth factor (NGF), glial 

cell line‐derived neurotrophic factor (GDNF), neurotrophic factor-3 (NT-3), vascular 

endothelial growth factor (VEGF), and brain-derived neurotrophic factor (BDNF), 

encapsulated with hydrogel (i.e., GelMa, polyurethane, and fibrin) have been printed or 

incorporated to promote the development of neurons and maintain the survival of mature 

neurons and neurite networks both in vivo and in vitro (also discussed in Section 3).
[17, 93, 94]

2.2.2. Acellular inks (scaffold materials)—The goal of the printed scaffold is to 

recapitulate lost neural circuitry after damage. Hence, the mechanical properties, stability, 

and immunogenic and inflammatory responses should be considered to meet the 

requirements of clinical applications.[71] Particularly, for an implantable scaffold 

construction, a combination of 3D biomedical imaging technology with 3D printing/

bioprinting should allow for the reproduction of the precise architecture of injured nervous 

tissues. To accomplish such a scaffold, the acellular ink materials should possess the proper 

viscosities to facilitate a high-resolution printing process.

Acellular inks such as thermosetting polymers, which do not need to be compatible with 

neural cells during 3D printing, can be printed under harsh environments such as high 

temperatures, toxic solvents, or intense UV light.[73, 77, 95] The benefits of the printed 

constructs from these inks are that the mechanical performance, thermal properties, 

hydrophilicity, and degradation rate could be optimized for the various application 

conditions. In such cases, the designed 3D scaffold structures are usually printed first, and 

the neural cells are seeded onto the scaffold afterward. Thermoplastic materials such as 

PCL, poly(lactic acid) (PLA), or poly(lactic-co-glycolic acid) (PLGA) are established 

synthetic biocompatible and biodegradable polymers used in Food and Drug Administration 

(FDA) approved devices such as medical implants, drug delivery devices, and tissue 

constructs.[96] These materials can be printed using FDM, based on the temperature-

triggered phase transition.[77, 97, 98] Alternatively, these thermoplastic polymers could also 
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be dissolved in organic solvents and printed using solvent-cast 3D printing technology, 

whereby fast solvent evaporation induces rapid rigidity, increasing the probability of 

retaining the designed 3D shapes.[77, 78, 99] In addition, curable thermosetting polymers such 

as silicone rubber and epoxy have been used for neural regeneration scaffolds.[15, 17] The 

most common solidification method of such polymers is covalent crosslinking, which can be 

induced by UV light, temperature, moisture, or catalyst.[72, 73, 86] To enhance cell 

attachment, these scaffolds could chemically conjugate adhesion RGD peptides to printed 

scaffolds using standard peptide coupling chemistries.[100] Such modifications allow better 

control over the cell attachment in the printed scaffolds that more closely mimics nervous 

tissues.

Both natural and synthetic hydrogels could also comprise acellular inks because covalent 

networks of these hydrogel structures could enhance mechanical integrity or degradability. 

Synthetic hydrogels can be printed in complex 3D constructs with high mechanical 

performance and structural fidelity. For example, synthetic PEGDA and its hybrid exhibited 

good mechanical properties close to the native spinal cord (~40 kPa) and can be utilized in 

both SLA and extrusion-based 3D printing approaches.[15, 34] The printed PEGDA generated 

the precise architecture of injured nervous tissues – a multiple-microchannel scaffold with 

channel diameter ~200 μm.[15, 34] In some cases, glycerol and methylcellulose were 

employed into the hydrogels to enhance the printing resolution as needed.[15] To enhance 

neurite extension, cell adhesion ligands such as arginine–glycine–aspartic acid–serine 

(RGDS) were covalently attached to PEG hydrogels.[101]

Indeed, cured/crosslinked multi-microchannel scaffolds seeded with cells of a single type 

have been used for neural regeneration devices.[34] These 3D scaffolds can be readily tuned 

with the proper size and orientation of the pores, which could promote the neural cell 

association with the surface and guide cell growth along with the aligned structures. 

However, if these above-mentioned acellular inks need to be printed during, or immediately 

after the cell-laden inks are printed, the high temperature, solvent, toxic photoinitiator, or 

long exposure and intense UV light could affect the viability, proliferation, and/or 

differentiation of the printed cells. In our own studies, we observed that the free radicals 

produced by the photoinitiators used to crosslink the PEGDA hydrogels when the scaffold 

was printed caused human neuronal progenitor cell death, and thus contributed to the low 

viability observed. We have evaluated three UV sensitive photoinitiators: lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), 2-hydroxy-1-[4-(2-hydroxyethoxy) 

phenyl]-2-methyl-1-propanone (Irgacure 2959), and 2,2-Azobis[2-methyl-N- (2-

hydroxyethyl) propionamide] (VA-086).[15] It has been demonstrated that low dose near-UV 

light (365 nm) has not been shown to cause deleterious effects on human mesenchymal stem 

cell activities,[102] and different cell types react differently to the same photoinitiator.[63] 

Thus, photochemical effects should not to be equated with free radical effects on cell 

viability even under low dose UV light. Prior to printing, testing the toxicity of 

photoinitiators needs to be considered.

The mechanical properties of natural hydrogels (e.g., gelatin, collagen, and fibrin, etc.) are 

usually poor, and it is difficult to maintain structural integrity long enough for tissue 

regeneration. However, the alginate-based structure could enhance mechanical properties.
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[15, 37, 103–105] For example, alginate mixed with methylcellulose (MC) can be printed for 

3D scaffolds containing different types of neural cells within 150 μm channels.[15] Indeed, 

this is the only material that we found would allow printing multiple neural progenitor cell 

types within a 3D printing assembly. However, controlling the degradation time of these 

materials needs to be improved for long-term in vivo characterization.

For clinical applications, the development of functional biomaterials in tissue engineering 

could be critical in preventing a mechanical mismatch with the surrounding tissues, which 

could further cause tissue damage when the scaffolds are transplanted. The development of 

new types of soft biodegradable materials has been conducted to mimic nerve tissue (i.e., 

brain, spinal cord and peripheral nerve) mechanics and tune the biodegradation of the 

scaffolds, which will, in turn, minimize detrimental effects on cells and axons after 

implantation into an in vivo model. In addition, to demonstrate the construction of tissue 

structures, the sizes and shapes of the printed biomaterials should be similar to what would 

be needed for implantation following a nervous system injury.

Apart from the scaffold materials, conductive inks using diverse materials such as hydrogels, 

polymers, metal nano- and micro-particles, carbon-based materials (i.e., multiwalled carbon 

nanotubes [MWCNTs] and graphene, etc.) and liquid metals are being developed and 

printed as electrodes for bio-electrical neural stimulation and biological neural signal 

recording.[69, 106–109] These 3D printed electrodes can offer advantages over conventional 

microfabrication-based devices in several key areas, including: 1) direct fabrication of 

flexible and transparent sensing and stimulation arrays on biological surfaces; 2) rapid 

fabrication according to patient-customizable geometries, including 3D and freeform 

surfaces; and 3) 3D printing of biocompatible and implantable electrodes without any post-

annealing process to avoid thermal damage to the target surface.

2.3. 3D imaging—The development of personalized tissue engineering and regenerative 

strategies aims to create new opportunities to test therapeutic options via reproducing the 

detailed structural features and functions of native tissues (possibly contributing to solutions 

for the organ donor shortage).[15, 17, 30, 34, 81, 115–119] A requirement for replicating the 

cytoarchitecture of functional tissues is a clear understanding of the arrangement and spatial 

distribution of cellular components. One major advantage of the 3D printing technique is the 

ability to custom print any desired 3D shape, with or without the addition of precisely 

positioned cells. The co-development of 3D imaging technologies such as magnetic 

resonance imaging (MRI), computed tomography (CT), and/or 3D virtual visualization has 

enabled the acquisition of 3D topological data which allows for the precise reproduction of a 

3D object that matches the injury microenvironment of the patient. The accurate 

reproduction provides a stable and aligned contact between the implanted scaffold and the 

native nervous system. Therefore, the capacity to fabricate the required geometry and size, 

with precise internal architecture, renders this approach promising for patient-tailored neural 

regeneration implants. Hence, 3D printing offers personalized treatments which address 

specific neurological disease and injury profiles.[17, 34]

The 3D printed patient-specific nervous system scaffolds start by acquiring the anatomical 

information of the specific nerve injury via 3D imaging (Figure 3a,b).[17, 34, 120] The images 
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are utilized to create a 3D stereolithographic model. From the stereolithographic data, the 

internal architecture of the 3D model can be further refined using CAD software packages. 

Then the modified stereolithographic files are sliced into horizontal layers (Slic3r) to create 

G-code which commands printing pathways. For the living scaffold printing process, 

multiple dispensing apparati can be controlled by the G-code commands. This 3D printing 

process allows users to readily custom manufacture any size, shape, and length of an injured 

nerve and nervous system injury (Figure 3c). Some studies have further quantified the 

anatomical fidelity by comparing stereolithographic files resulting from taking a scan of the 

3D printed models and comparing those to the scans of the original tissue.[120]

From the stereolithographic files, the mechanical properties of 3D printed scaffolds can be 

simulated before printing. For example, mechanical simulation tools such as finite element 

analysis (FEA) have been used for nerve pathway mechanics under both tensile and torsional 

loading conditions (Figure 3d,e). Such conditions typically occur during surgery and the 

subsequent regeneration phase.[17] The simulation results can be utilized in identifying areas 

requiring reinforcement. Hence, the simulation can be helpful not only for determining 

whether the complex loading conditions of scaffolds could lead to failure in scaffolds but 

also for determining regions where mechanical deformations are likely. The results could 

allow the 3D printed model to be optimized to one which provides both an anatomical match 

as well as enduring strength to survive the harsh conditions of the lengthy regeneration 

period. Hence, it allows the user to redesign the structure of the printed scaffold, relaxing 

some of the requirements on the properties of the inks. This is analogous to the 

incorporation of serpentine and buckled features in electronic skins.[121]

3. Neural cells in the nervous system

The human nervous system is composed of a highly organized and complex cyto-

architecture with unique neural populations positioned in specific locations which confer 

functionality. Despite its complexity, there are only 3 major cell types that arise in the CNS, 

and all neural cell lineages can be derived from neuronal and glial progenitor cells. The three 

cell types are neurons, astrocytes, and oligodendrocytes. Neurons integrate and relay 

information to one another through alterations in their electrical state, whereby their resting 

electrical potential is perturbed, and they undergo an electrical spike termed an action 

potential. The electrical charge generated from the action potential travels through long thin 

extensions called axons and are transmitted to other neurons via branching tree-like 

structures called axon terminals. Chemical signals in the form of neurotransmitters are 

released from axon terminals after a neuron has been electrically excited and transmit the 

chemical signals to the dendrites of other neurons to which they are functionally connected. 

These functional connections are called synapses and they form the foundation of neuronal 

networks.

Glial cells refer to astrocytes, oligodendrocytes or microglia and were once thought to play a 

supportive role to neurons. However, recent evidence suggests that glial cells inhabit 

dynamic roles in neuronal signal propagation.[122–124] For example, oligodendrocytes wrap 

neurons in a fatty substance called myelin which increases the conduction velocity of the 

electrical potential through axons. Alterations in temporal dynamics in neuronal signal 
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transduction from demyelination can inhibit the formation of new neural circuitry, or what is 

referred to as neuronal plasticity.[125, 126] Furthermore, oligodendrocytes and astrocytes 

produce growth factors associated with the differentiation, maturation, homeostasis and 

survival of neurons such as BDNF, NT-3, fibroblast growth factor-2 (FGF-2), GDNF and 

ciliary neurotrophic factor (CNTF).[126] Astrocytes also play a critical role in the formation 

and function of synapses directly by regulating neurotransmitter reuptake in the synapse.
[123]

The PNS is formed primarily by neural crest stem cells during embryonic development, and 

a subset of these cells remains in the ganglion post-development that converts from a 

quiescent state to a more active state after an injury in order to regenerate the damaged 

tissue.[127] The PNS is also composed of Schwann cells, the peripheral analog of the 

oligodendrocyte, which are specialized cells that insulate nerve conduction and express 

genes related to regeneration following injury. These cells begin to proliferate and migrate to 

the injury site almost immediately after nerve damage.[127] Following migration, Schwann 

cells align themselves in longitudinal columns called bands of Büngner distal to the basal 

lamina of the injury, where they produce guides for growing axons and secrete basal lamina 

components such as laminin, type IV collagen and growth factors.[128] In the PNS, Schwann 

cells and satellite cells perform analogous roles to oligodendrocytes and astrocytes. Satellite 

cells support neurons in the ganglia, in a similar fashion to astrocytes in the CNS. These 

peripheral glial cells also produce many of the same neurotrophic factors that 

oligodendrocytes and astrocytes produce in the CNS, which are associated with 

differentiation, maturation, homeostasis and survival in the peripheral nervous system.[125]

After a traumatic injury, the specialized arrangements in the CNS and PNS are perturbed, 

triggering an inflammatory response which clears away damaged and dead cells. In the PNS, 

provided the gap for axonal growth is less than 3 cm, it is likely that a successful link from 

the proximal to distal portion of the injury can be regenerated within a 1-2 week time 

window without intervention from endogenous pools of neural crest stem cells.[129] 

However, the adult CNS exhibits little to no regeneration. This is likely due to alterations in 

the tissue microenvironment, inhibitory factors within the spinal cord including the 

extracellular matrix and lack of growth factors, limited pools of endogenous stem cell 

populations and a complex organization of adult structure/function relationships.[130] 

Therefore, future nervous system regeneration strategies will likely need to be personalized 

to the lesion of each patient and recapitulate the unique structure and cell identities that were 

lost.

4. Peripheral nervous system regeneration

The most common surgical repair methodology is either nerve reconstruction by end to end 

anastomosis or by insertion of nerve grafts.[14, 131] Many of these conventional techniques 

rely on harvested autologous PNS tissue from the patient or decellularized PNS tissue from 

allograft sources. However, this standard of treatment can often result in suboptimal 

outcomes, with patients experiencing extreme dysfunction including the need for additional 

harvesting surgery, chronic pain and morbidity at the donor site, limitations on graft size and 

geometry, and potential immune response.[128, 130] Notably, many of the limitations are 
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related to harvesting techniques, customization of the graft tissue or complications from 

rejection.[5, 132–134] These limitations have inspired alternative graft production 

methodologies. One is the use of biocompatible conduits or scaffolds as therapeutic options.
[134] Previous studies have shown significant advances in the integration of tissue-engineered 

scaffold conduits to bridge nervous system defects.[14, 135] Indeed, the results from clinical 

studies, particularly with NeuraGen® (type I collagen scaffold), NeuroMatrixNeuroflex® 

(type I collagen), NEUROLAC® (poly-DL-lactide-co-caprolactone, PLCL), and 

NeuroTube® (polyglycolic acid, PGA), are often comparable to autografts in the treatment 

of lesions.[24, 136] Unfortunately, most of the listed clinical studies found that commercial 

nerve conduits are not effective for extensive lesions or nerves greater than 3 cm. This 

limitation is primarily because there is a significant challenge to manufacture patient-

specific constructs with clinically relevant size, shape, internal architecture and structural 

integrity.[137]

To improve the repair of critical gap defects over 3 cm in which successful surgical repair is 

limited, it has been suggested that intraluminal guidance structures, a bundle of small tubes 

in a scaffold, might be an option to transplant directly into the lesion cavity.[136, 138–141] An 

internal lumen architecture guides and promotes specific subtype axon regeneration 

corresponding to the sensory- and motor-fascicle.[29, 142, 143] The level of complexity can be 

employed via 3D printing technologies to create defect site-specific molds with internal 

lumen architectures (i.e., microscale multichannels). Furthermore, the choice of input 

materials and control over material integration can be tuned to form appropriate scaffolds for 

peripheral nerve regeneration.

3D printed neural devices should allow the recapitulation of novel complex nerve injuries 

which are precisely engineered to specific patient anatomies in terms of geometry, 

mechanics, and biology. In addition, since the elastic modulus of the peripheral nerve tissue 

is ~100-500 kPa,[66] soft polymer-based scaffolds have the potential to seamlessly 

biointerface with the endogenous nerve structures. Natural hydrogels such as HA, chitosan, 

collagen, gelatin, and silk fibroin, have been used for 3D printing peripheral nerve guide 

scaffolds.[93, 144–147] There is no clear evidence that an implantable scaffold must be 

biodegradable. However, if it is biodegradable, degradability of scaffolds should 

complement the rate of nerve regeneration across the nerve gap and then degrade gradually. 

Too rapid degradation of the scaffold might lead to a detrimental inflammatory reaction, 

while degradation that is too slow could lead to compression as the tissue expands, or the 

inability for intercellular communication.[148] Commercial nerve conduits exhibit 

degradation rates on the order of 3 months to 4 years.[24] For a 10 mm PNS injury, 

unmyelinated axons cross the gap around the third week. By week 4, myelinated axons are 

in the middle of the scaffold.[149] Hence, the ideal biodegradation rate of this nerve gap is 

3-4 weeks post-implantation. Additionally, the nerve guide scaffold may require nutrient 

diffusion and inhibit scar tissue infiltration. However, a lack of mechanical support and rapid 

degradation in vivo limit the use of the natural hydrogel as an implantable scaffold. 

Similarly, the scaffold-free cell-laden structure could be too weak for nerve implantation; 

however, it may help in understanding cell-cell or cell-ECM interactions in vitro.[150]
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For synthetic hydrogel scaffolds (scaffold-only printed nerve guides), photocurable PEG-

based scaffolds have been largely used due to its ready tunability of biochemical, 

biodegradability, and mechanical properties.[151–154] Evangelista et al. printed both a single 

channel and multichannel PEGDA scaffold using stereolithography (325 nm wavelength) 

(Figure 4a,b).[152] To enhance the cell adhesion, PEGDA was conjugated with RGDS before 

printing. For multichannel scaffolds, the dimensions of ~500 μm channel diameter, ~10 mm 

length, and ~4 mm outer diameter were used, while for the single channel device the 

diameter and outer wall thickness were ~1.36 mm and ~2.6 mm, respectively (Figure 4a). 

Compared to an uninjured nerve (6,080 fibers/mm2), a single lumen (channel) has shown 

70% peripheral nerve regeneration (4,492 fibers/mm2) after harvesting at 5 weeks in a rat 

model of sciatic nerve injury. However, the multichannel scaffold did not show quantifiable 

axon counts (Figure 4b).

Pateman et al. developed a laser-based micro-stereolithography setup (405 nm laser source) 

to fabricate a single lumen (channel) PEGDA scaffold.[153] An implantable nerve guide with 

the dimensions of 1 mm internal diameter, 5 mm length, and a wall thickness of 250 μm was 

printed. After three weeks, tissue was harvested, and regeneration of axons across a 3 mm 

injury gap was observed, which was comparable with an autograft control. Interestingly, the 

approach allows for the fabrication of scaffolds with 50 μm wall thicknesses;[153] however, 

these scaffold sizes were not suitable for in vivo study due to their delicate nature. In 

contrast, Zhang et al. have developed a 3D bioprinted scaffold-free nerve construct from 

human gingiva-derived mesenchymal stem cells (GMSC)-containing collagen that was able 

to achieve functional recovery in a peripheral nerve injury model when transplanted in vivo.
[114] To develop a scaffold-free graft, GMSC spheroid cells were cultured in a 3 mm-

diameter Axoguard® nerve protector for 14 days in a facial palsy model before they were 

transplanted. After 12 weeks, the 3D bioprinted scaffold-free spheroid performed 

comparably to an autograft in repairing a 5 mm defect in the buccal branch of a rat facial 

nerve. However, in long nerve gaps, 3D bioprinted scaffolds tend to not perform as well in 
vivo when compared to their autograft counterparts. For use in longer nerve gaps, 

mechanical properties of the scaffold should be such as to avoid causing additional 

compression to the surrounding tissue, nor strain to the regenerating axons. Hence, handling, 

suturability, stiffness, stability, flexibility, and compressive strength must all be considered 

for material preparation. Apart from implantation stability, mechanical properties of the 

PEGDA scaffold influence neurite extension, with a decrease in neurite extension as the 

PEGDA concentration increases.[101] Therefore, finding optimal conditions for sufficient 

printing materials is important for PNS regeneration. In addition, at the anatomical level the 

size of the fascicle varies depending on the type of nerve. The space between fascicles and 

the outer layer of a single peripheral nerve is called the epineurium and varies between 1 and 

100 μm.[155] Thus, printing resolution under 50 μm is of particular interest for neurite 

guidance and Schwann cell migration, which is strictly linear and guides axons across the 

injury site in linear arrays with respect to fascicular architecture.[153, 154]

Recent developments in nerve guide scaffolding have changed the concept that scaffolds are 

merely passive cylindrical structural support devices to those that actively promoted neural 

outgrowth and axonal regeneration.[156–166] This is enabled via a combination of cell 

transplants (PNS neurons or Schwann cells), physical guides (scaffold), and biological cues 
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(growth factors). In this regard, 3D printing has been used to fabricate a patient-specific 3D 

scaffold where biomolecules or cells are embedded in precise positions within the designed 

matrix to recover sensory and motor functions of nerves.

England et al. extrusion-printed fibrin-based scaffolds containing encapsulated Schwann 

cells with an initial cell viability of ~ 98% (Figure 4c).[112] To enhance mechanical strength, 

the fibrinogen-factor XIII ink was reinforced by HA and polyvinyl alcohol (PVA). After 

seven days in vitro, the printed Schwann cells in hydrogel migrated and formed aligned 

structures similar to bands of Büngner (Figure 4d).[167] Moreover, after seeding dorsal root 

ganglia (DRG) neurons, the scaffold sustained cellular growth and provided physical 

guidance over the alignment of the DRGs (~200 μm width and 14 mm long).[112]

Owens et al. created a multi-lumen cellular scaffold via a multi-material printing approach.
[168] Using layers of sacrificial agarose (thermal-sensitive hydrogel) molds and rods, 

cylindrical nerve conduits of Schwann cell tubes were surrounded by mouse bone marrow 

stem cells (BMSCs) and multiple lumen channels were formed (~1 cm length, ~2 mm outer 

diameter, ~500 μm internal lumen diameter). The use of BMSCs allowed the enhancement 

of Schwann cell adhesions to form isolated Schwann cell rods. For implantation, the graft 

was surrounded by a collagen layer for reinforcement. After implanting the scaffold into a 

rat sciatic nerve model for 40 weeks, electrophysiological testing showed recovery of both 

motor and sensory functions. The regenerative capacity of the scaffold is comparable to that 

of autologous grafts and commercially available hollow collagen grafts.

Apart from the development of a perfectly cylindrical shape, nerves could have branches, or 

bifurcations, and tapering. 3D printing can produce such customized complex nerve guides 

or scaffolds that replicate inherent tissue anatomy. We demonstrated through the 

combination of 3D scanning and extrusion-based 3D printing, that it was possible to make 

personalized scaffolds with spatially controlled biochemical growth factors for the 

regeneration of geometrically and compositionally complex PNS nerve bifurcation pathways 

in the sciatic nerve (Figure 4e–h).[17] For anatomical accuracy of the nerve, 3D scanning was 

employed to generate a custom 3D CAD model from a specific nerve injury. Afterward, a 

silicone-based 3D bifurcating pathway was printed with high fidelity to the tissue model and 

providing physical cues. 5-7 days post injection of superior cervical ganglion (SCG) neurons 

into the scaffolds in vitro, the physical cues promoted linear alignment of axons, providing 

directional neurite outgrowth along the scaffold channels.[17, 150] Schwann cells also aligned 

along the 3D printed scaffold. Interestingly, the directional neurite outgrowth preferentially 

followed the printing pathways. This observation suggests that for an implantable scaffold 

application, a multichannel pathway is better with linear (one direction) printing. Further, 

path-specific biochemical gradient cues encapsulated with GelMa were placed inside the 

bifurcating nerve pathway: NGF for sensory path cues and GDNF for motor path cues via 

the same printing process. In this example, the NGF gradient is intended to attract sensory 

axons, and the GDNF gradient increases Schwann cell migration within a specific pathway. 

Since both Schwann cells and DRG cells preferentially follow the RGD peptide and laminin 

pathways, coating these additives on the surface of a silicone scaffold could be useful to 

enhance and direct axonal growth.[150, 169, 170] Nevertheless, transplantation of these 

scaffolds into a 10 mm complex nerve injury in rats demonstrated successfully guided nerve 
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regeneration after 4-6 weeks in vivo, resulting in enhanced functional recovery of the 

regenerated nerve.[17] Thus, the study suggests that 3D printing may provide a means of 

regenerating complex nerve injuries, paving the way for the personalized treatment of a wide 

variety of nerve injuries. Indeed, this concept of combining scanning and printing a 3D 

subject specific biomimetic nerve guide conduit was recently patented.[171]

Although significant improvements have been made in tissue engineering approaches to 

address complications of PNS damage, much work remains. For example, there are still no 

viable approaches to addressing nerve damage in excess of 3 cm. This is due, in part, to the 

regenerative niche that is responsible for axonal outgrowth in injuries beyond 3 cm.[130] 

However, drugs have been discovered that slow the closure of the neuronal growth cone, and 

thus, if these drugs were printed within the nerve conduit, it could be possible to print an 

enclosed environment that was friendlier to the developmental processes necessary for 

axonal extension.[39] Such a strategy could even be compatible with a 4D printing approach, 

where drugs could be temporally released within a nerve conduit to favor axonal extension 

for a defined period to a distant target.[81, 172] In addition, it is suggested that the ideal 

scaffold should provide support for the regeneration of various axon subtypes at specific 

sensory- and motor-specific fascicles.[13, 29] Such phenotype-specific axon regeneration, 

regionally specific placement, and population specific transplantation is necessary.[142] 

Thus, peripheral nerve regeneration could involve an all-in-one printing strategy, whereby a 

scaffold containing various cells and biomolecules with 50 μm thick walls which are strictly 

linear will guide axons across the injury site in linear arrays that respect fascicular 

architecture.

5. Central nervous system regeneration

The human CNS is composed of a highly complex cyto-architecture with equally complex 

functional paradigms. Therefore, improvements in the ability to model aspects of CNS tissue 

or discrete systems within the CNS have the potential to be of critical importance in a 

variety of medical conditions. Although animal models and 2D cell culture methodologies 

with human iPSC-derived neural cells have provided significant insights into developmental 

biology, disease progression and functional dynamics of CNS networks, much of the 

inherent complexity in the human CNS is not recapitulated.[173] This is highlighted by the 

failure rate of pharmaceutical drugs when translated from 2D cell culture models or animal 

models to human patients.[174] Therefore, it is imperative that future iterations of human 

CNS models more closely replicate their endogenous counterparts.

5.1. Brain

Advancements in cell technology, such as the homogeneity and specificity of iPSC-derived 

neural cell types, 3D brain organoids and bioprinting of neural progenitor cells, offer 

unparalleled platforms to investigate healthy neural dynamics and alterations that lead to 

disease both in vitro and in vivo. Indeed, Mansour et al. have demonstrated the ability to 

produce human iPSC-derived brain organoids in vitro that contain multiple cell types and 

display neuronal functionality more comparable to in vivo physiology as compared to iPSC-

derived neuronal cells grown in standard 2D culture conditions. Furthermore, they have 
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transplanted their human brain organoids into the mouse cortex and shown that the graft not 

only survived, but extended axons to distant targets, exhibited progressive neuronal temporal 

differentiation patterns, functionally integrated into the neural circuitry of the host and was 

vascularized by the endogenous tissue.[173] However, the degree of biomimicry of functional 

3D brain-like cortical tissue, including the cerebral organoids and physiological functions, 

remains limited due to the brain’s structural complexity.[43, 175]

Lozano et al. 3D printed (via manual extrusion) brain-like structures as found in the cerebral 

cortex, with multiple layers of cortical neurons encapsulated with RGD modified gellan gum 

hydrogel.[111] The encapsulated neurons exhibited a viability of ~80% and could 

differentiate into neurons and glia. To examine the neurite outgrowth from cortical neurons 

between adjacent hydrogels, they printed a three-layered structure composed of a middle 

layer with no cells, sandwiched between bottom and top layers with neurons (Figure 5a,b). 

After 5 days of culture in vitro, the printed neurons extended axons, and the axons 

penetrated up to 100 μm into the acellular middle layer (Figure 5c). Although the structure 

lacked a defined architecture, the ability to control cell and ECM organization could be 

facilitated to replicate multi-layered brain-like neural circuits and to provide a tool for 

understanding traumatic brain injuries and neurodegenerative diseases.[111] To construct 

complex external surface human brain structures, Hinton et al., printed an alginate-based 

brain model via a combination of the FRESH printing method and MRI images (Figure 

5d,e).[55] Complex features of the brain anatomy including the cortex and cerebellum were 

realized with a resolution of 200 μm. Although the internal structure of the model was not 

constructed, this study illustrated the potential for building brain tissue with anatomical 

architecture. In future iterations, it may be necessary to print brain tissue cell subtypes, 

signaling factor gradients, and vascularization for advanced applications of these more 

sophisticated brain models.

5.2. Spinal Cord

Following chronic contusion SCI, cell death occurs, resulting in the formation of an 

astrocytic glial scar around the cavity of the injured tissue which is devoid of function.
[176–179] The lesion is caused by direct trauma at the time of injury, leading to a secondary 

cascade of edema, hemorrhage, inflammation, and events such as lipid peroxidation.[177] 

SCI lesions exhibit three compartments: the non-neural (stromal) lesion core, astrocyte scar 

borders and spared neural tissue that is reactive.[176–179] In the stromal lesion core, cellular 

debris post-injury results in potentially cytotoxic byproducts. An inflammatory response by 

stromal cells, mesenchymal cells, macrophages and microglial cells clears the cellular 

debris, and the lesion core becomes comprised of primarily non-neural cells and matrix 

molecules such as laminins, proteoglycans, collagens and fibronectins. Outside of the lesion 

core, reactive astrocytes form a several-cell-thick scar border that limits the non-neural 

lesion core and the adjacent viable neural tissue. The astrocyte scar is relatively continuous 

with spared but reactive viable neural tissue including microglia, neurons, axons, dendrites, 

synapses, and oligodendrocytes. The aforementioned reactive astrocyte scar and 

extracellular matrix proteins in the non-neural lesion core permanently limit cell 

regeneration, axon extension and neural circuitry reorganization after injury.[179] Notably, 

several extracellular matrix proteins within the reactive astrocytic glial scar and non-neural 
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stromal core have been implicated in limiting axonal extension and reorganization of spared 

circuitry. In particular, when matrix proteins such as chondroitin sulfate proteoglycans 

(CSPGs) have been degraded enzymatically or limited by reducing reactive astrocyte activity 

within the glial scar in chronic injuries, functional recovery has been observed.[180] 

Furthermore, regeneration in the CNS is limited by oligodendrocyte and central myelin cell 

surface inhibitory proteins NI-35/250. Fields et al. have shown that these proteins severely 

limit transplanted and endogenous axonal outgrowth in both in vitro and in vivo models and 

also found that these products are produced in the lesion area after damage as myelin 

breakdown products.[181] The team observed that when oligodendrocyte differentiation, 

myelin formation or neutralization of NI-35/250 occurred, there was successful regeneration 

of transected axons over long distances. While there are several potential approaches to limit 

this secondary damage and improve functional recovery, restoring function after chronic SCI 

will require strategies to promote targeted axon regeneration, neuronal relay formation, and 

myelin regeneration.[182–184] Previous attempts have shown significant advances in the 

integration of tissue-engineered conduits to bridge SCI defects by including (i) cell 

transplants, (ii) biological cues or glial scar degradation products, and (iii) physical guides 

(Figure 1).[9, 185–189] Structurally, spinal cord tissue is not homogeneous but contains 

different neural cell types, arranged with complex spatial distributions.[176, 190–192] 

Importantly, the regionally specific neuronal subtypes strongly influence axonal growth.[193] 

Therefore, effectively manufacturing/recreating patient-specific constructs with clinically 

relevant size, shape, and structural integrity have been advanced by combining neural stem 

and progenitor cells with 3D printing biocompatible scaffolds to test new therapeutic options 

for spinal cord injuries.[9, 185–189]

There are two distinct areas where 3D printing is applied to spinal cord scaffolds: (i) cell 

seeding on printed scaffolds, and (ii) co-printing of cells and scaffolds. Koffler et al. 

developed a 3D printed hydrogel spinal cord scaffold to support regeneration after SCI via 

the former approach of cell seeding on a printed scaffold approach.[34] A microscale 

continuous projection printing technique (μCPP), which is a modified form of 

stereolithography printing, has been used to build biomimetic hydrogel-based spinal cord 

scaffolds, made of PEGDA–GelMa (Figure 6a). A single type of neural progenitor cell 

(NPC) was seeded on to the 2-mm-long scaffold containing 200 μm–diameter multichannels. 

Previous studies involving scaffolds and nerve regeneration demonstrated that ~200-300 μm 

diameter microchannel scaffolds were effective in linearly guiding axons.[39, 163] As 

mentioned earlier, channels larger than ~450 μm in diameter resulted in decreases in nerve 

regeneration.[40] At 4 weeks post-implantation in rats, the seeded NPCs survived, 

differentiated, and extended axons throughout the scaffold channels. Importantly, the 

implanted NPC-derived axons in the scaffold extended into the host spinal cord below the 

injury site (Figure 6b). The growth of regenerating host axons exhibited a linear pattern, 

guided by the microchannel architecture of the scaffold. In contrast, empty scaffolds (with 

no cells) showed only limited host axon growth into scaffolds, and grafting of NPCs (with 

no scaffolds) extended axons in random orientations. For CNS, a few weeks would 

potentially allow native OPCs to move in and myelinate the axons. The biodegradability of 

the synthetic PEGDA-based scaffold allowed observing host axon regeneration and 

remyelination in an animal at 4 weeks post-implantation. At 6 months post-implantation, the 

Joung et al. Page 20

Adv Funct Mater. Author manuscript; available in PMC 2021 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrogel scaffolds showed a slow degradation rate (the thickness of the scaffold was reduced 

by 49%), and channels were still structurally intact and completely filled with NPCs. To 

determine the functional recovery, locomotor activity was evaluated using the Basso, 

Beattie, and Bresnahan (BBB) locomotor scale over a 5-month period. Animals implanted 

with NPC-containing scaffolds showed a compelling functional recovery compared to cell-

free scaffolds. At 5 months post-injury, rats with 3D-printed, NPC-filled scaffolds observed 

recovery of motor evoked potential (MEP) responses, whereas rats with empty scaffolds 

exhibited baseline noise level, indicating the formation of new ‘neural relays’ across sites of 

complete spinal cord injury. This 3D printed biomimetic platform could be customized and 

provided patient-specific spinal cord size and lesion geometry with high anatomical fidelity 

(when combined with MRI).

It has recently been demonstrated that the homology of the neural cell types transplanted to 

the host tissue and their spatial placement is critical to the effective regeneration of specific 

tracts of the spinal cord.[193] This observation suggests that the generation of specific cell 

types in specific orthotopic locations may be necessary for optimal regeneration of SCI. In 

this scenario, loading of cells onto a scaffold (printing cell‐free scaffolds and then seeding 

them with cells after fabrication) is limited when placing specific neuron subtypes in desired 

areas, especially onto a microscale multichannel scaffold. To this end, a combination of 3D 

printing and bioprinting has been proposed to fabricate patient-specific scaffolds where cells 

and biomolecules are embedded in precise positions within a designed matrix during 

assembly. This method has the advantage of defining areas where specific neural subtypes 

should be placed for optimal axonal innervation and connectivity for orthotopic 

reconstruction of the injured spinal cord.

Using an extrusion process, we have printed a neuro-compatible multichannel scaffold, in 

which different types of stem-cell derived neural progenitor cells (specifically, spinal 

neuronal and oligodendrocyte progenitor cells - sNPCs and OPCs) were precisely placed in 

designated locations (“living” spinal cord model).[15] In this framework, sNPCs are expected 

to differentiate into regionally specific spinal neurons that subsequently project axons, and 

OPCs are expected to differentiate into oligodendrocytes that myelinate the axons 

throughout the scaffold channels, thereby providing a neural relay system across the site of 

injury. For this design, both sNPCs and OPCs in Matrigel suspensions were bioprinted 

directly onto biocompatible silicone scaffolds with 150 μm–diameter channels. The precise 

spatial distribution of cell types in specific channels was demonstrated by separately 

dispensing sNPCs and OPCs to recapitulate the grey and white matter of the spinal cord 

(Figure 6c). Both progenitor cells differentiated rapidly and the sNPCs generated axons in 

the 3D channel space over a period of 4 days (Figure 6d,e). Furthermore, this approach 

enabled multiple neural cell types to be co-printed in a specific channel - clusters of sNPCs 

and OPCs were placed with a spatial distribution of ~200 μm within a channel. The printed 

sNPCs were shown to generate the functional activity of neuronal networks, which is a 

critical foundation for this therapy. To confirm the functionality of the living scaffold, 

calcium imaging was performed on sNPCs bioprinted in a silicone scaffold with long axon 

projections 14 days after printing. In this in vitro test, the neuronal networks responded to 

high potassium and glutamate, which is indirect evidence of printed sNPCs differentiating 

into functionally mature neurons.
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To mimic the 3D nature of the native spinal cord tissue (architecture and elastic modulus), 

biodegradable alginate blended with MC has been used for printing multi-layered scaffolds 

with cells dispersed in channels during manufacture (Figure 6f).[15] Alginate is a 

polysaccharide-based hydrogel that might lack the protein components needed for cellular 

adhesion. Enhancing cell attachment with short peptide motifs such as RGD, YIGSR, 

IKVAV, RNIAEIIKDI, and RYVVLPR could be a useful approach for long term survival. 

DNA crosslinked hydrogels with stiffnesses ranging from 100 Pa to 30 kPa have also been 

explored, and it was shown that spinal cord neurons extended more primary dendrites whose 

lengths were not affected by stiffness, unlike the axons which tended to shorten with 

increasing stiffness.[194] We have also used PEGDA, a well-researched 3D bioprinting 

hydrogel with optimal rheological properties, but we found that the photoinitiator used to 

catalyze the polymerization reaction was detrimental to printed neural cell types.[195] The 

development of bioinks in the 3D bioprinting field continues to remain a crux, so finding 

suitable bioinks is an opportunity to significantly advance the field.

In CNS injury repair, many issues remain unresolved regarding cell survival and 

transplantation techniques. Successful printing of different types of neural progenitor cells 

and signaling molecules directly onto a specific scaffold channel will enable a multicellular 

neural tissue engineering approach, where the ability to control the position, growth, and 

differentiation of transplanted cells will be beneficial in rebuilding damaged tissue. This 

advancement not only opens the door to new possibilities in investigating the importance of 

multiple cell identity interactions in vitro in order to model proper arrangement of cell 

grafts, but even allows for the possibility of generating high-order spatially distributed, 

organotypically organized cell transplants. When considering that 3D printed scaffolds are 

inherently 3D structures, it could even be possible to 3D bioprint user-defined structures and 

culture the structure as an organoid to capture more of the complex cell identities and 

interactions formed during development.

6. Nervous system on a chip

In vivo studies have been valuable in understanding tissue-level nervous system 

development and exploring repair strategies.[196] There is also increasing demand to 

fabricate personalized 3D micro-physiological systems for understanding the development 

and function of neuronal and glial tissues as well as fundamental and higher order 

physiological and pathophysiological processes associated with human nerve regeneration 

and neurological diseases, disorders, and injuries. Therefore, the development of 3D in vitro 
platforms capable of recapitulating the specificity, complexity, and function of living tissues, 

specific tissue-like structures, and high order neurophysiological processes could enhance 

the translatability of neural regeneration treatments and therapeutics, or be utilized for drug 

testing.[197] Furthermore, 3D in vitro platforms, such as nervous systems-on-a-chip, can 

have an impact on the study of neurological diseases for which it is difficult to obtain 

accurate animal models. This could result in broad research implications in fundamental 

research, drug discovery, and personalized healthcare. Particularly, 3D in vitro platforms 

have been used to replicate the physiological cell-cell and cell-ECM interactions that could 

accelerate the development of new therapies.[26, 81, 198–200]
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3D printing can offer a novel design and replication of complex tissue-like structures in 
vitro, at the microscale to full-chip scale, in which multiple specific cells are integrated 

within a designed matrix.[26, 30, 199, 201–203] An in vitro platform could replicate 

neurological phenomena, such as cell signaling, cell-cell communication, infection and 

disease, and regeneration. Hence, such platforms could prove to be valuable and 

customizable biomanufacturing approaches for realizing complex and specific biomimetic 

microenvironments for neuroscience studies.

To this end, we previously introduced a customizable 3D printed nervous system-on-a-chip 

to capture functional dynamics of neural network formation of Schwann cell-axonal 

interaction and viral uptake using a compartmentalized in vitro model.[26] The approach 

involved printing microchannels to guide cell interactions and tri-chamber structures for 

plating distinct cell types: CNS neurons, PNS neurons, Schwann cells, and epithelial cells 

(Figure 7a). The 3D printed tri-chamber consisted of three layers: (1) microchannels to 

provide axonal guidance, (2) a sealant layer to protect fluid exchange between chambers, 

and (3) a top tri-chamber to provide isolation of different cell types and associated media 

(Figure 7b). Following the chamber printing, cell suspensions were seeded via bioprinting 

into the individual chamber wells, which were 150 μm in height and 350 μm wide. The 

models demonstrated that it was possible to direct the growth and assembly of microscale 

neural features and promote spatial organization of cellular components.

As shown in Figure 7c, in order to construct a biomimetic PNS chip model, superior cervical 

ganglion (SCG) cells were printed in chamber 1. The neurons were cultured for 10-14 days 

to establish axonal networks throughout each channel. Thus, inter-connection between 

chambers were only through axonal pathways generated from printed neurons. To provide 

the inter-connections between axons and cells, Schwann cells and epithelial cells were 

cultured in chamber 2 and chamber 3, respectively. By characterizing phase contrast 

micrographs, it was discovered that Schwann cells spontaneously localized to the axon in 

chamber 2. However, with the absence of axons in the channel, the Schwann cells were 

randomly distributed (Figure 7d). This observation indicated that self-assembled networks of 

axon-associated Schwann cells were produced from the model. On the other hand, in 

chamber 3, axon termini-epithelial cell junctions were formed (Figure 7e).

The capability of integrating these components into lab-on-a-chip style devices could mimic 

native neural cell interactions. In order to recapitulate the functional interface between axons 

(CNS neurons) and cells (PNS neurons and Schwann cells), a viral infection assay was 

applied to the 3D CNS chip model. In the CNS chip model, the CNS system was produced 

by culturing hippocampal neurons (CNS neurons) in chamber 1 (Figure 7f). The axonal 

network produced by the CNS neurons penetrated throughout each chamber. Subsequently, 

in chambers 2 and 3, the PNS system was integrated by culturing PNS neurons cells and 

Schwann cells, respectively (Figure 7g,h). The chambers were connected via the 

interpenetrating axonal network that extended from chamber 1, but otherwise isolated. By 

injecting a virus into chamber 2, the PNS neurons were infected by the virus, and the viral 

particles spread to both CNS neurons and Schwann cells via axonal transport. The results 

also showed the alignment of axonal networks and spatial organization of Schwann cells 

adjacent to the axonal network in chamber 2. The observation of the spread of infection to 
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the CNS neurons and Schwann cells indicated the existence of a potential bottleneck to virus 

transmission from PNS axons to these cell types. In addition, based on the observation of 

viral particle transmission through the axon networks, a virus axonal transport rate of 2.0 

μm/s was recorded. Indeed, studying viral infection and transport in both PNS and CNS 

systems is useful for future research in developing treatments for neurological diseases and 

disorders associated with infectious diseases.[204, 205] Thus, our study suggested that 3D 

printing can be utilized for the prototyping of microphysiological neural systems to study 

neurological diseases and disorders and provide emerging therapeutics.

Another application of 3D printing would be to engineer vascular networks and neural 

networks to form a neurovascular system. Recently, Grasman et al. reported the development 

of a 3D in vitro vascularized neural tissue model for neurogenesis and neural repair.[198] The 

model contained an endothelialized microchannel lined by human umbilical vein endothelial 

cells (HUVECs), acting as a vascular conduit within a 3D collagen hydrogel which served 

the role of the ECM matrix. In this model, endothelialized microchannels stimulated axonal 

growth from the DRG and guided the axons toward the channel. Similarly, directed axonal 

growth was observed when BDNF was localized within the microchannel without HUVECs. 

Indeed, the model could replicate the complex physiological environment occurring in 

peripheral nerves after injury, with neural repair observed within 2 weeks. This study shows 

the potential to recapitulate neural growth and repair via a combinational molding approach.

The complexity of the neural networks could be improved by utilizing 3D printing. We 

recently demonstrated guided cancer cell HUVECs migration within 3D fibrin matrix via 3D 

bioprinted cells and 3D printed programmable release capsules.[81] These capsules are 

comprised of growth factors contained within a GelMa matrix and surrounded by a PLGA 

shell containing gold nanorods (AuNRs). When a resonant laser wavelength irradiates the 

printed structure, the photothermal response of AuNRs creates localized heating and leads to 

rupture of the capsule shell, releasing the contents of the core.[81, 172] This model enables 

the spatiotemporal control over the generation of signaling growth factor gradients and 

physical translocation of the cells, subsequently leading to the dynamic mimicking of 

cellular behaviors in vitro. In addition, the development of more sophisticated vascular 

networks with neural networks could be made via 3D printing a sacrificial hydrogel ink.
[201, 206, 207] Thus, 3D printing has the potential to create a neurovascular system 

incorporated with specific cells and growth factors, and vascular systems can be 3D printed 

within the desired 3D matrix. 3D printing techniques could therefore provide flexibility in 

the design of device architectures to create microenvironmental platforms for in vitro studies 

of nervous system function, disease modeling, and pharmacology from fundamental science 

to translational drug discovery.

7. Summary, technical challenges, and outlook

Despite the prevalence of axonal regeneration treatments after neuronal damage, new 

therapeutic options are needed for both CNS and PNS. As discussed, CNS does not exhibit 

spontaneous regeneration. Although the PNS can grow axons after injury, when the axonal 

pathway degenerates, it too has a limited capacity for regrowth. Providing phenotype-

specific axon regeneration is a potential therapeutic option for restoring function to damaged 
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axonal tracts after nerve injury for both CNS and PNS. 3D printing has the ability to print 

specific neural cell subtypes and growth factors in a regionally specific arrangement to 

mimic the native cytoarchitecture, which can provide a precisely orchestrated re-

establishment of neural networks and connections.[12, 193] Hence, 3D printing could provide 

a means of regenerating complex nerve injuries, paving the way for personalized treatment 

of a wide variety of nerve injuries. Further, prior to implanting a living scaffold, 3D printed 

in vitro platforms can be used to test therapeutic options: network formation of specific 

neural cells under certain conditions, cell-cell and cell-matrix interactions, drug screening, 

and an understanding of the mechanisms of neuromodulation.

Although significant advances in 3D printed neural regeneration devices and their 

corresponding applications have been achieved, many obstacles need to be overcome. To 

date, only a few selected neural cells have been studied. As mentioned, it will likely be 

necessary to transplant the specific cell types that were lost to confer functional benefit. For 

example, when cortical neural progenitor cells were transplanted into a spinal cord injury, 

they survived but failed to successfully integrate. However, when spinal neural progenitor 

cells were transplanted into a spinal cord injury, they not only survived but matured, 

extended axons over long distances both rostrally and caudally, and may even have formed 

functional relays through the lesion area.[208] Further, vascular networks need to be 

incorporated into the scaffold to provide perfusion of nutrients and diffusible elements. 

Lastly, finding the optimal combination of biomaterials and cells remains elusive. Careful 

consideration should be made for the choice and design of biomaterials, based on the 

following criteria: (i) mechanical properties of biomaterials that attempt to mimic neural 

tissues; (ii) printability - printing resolutions of less than 50 μm are desired to match with 

native tissue networks structurally; (iii) integrity, low toxicity, and suitability for multi-

layered channel construction; (iv) biodegradation properties; and (v) cell compatibility or 

containing biological components necessary for neural cell proliferation and adhesion.

Furthermore, many animal models of disease show physiological, biochemical or 

developmental variations compared to their human equivalents, which impacts the efficacy 

and safety of treatments developed in these models, sometimes to devastating effect.[209] 

Protocols to reprogram adult human cells into iPSCs and to directly differentiate iPSCs into 

distinct neural subtypes offer a virtually unlimited supply of human neural cells which can 

be used as a platform for testing various cell interactions or treatments both in normal cells 

and in cells with genetic variants that result in disease.[210–213] It is even possible to derive 

patient-specific iPSCs for personalized screening of treatments within a discrete cellular 

system or against the unique genetic constellation of the patient.

As mentioned earlier, regeneration of the CNS is a significant challenge. The development 

of regionally specific neuronal subtypes could be important components to successful 

transplantation or disease modeling.[193, 208, 214] The importance of regional specificity is 

echoed in many endogenous neural structures, but the development of protocols to produce 

regionally specific cells has been lacking. Therefore, organoid methodologies could be 

advantageous when modeling disease systems where regional specificity is important. 

Recent advances in tissue culture techniques have allowed for 3D cell culture methods in 

which small “organ-like” systems develop in vitro.[43, 173, 175] These 3D methodologies are 
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compatible with human iPSCs and allow investigators to model cell development, disease 

progression, effects of drug treatments and cell interactions in a system of tissue-specific 

cells. These 3D cell cultures are even compatible with neural systems and will develop 

complex networks that more closely replicate human in vivo dynamics. Indeed, these human 

neural organoids (organoid grafts) can also be printed and transplanted into animal models 

where they survive, functionally integrate into the endogenous tissue and are vascularized, 

offering an unprecedented ability to investigate human neurological diseases. Hence, 

creating 3D bioprinted CNS organoid grafts with a functional vasculature system, which 

more appropriately mimics complex neural circuitry ,would benefit both in vivo and in vitro 
applications. Similar attempts have been made to produce in vitro kidney organoids.[215] 

Alternatively, examining the natural development of defined orthotopic layers and cell 

populations after bioprinting in the scaffolds, and graft-to-host functional synaptic 

connectivity within an in vivo physiological tissue environment, may provide a more optimal 

platform to regenerate lost circuitry.

3D printed neural regeneration devices could also be improved by incorporation with 

bioelectronics and robotics, which could provide new types of treatment paradigms.[216, 217] 

Bioelectronics could be used for neural prostheses that allow for the restoration of damaged 

motor abilities. Despite decades of research, neuromodulatory devices have suffered from 

signal degradation due to the challenges in determining the optimal geometry to guarantee a 

stable electrical contact between the electrodes and the 3D conformation of the implantation 

site. Further, there are often issues with mechanical mismatches between the stimulator and 

the surrounding tissue.[218, 219] 3D printing technologies could enhance the functionality of 

the scaffolds by embedding electrodes.

Furthermore, 3D printing can be used to fabricate a conducting composite nerve conduit, in 

which the whole scaffold is conductive, and incorporate a specific conducting layer or 

channels within the scaffolds. Conductive biomimetic scaffolds could be designed by 

modification with conducting particles, polymers, carbon nanotubes, or graphene, which 

have been used for applications in neural electrodes and interfaces.[220] By incorporating 

such materials with soft, biocompatible hydrogel matrices in the same 3D printing platform, 

they can form soft implantable neuroprosthetic scaffolds with an electrically active, 

conductive surface, that could prevent neural tissue damage. Interfacing conductive scaffolds 

with transplanted neural cells could be advantageous when investigating optimal stimulation 

for plasticity or recording neural population dynamics and circuitry. Similarly, the printing 

of scaffolds with embedded light-emitting diodes could be used for optogenetic stimulation 

of genetically modified cells for targeted stimulation strategies. However, more information 

is needed about the toxicity of the conductive inks used in the neural regeneration system, 

including threshold limits, safe doses, and biocompatibility. For instance, although nanoscale 

silver particles are now in widespread use in a variety of commercial products, these 

particles can cause neurotoxicity, reduced neurite outgrowth, inflammation and oxidative 

stress.[221, 222] Alternative approaches using non-contact stimuli such as light, magnetic 

fields, or ultrasound could be promising alternatives for neural stimulation devices.[223]

Apart from 3D printed devices which are first printed and then subsequently implanted, a 

transformative concept would be the direct repair of a nervous system injury via 3D printing 

Joung et al. Page 26

Adv Funct Mater. Author manuscript; available in PMC 2021 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on the injured area.[29] Here, the printer is serving as an all-in-one scanner, printer, and 

robotic surgeon. The disappointing negative results recorded in healing some patients can be 

partly attributed to the delayed timing of the surgical intervention, especially battlefield and 

traffic accident sites. Imagine instead if the printer were brought to the site of the accident to 

repair the injury quickly. This development of in-situ 3D printing is a promising future 

direction for advanced medical treatments. As a proof of concept, we recently developed a 

closed-loop feedback system that combines real-time feedback control and direct ink writing 

of electronic materials and cells using a combination of a delta robot and a computer vision 

system.[217] This framework allows us to print electrical circuits or living cells directly on 

moving, freeform, or highly irregular surfaces, including human hands and rat wound beds. 

With these iterative functions, a 3D printer – possibly combining robotic features and 

artificial intelligence - could fabricate implantable biomedical devices with the patient’s own 

cells directly onto the injured area in the nervous system.

Although the development of 3D printed neural regeneration strategies is emerging as a new 

therapeutic approach for neural diseases and injuries, there is a need for improved 

understanding of the mechanisms of action and interactions between biomaterials, scaffolds, 

and neural cells. To this end, more interdisciplinary research from areas of diverse expertise 

is encouraged to promote optimal repair and functional recovery, which can be translated 

into effective clinical treatments for patients who sustain neurological diseases and injuries.
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Figure 1. 
Strategic design of a 3D printed nervous system scaffold to promote neural regeneration. 

Neural regeneration refers to the re-establishment and repair of functional neural 

connections, nervous tissue, and cells by (a) controlling the position, growth, and 

differentiation of transplanted cells [Reproduced with permission.[8] Copyright 2012, 

Elsevier.], and (b) promoting neurite networks (e.g., sensory and motor) via the inclusion of 

biomolecules such as neurotrophic factors [Reproduced with permission.[9] Copyright 2014, 

Nature Publishing Group], (c) within desired channels in the scaffolds [Reproduced with 

permission.[10] Copyright 2009, Elsevier.]. (d) 3D printing offers promising combinatorial 

strategies for neural regeneration, by using a common platform to print scaffolds, cells, and 

biomolecules. Reproduced with permission.[15] Copyright 2018, Wiley-VCH.
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Figure 2. 
Overview of current 3D printed neural regeneration devices and applications.
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Figure 3. 
(a)-(c) Personalized nerve guidance pathways via a combination of 3D scanning and 3D 

printing. The three critical steps are: (a) transection of the nerve tissue model, (b) imaging 

transected tissue, and (c) 3D printing scaffolds containing path-specific biochemical 

gradients. (d-e) Computational analysis of the nerve pathways via FEA simulation. 

Visualizing von Mises stress (σ) distribution in the nerve pathway under both (d) tensile and 

(e) torsional loading conditions applied to the distal ends of the nerve can be useful in 

providing an insight to the outcomes from in vivo studies and identifying areas requiring 

reinforcement. Reproduced with permission.[17] Copyright 2015, Wiley-VCH.
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Figure 4. 
(a) SLA 3D printed PEGDA hydrogel multiple channel nerve guides with cuff for 

implantation, and (b) their regenerated axon count against a control (uninjured) tissue. 

Reproduced with permission.[152] Copyright 2015, Thieme Medical Publishers. (c) 

Fibrin/HA scaffold containing encapsulated Schwann cells via a one-pot printing process. 

(d) Phase contrast and fluorescence images of printed Schwann cells in a 200 μm width 

channel. Reproduced with permission.[112] Copyright 2017, Elsevier. (e-h) Extrusion-based 

3D printing of a bifurcated silicone nerve guide functionalized with physical cues and path-
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specific biochemical gradients. (e) Bifurcation pathways in the sciatic nerve which contain 

branches of sensory and motor nerves, (f) transected nerve pathway, (g) printed NGF 

gradient for sensory path cues and GDNF gradient for motor path cues in the scaffold, and 

(h) an implanted 3D printed nerve scaffold. Reproduced with permission.[17] Copyright 

2015, Wiley-VCH.
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Figure 5. 
(a-c) 3D printing of brain-like layer structures. (a) Printed brain-like layer structure, each 

color represents a layer. (b) Confocal microscope image after 5 days of culture. Color bar 

indicates the depth of the cells along the Z-axis (0 to 107 μm). (c) Close-up images of the 

square from (b). Color bar indicates the depth of the cells along the Z-axis (0 to 67 μm) of 

the square. Neurons in hydrogel formed a neuronal network, and the extended axons 

penetrated into the cell-free middle layer. Reproduced with permission.[111] Copyright 2015, 

Elsevier. (d-e) 3D printed alginate-based human brain model. (d) Lateral view of the brain 

model showing microscale anatomical features of the cortex and cerebellum. (e) Top view of 

the brain model with black dye to enhance visualization of surface folded structures. Two 

higher resolution regions associated with the folds of the cerebral cortex were outlined. 

Reproduced with permission.[55] Copyright 2015, American Association for the 

Advancement of Science.
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Figure 6. 
(a) PEGDA/GelMa hydrogel-based spinal cord scaffolds containing 200 μm–diameter 

multichannels, providing linear alignment of white matter with host axonal tracts in the 

spinal cord. Grey matter area was printed as a solid. (b) A schematic illustration of the 

axonal guidance using a 3D printed scaffold. Channels in the scaffold provide linear 

guidance of rostral-caudal planes, so that grafted cells and host cells can be aligned. Later, 

host axons in cortico-, rubro-, or reticulo-spinal tracts regenerate into the scaffold and form 

synaptic connections with grafted neurons inside the channels. The grafted neurons then 
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extend axons, generating the functional connection across the lesion site. Reproduced with 

permission.[34] Copyright 2019, Nature Publishing Group. (c-e) 3D bioprinted sNPCS and 

OPCs in a 3D printed scaffold with ~150 μm-diameter channels. (c) Precise spatial 

distribution of neural cell types in specific channels after 1 day of culture: sNPCs (left), 

OPCs (middle), and sNPCs and OPCs (right). This allows for the recapitulation of spinal 

cord architecture with multiple cell types. (d) sNPCs printed in a scaffold after 4 days of 

culture. (e) Higher resolution image of 3D printed sNPCs in a channel. The sNPCs rapidly 

differentiated into neurons and extended axons propagating in the designed 3D space. (f) 

Neurocompatible 3D printed alginate-based scaffolds. The scaffold contained 3 × 3 

channels, ~150 μm-diameter channels, and ~1.5 mm × 5 mm sized scaffold. Fluorescence 

images indicated that bioprinted sNPCs in a 3D printed scaffold were alive 3 days after 

printing in all three layers. Reproduced with permission.[15] Copyright 2018, Wiley-VCH.
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Figure 7. 
(a) Schematic of the nervous system showing four primary components: CNS neurons, PNS 

neurons, Schwann cells, and epithelial cells. (b) 3D printing of tri-chamber consisting of 

three steps: (I) parallel 350 μm wide channels – providing axonal guidance, (II) a sealant 

layer – preventing fluidic culture media exchange between the chambers, and (III) a top tri-

chamber – providing isolation and organization of specific cell types. (c-e) Biomimetic 

maturation of 3D printed nervous system on a chip: alignment of axonal networks and 

spatial organization of cellular components. (c) PNS neurons and axons in chamber 1, (d) 

Schwann cells in chamber 2, and (e) epithelial cells in chamber 3. (f-h) In vitro model for 

nervous system viral infection assays: Schwann cells and CNS neurons are resistant to virus 

infection transmitted from axons (PNS neurons). (f) Infected CNS neurons in chamber 1, (g) 

infected PNS neurons in chamber 2, and (h) infected Schwann cells in chamber 3 after 10-14 

days of culture. Reproduced with permission.[26] Copyright 2016, Royal Society of 

Chemistry.
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Table 1.

Overview of 3D printed neural regeneration devices

Application Materials Cell Type Printing 
Method

Printing 
Resolution

Printed 
Structures Dimension Solidification Mechanical 

Properties
Cell 

Density
Cell 

Viability Ref

Bioprinted cells in 3D printed scaffolds

Cell-laden 
scaffold for 

CNS

PCL-PU 
hydrogel NSC Extrusion ~300-350 

μm

Two layers 
lattice (grid) 

structure

20×20×10 
mm3 

(scaffolds)

Thermal 
responsive

Modulus 6-8 
kPa

2×106 

cells/ml
78% [92]

Cell-laden 
scaffold

Alginate, 
chitosan, 
agarose

iPSCs
a) Extrusion ~200-300 

μm
Multi-layers 

lattice
5×5 mm2 

(scaffolds)
CaCl2 

crosslinking

Indentation 
modulus < 5 

kPa

4×107 

cells/ml

Day 
1:18%
Day 9: 
103%

[68]

Cell-laden 
scaffold

Alginate, 
chitosan, 
agarose

NSC Extrusion ~200-300 
μm

Multi-layers 
lattice

10×10×10 
mm3 

(scaffolds)

CaCl2 

crosslinking

Compression 
modulus 7.5 

kPa

5×106 

cells/ml

Day 
1:75%
Day 6 :

92%

[110]

Brain-like 
structure

Gellan 
gum-RGD

Primary 
cortical 
neurons

Manual 
extrusion 
(Hand-

held 
printing)

Poor 
Resolution

Cylindrical 
consisted with 

six layers

~20 mm 
height and 
~10 mm 
diameter 

(scaffolds)

CaCl2 

crosslinking
- 1×106 

cells/ml
78-80% [111]

Artificial 
neural 
tissue

Cells in 
Collagen /
VEGF in 

fibrin

Murine NSC 
(C17.2)+VEGF

Direct 
inkjet 

printing

Poor 
Resolution

Double layer 
with cells and 

VEGF

3×2 mm2 

(scaffolds)

pH for 
collagen, 

thrombin for 
fibrin

- 1×106 

cells/ml
~ 93% [93]

3D scaffold 
for CNS

Cells in 
Matrigel 

printed on 
silicone 
scaffold

iPSC-derived 
progenitor cells Extrusion ~150 μm Microchannels

~150 μm 
width and 5 

mm long 
(channels)

Temperature 
for Matrigel, 
moisture for 

silicone

Modulus ~ 
10 MPa

1×107 

cells/ml
> 75% [15]

3D scaffold 
for CNS

Cells in 
Matrigel 

printed on 
alginate 
scaffold

iPSC-derived 
progenitor cells Extrusion ~150 μm Micro-

channels

~150 μm 
width and 5 

mm long 
(channels)

Temperature 
for Matrigel, 

CaCl2 

crosslinking 
for alginate

Modulus 
70-100 kPa

1×107 

cells/ml
> 75% [15]

3D scaffold 
for PNS

Fibrinogen, 
HA, PVA Schwann cells Extrusion ~200 μm Micro-

channels

~200 μm 
width and 
~14 mm 

long 
(channels)

Thrombin - 2×105 

cells/ml
~ 98% [112]

3D scaffold 
for PNS

Growth 
factors in 
GelMa on 
silicone 
scaffold

No cells, NGF 
for sensory 
path, GDNF 

for motor path

Extrusion ~250 μm bifurcating 
nerves shape

~1 mm 
diameter 
and ~12 

mm length 
(scaffolds)

UV 
crosslinking 
for GelMa, 
moisture for 

silicone

Young’s 
modulus 
0.44 MPa

- - [17]

Seeded cells in 3D printed scaffolds

Lattice 
structure 

scaffold for 
CNS

GelMa-

DA
b) NSCs SLA ~200 μm Multi-layers 

lattice

~10×10×0.8 
mm3 

(scaffolds)

UV 
crosslinking

3×104 

cells/ 
scaffold

[113]

Lattice 
structure 

scaffold for 
CNS

GelMa/
PEGDA NSCs SLA ~200 μm Multi-layers 

lattice

~10×10×0.5 
mm3 

(scaffolds)

UV 
crosslinking

Compression 
modulus ~ 
0.45 MPa

5×103 

cells/
scaffold

44.4% [89]

Lattice 
structure 
scaffold 

with 
electrical 
stimulator 
for CNS

PEGDA 
for 

scaffold, 
MWCNT 

for 
stimulation

NSCs SLA ~200 μm Multi-layers 
lattice

~10×10×0.8 
mm3 

(scaffolds)

UV 
crosslinking

Young’s 
modulus 1.0 

MPa

3×104 

cells/
scaffold

[106]
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Application Materials Cell Type Printing 
Method

Printing 
Resolution

Printed 
Structures Dimension Solidification Mechanical 

Properties
Cell 

Density
Cell 

Viability Ref

3D scaffold 
for CNS

GelMa/
PEGDA

Neural 
progenitor cells SLA ~200 μm Micro-

channels

~200 μm 
width and 2 

mm long 
(channels)

UV 
crosslinking

Elastic 
modulus: 

260-300 kPa
- - [34]

Tubular, 
multi-layer 

scaffold 
with 

electrical 
stimulator 
for PNS

PCL/
graphene/R

GD

Rat Schwann 
cell

3D 
printing 

and layer-
by-layer 
casting

~50 μm
Multi-layer 

Tubular/
microchannels

~15 mm 
long 

(scaffolds)

Solvent 
evaporation

Elastic 
modulus 

~58.63-68.74 
MPa

- > 90% [69]

3D scaffold 
for PNS Collagen Mesenchymal 

stem cells

Needle-
array 

assembling 
(Kenzan 
Method)

~500 μm

For 
implantation, 

nerve 
protector (3-

mm diameter) 
was used

~2 mm 
diameter 
and ~3.2 

mm length 
(scaffolds)

Thermal 
responsive - 6×105 

cells/ml
- [114]

3D scaffold 
for PNS Silicone

Dorsal root 
ganglia /

Schwann cells
Extrusion ~250 μm Micro-channel

~1 mm 
diameter 
and ~12 

mm length 
(scaffolds)

Moisture
Young’s 
modulus 
0.44 MPa

6×104 

cells/ml
- [17]

a)
Induced Pluripotent Stem Cells (iPSCs);

b)
DA (Dopamine).
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