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Abstract: Hydrogels are multifunctional platforms. Through reasonable structure and function design, they use material engineering
to adjust their physical and chemical properties, such as pore size, microstructure, degradability, stimulus-response characteristics, etc.
and have a variety of biomedical applications. Hydrogel three-dimensional (3D) printing has emerged as a promising technique for the
precise deposition of cell-laden biomaterials, enabling the fabrication of intricate 3D structures such as artificial vertebrae and
intervertebral discs (IVDs). Despite being in the early stages, 3D printing techniques have shown great potential in the field of
regenerative medicine for the fabrication of various transplantable tissues within the human body. Currently, the utilization of
engineered hydrogels as carriers or scaffolds for treating intervertebral disc degeneration (IVDD) presents numerous challenges.
However, it remains an indispensable multifunctional manufacturing technology that is imperative in addressing the escalating issue of
IVDD. Moreover, it holds the potential to serve as a micron-scale platform for a diverse range of applications. This review primarily
concentrates on emerging treatment strategies for IVDD, providing an in-depth analysis of their merits and drawbacks, as well as the
challenges that need to be addressed. Furthermore, it extensively explores the biological properties of hydrogels and various nanoscale
biomaterial inks, compares different prevalent manufacturing processes utilized in 3D printing, and thoroughly examines the potential
clinical applications and prospects of integrating 3D printing technology with hydrogels.
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Introduction

Lower back pain is a prevalent condition that impacts approximately 80% of the global population. Intervertebral disc
(IVD) degeneration (IVDD) is recognized as the most common cause of lower back pain. Over the years, the incidence of
IVDD has significantly risen, particularly with advancing age, leading to a substantial increase in disability rates.
Consequently, IVDD poses a considerable economic burden on society.' IVDD is a natural consequence of the aging
process, characterized by a gradual decline in IVD cell viability, dehydration of the extracellular matrix (ECM), and
structural abnormalities as the disease advances. The etiology of IVDD is multifactorial and encompasses various factors,
such as mechanical trauma, genetic predisposition, sedentary behavior lifestyle, and certain metabolic disorders, but the
exact pathogenesis is unknown. Despite decades of persistent efforts by scholars, clinical treatment is still focused on
alleviating patients’ pain and reducing the incidence of disability, including physiotherapy, closed therapy, and surgery,**
which not only fail to cure the disease at the etiological level but also may lead to complications associated with drugs
and surgery. Therefore, it is necessary to develop various novel therapies to meet the goals of tissue regeneration and

targeted minimally invasive treatment of diseases.
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Current Novel Therapies

Recently, many novel therapies for IVDD have been developed, including stem cell regenerative therapies, gene-targeted
therapies, and regenerative alternative therapies combined with tissue-engineered hydrogels, which cover the current
mainstream of novel therapies in IVDD, all of which have various advantages and disadvantages. Significant advance-
ments in medical technology have paved the way for gene-targeted therapy in treating IVDD. This breakthrough
represents a promising and thrilling opportunity for IVDD.” It is achieved at the genetic level by foreign gene expression
of key products such as ECM or inhibition of disease-causing gene expression to delay disease progression, and
commonly used vectors include viral vectors, nonviral vectors or gene editing to transport specific bioactive substances.
Viral vectors can efficiently replicate and proliferate in cells, and the technology is now mature, mainly including
retroviruses, lentiviruses, adenoviruses, and baculoviruses, with certain safety concerns.®’ Nearly all nonviral vectors
have high safety but low transfection efficiency, including inorganic nanoparticles, natural polymeric nanoparticles, and
RNA interference.® DNA nuclease gene editing techniques have demonstrated the capability to achieve precise and
efficient gene editing in normal eukaryotic cells. These techniques offer a high degree of accuracy and effectiveness in
modifying specific genes within the cellular DNA of eukaryotes.”'® However, since IVDD is an aging disease, its
causative factors are multifactorial, and its pathogenesis is poorly studied. It is currently believed that IVDD is associated
with inflammation, the immune response, and genetics. Indeed, the widespread adoption of gene therapy tools has been
hindered by several factors. These include concerns regarding the long-term safety of gene modifications, challenges in
the mass production of gene drugs, difficulties in controlling gene expression in vivo, limitations in achieving stable and
long-term expression of foreign genes in vivo, low efficiency of targeted gene transfer, alterations in the biological
properties of target cells, and ethical considerations. These factors collectively contribute to the limited popularity and
utilization of gene therapy tools, as shown in Table 1.

IVD cell loss is a significant pathological feature of IVDD. Restoring the lost IVD cells through various approaches,
such as inhibiting apoptotic cell death'® or cell transplantation,'' has been recognized as a direct and effective strategy for
IVDD treatment. This approach involves introducing autologous or allogeneic adult cells or stem cells from the patient
into the degenerated IVD in a targeted manner. The goal is to replenish the lost IVD cells, enhance the content of
proteoglycans and collagen, and ultimately restore the tissue structure and biomechanical function of the IVD.'?
Commonly used cell types for transplantation in IVDD treatment include bone marrow mesenchymal stem cells
(BMSCs), adipose mesenchymal stem cells, nucleus pulposus (NP) mesenchymal stem cells, umbilical cord mesench-
ymal stem cells, and induced pluripotent stem cells.'? Transplanted cells in the IVD face numerous challenges due to the
harsh microenvironment. Factors such as high osmotic pressure, mechanical load, nutritional deficiency, low oxygen
levels, and acidic conditions can significantly impact the viability, proliferation, and differentiation of these transplanted

Table | Summary of Novel Therapies for IVDD

Fundamentals of Function Advantages Disadvantages Refs
Treatment
Gene Involved in the Promote therapeutic | Intervention at the DNA or | Long-term safety cannot be guaranteed, | [5]
Therapy development of gene expression and | RNA level for precise uncontrolled gene expression, low
disease, which involves | inhibit pathogenic targeting and minimally transfer efficiency, ethical issues, etc.
complex signaling gene expression. invasive treatment
pathways.
Cell Regenerative Replenish lost IVD Directly and effectively Cellular senescence, low survival rate [11-13]
Therapy properties of stem cells and promote replenishes lost VD cells after transplantation, nondirectional
cells. IVD regeneration. with minimal trauma. differentiation, etc.
Exosome | Self-carrying parent Carries genetic and More stable performance Extraction steps are cumbersome, [13-15]
therapy cell genetic material therapeutic bioactive | compared to cells, biological functions are not guaranteed,
and carrier properties | molecules. nonimmunogenic, and is costs are high, storage is difficult, and
easier to store and mechanisms are unclear.
transport.
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cells.'”'® Moreover, the natural aging process of cells and the possibility of undirected differentiation of stem cells lead
to low transplantation efficiency, limiting cell-based IVDD therapy (Table 1).

Exosomes, or extracellular vesicles (EVs), are small vesicles (40-100 nm) that play a role in cell regeneration and
apoptosis. They carry genetic and functional information from the parent cell and can act as carriers of biomolecules with
specific functions, making them potential therapeutic vehicles for targeted drug delivery and regenerative medicine.'**
Exosomes replicate the genetic and functional information of the parent cell and act as carriers of small molecules,
playing a therapeutic role in delivering biomolecules with specific functions. In short, EVs are stable, nonimmunogenic,
more convenient to store and transport and have obvious advantages.'*'> However, the extraction, administration
method, dose, source, growth state, and culture conditions of EVs affect their biological functions,'® and the currently
extracted and stored EVs are not yet ready for commercialization, with cumbersome extraction steps, high costs, and
storage difficulties. The biological mechanisms of exosomes are not fully understood, and their safety has yet to be
verified (Table 1).

Tissue engineering, which was first proposed in 1987 at the Washington Science Foundation and officially confirmed
in 1988, applies engineering principles to develop biological substitutes for improving and restoring the function of
injured TVDs.?' Tissue engineering has become a bridge for the abovementioned new therapies due to its unique
advantages, demonstrating greater feasibility and application prospects. In recent years, there has been rapid development
in hydrogel technology for tissue engineering. Hydrogels are hydrophilic network polymers that contain a significant
amount of water and can be used in environments that require large deformations. Due to its adjustable physical
properties, it has been widely used in clinical practice. The commonly used techniques for manufacturing hydrogel
products are molding and casting, but these techniques have difficulty producing hydrogel products with complex
geometries. Material scientists have been exploring various bioprinting processes for hydrogels. 3D printing, based on
the principle of additive manufacturing, utilizes digital model files and adhesive materials to construct objects layer by
layer. It has emerged as a promising solution for addressing the global organ shortage by printing artificial organs.
Additionally, 3D printing is an effective method for preparing gel-like drug formulations of different shapes and colors,
enhancing medication compliance for pediatric patients in clinical settings.* In recent years, 3D printing technology has
made significant advancements in the field of spinal surgery. The use of 3D printing-assisted manufacturing enables the
construction of IVD structures with complex 3D microchannels, meeting the specialized requirements for the rapid
production of multifunctional artificial IVD bodies. Specifically, the printing of vertebral body bone models, including
lesion models, has proven to be a simple, cost-effective, and practical approach. These models have become valuable
tools for clinical education, auxiliary diagnosis, doctor-patient communication, surgical planning, and more precise
surgeries. Furthermore, the design and production of navigation templates based on the printing of vertebral body bone
models have shown significant clinical benefits in guiding internal fixation screws during surgery.”® This article aims to
showcase the recent advancements in hydrogels through 3D printing technology in the treatment of IVDD, to provide
valuable insights and references for IVDD management and to offer guidance for the optimal utilization of 3D printing
technology in various clinical domains.

Hydrogel Scaffolds: Composition, Structure, and Customization in Tissue
Engineering

The development of hydrogel tissue engineering has emerged as a promising and effective approach for treating IVDD.
Hydrogels are three-dimensional (3D) polymer networks that can absorb and retain a significant amount of water. They possess
adjustable physicochemical properties, making them suitable for various conditions and applications. Hydrogels have found
extensive use in the biomedical field, including studies on physiological and pathological mechanisms, tissue regeneration, and
disease treatment.”*2° The characteristics of hydrogel scaffolds are influenced by several factors, including the material
composition and concentration, crosslinking method and density, and manufacturing techniques. The choice of materials such
as collagen, gelatin, or polyethylene glycol (PEG)-based hydrogels can result in different scaffold structures. For example,
collagen-based hydrogels often exhibit fibrous structures, while gelatin-based hydrogels may have macroporous structures. On
the other hand, PEG-based hydrogels can possess nanoporous structures. These structural variations allow for the customization
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of hydrogel scaffolds to meet specific requirements in tissue engineering applications.”” The mechanical properties of hydrogels
can be modified through physical or chemical crosslinking methods. Physical crosslinking, which involves hydrophobic
interactions, hydrogen bonding, and polymer entanglement, typically leads to lower mechanical strength. On the other hand,
covalent crosslinking, achieved through processes such as free radical polymerization or enzyme-induced crosslinking, can
impart higher mechanical performance to hydrogels.?®*? Similarly, a higher crosslinking density contributes to denser structures
and enhanced stiffness. It is important to note that manufacturing techniques such as micropatterning3 %and 3D bioprinting3 "also
influence the characteristics of hydrogels and determine their applications. The interaction between cells and hydrogels is
a complex and dynamic process that plays a crucial role in tissue physiology, including cell proliferation’” and migration,* as
well as in pathological processes such as cell apoptosis.** Hydrogels have a variety of physical and chemical advantages, such as
high strength, self-healing, elastic conductivity, synergistic antibacterial activity, and stimulus responsiveness. Therefore, it is
essential to have a comprehensive and in-depth understanding of these cell-hydrogel interactions. Hydrogels have been
extensively studied and utilized in various biomedical applications due to their diverse physicochemical, biological, and
structural properties. They have been used in aesthetic medicine®® as 3D models for different diseases, such as corneal disease
models,*® neurodegenerative disease models,?” and inflammatory bowel disease.”® In addition to their use in tissue engineering,
hydrogels have been utilized as carriers for enzymes, enabling biocatalytic monitoring and regulation of enzymatic bioactivity”>
(Figure 1). This application has facilitated research on disease mechanisms and targeted drug screening, providing a valuable tool
for studying and understanding various biological processes.

Hydrogels provide a favorable microenvironment for cell survival and attachment of small molecules. This microenvir-
onment facilitates enhanced intercellular signaling, promoting cell proliferation and maintaining cell lineage commitment.*'
Under specific light sources, hydrogels exhibit tunable mechanical properties. Hydrogels can be processed using various
techniques, including 3D printing, bioprinting, self-assembly, and microfluidics. These techniques allow for the fabrication of
hydrogel constructs with controlled structures, providing a 3D microenvironment that supports cell proliferation and tissue
regeneration. This enables the creation of complex and customized tissue constructs that closely mimic the native tissue
architecture, promoting better integration and functionality in tissue engineering applications. Hydrogels possess excellent
biocompatibility and biological activity, along with higher solubility and lower antigenicity. Importantly, the mechanical
properties, pH, and photolysis time can be adjusted to meet the requirements of transplantation therapy for different diseases.**
Hydrogels can also induce MSCs to produce more ECM, proteoglycans, collagen type II, and glycosaminoglycans, ensuring
the necessary nutrient supply for cell growth and proliferation, thus facilitating the repair of IVD tissue. Additionally,
hydrogels can serve as carriers for stem cells, osteogenic proteins, or transforming growth factors, maintaining the stability
of the transplanted molecules and maximizing their potential in inducing osteogenic differentiation and reducing inflammatory
reactions. This, to some extent, addresses the limitations of previous transplantation therapies.** By adjusting the fiber spacing
or porosity, the mechanical properties of hydrogel scaffolds can be optimized to achieve a balance between compression and
tension, as well as dynamic modulus. This optimization allows for the generation of scaffolds with tailored mechanical
properties that fall within the physiological range of spine motion segments. These findings provide a solid theoretical
foundation for the use of hydrogels in transplantation therapy for IVDD (Figure 2). Hydrogels offer promising potential in this
field, as they can provide a suitable microenvironment for tissue regeneration and contribute to the restoration of disc function.

As an Ideal Printing Material
Microhydrogel

At present, IVDD therapies that involve the local injection of various biologics are showing promise. However, their
application is hindered by limitations such as the harsh external environment and inefficient carriers. Hydrogels, with
their adjustable biological properties and rapid in situ curing ability, are well suited for IVD regeneration. Microgels, in
particular, exhibit distinct properties and functions compared to macroscopic materials.** Additionally, different particle
sizes of microgels can have varying modular properties,*> which can be advantageous for tailoring the mechanical and
biological characteristics of hydrogel-based therapies for IVDD. Microgels are utilized to construct aggregates in the
form of microscaffolds, which facilitate cellular infiltration. They can also be embedded within bulk hydrogels to create
multilevel structural materials.*® The biological, mechanical, and structural properties of microgels can be tailored
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through factors such as polymer composition, crosslink density, and fabrication methods. This versatility allows for the
customization of microgels to meet specific requirements in terms of their intended application, enabling the develop-
ment of hydrogel-based materials with desired properties for various biomedical applications. In addition to their tunable
properties, microgels can also be programmed to undergo dynamic processes triggered by internal stimuli (such as
temperature) or external stimuli (such as light).** This programmability enables precise control over the release of
biomolecules and drugs, making microgels valuable carriers for therapeutic delivery. While hydrogel-based delivery
systems alone may not fully replicate all the properties of IVD tissues, the integration of 3D printing technology allows

International Journal of Nanomedicine 2024:19

10665

Dove:


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

\
A\

3‘\ \\

1 x\\&

Gene

AN Liquid hydrogel

Intervertebral disc

STIMULATE

xosmes ‘ A (

J@; .

APA (1B |

_Temperature pH o | {Light ﬂ'
€

Redox

K <
. S
cQ; Acrylic acid b ( Wl
GelMA
Cellulose - = 2e Disulfide bond
%
., @
"4,""; .;o;) < \‘
i -
g N e\ ® © ® ot @
. '.%@ 2 Oxygen Carbon Nitrogen Hydrogen Sulfur
Cured hydrogel
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for the customization of IVD structures. This combination provides a temporal and spatial guarantee for the delivery of
therapeutic agents, enhancing the potential of hydrogel-based systems for IVD regeneration and treatment.

Microspheres

Microspheres are particulate dispersion systems formed when a drug is dispersed or adsorbed in a polymer or polymeric matrix.
Compared to microgels, microspheres have the advantage of slow long-term drug release (Figure 3). Microspheres are produced
by various methods, including double emulsion solvent evaporation, electrospray, microfluidics and supercritical fluids.

The double emulsification solvent evaporation method is a commonly used technique for manufacturing hydrophilic
polymer microspheres. It is favored for its ease of handling, low cost, rapidity, and reproducibility. This method involves
forming a primary water-in-oil emulsion, followed by a secondary oil-in-water emulsion. The solvent is then evaporated,
resulting in solid microspheres. This versatile technique allows for the encapsulation of various substances within the
microspheres, making it suitable for drug delivery and other biomedical applications.** The controlled release of drugs
from microspheres depends on the rate of degradation and is regulated by the internal monomer ratio or molecular
weight.** In addition, varying the solvent phase viscosity, homogenization rate and emulsifier concentration allows for
the customization of microspheres with different particle sizes.*® Polyester amide (PEA) may be an effective delivery
material, and it has been found that the in vivo degradation products of PEA (a-amino acids and diols and adipic acid) are
minimally harmful to cells and tissues and have good in vitro cytotoxicity and in vivo biocompatibility.**** Long
degradation and release profile of PEA microspheres with immunoprivilege against IVDs.’*>! In addition, it is able to
drive acquired and innate immune cells to the site of the lesion for immunization and can be safely and sustainably
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Figure 3 GelMA microsphere fabrication process, including (A) crosslinking of microspheres, (B) modification of microspheres with loading of biologics, and (C) use for
IVDD treatment in rats. Reprinted with permission from Bian J, Cai F, Chen H, et al. Modulation of local overactive inflammation via injectable hydrogel microspheres. Nano
Lett. 2021;21(6):2690-2698. Copyright 2021 American Chemical Society.”’.

released in the body after loading.”*>® PEA microspheres have been found to be effective carriers for the prolonged
release of small molecule drugs, including corticosteroids. In vitro studies have demonstrated that these microspheres can
sustain the release of celecoxib for up to 80 days.>*

International Journal of Nanomedicine 2024:19 httpsi/doi.org/10.2147/N.5469302 | 66T
DovePress


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

Electrospraying (ES) is liquid atomization under high pressure by a formulation consisting of a polymer and a drug. The
formation of Taylor cones is driven by the electrostatic force, and when the cohesive forces of these surface tensions are
surpassed, it leads to the generation of uniform microsphere particles with particle sizes ranging from 10 to 100 um.>>~° ES
requires less solvent and allows for finer control of microsphere particle size and higher encapsulation efficiency, and it
leaves less residue. In addition, by designing and customizing the core features of microspheres that can be prepared to meet
the needs of the particles, compared with the traditional method, ES is prone to produce opposite properties. Rapid synthesis
of injectable microspheres with controllable and homogeneous particle sizes for cellular and drug carriers is achieved by the
ES method. However, equipment factors (eg, applied voltage) and solution factors (eg, polymer concentration) affect the
properties of microspheres,’” and precise and controlled condition factors need to be developed.

Microfluidics enables the preparation of microspheres with high monodispersity, precise tunability of structure, and excellent
encapsulation efficiency.”’ Droplets are formed in microfluidic devices with micrometer-sized channels (eg, T-shaped channels)
that combine immiscible continuous phases at high shear, causing microspheres to be formed at the intersection of the channels.”®
Among them, T-shaped channels produce highly monodisperse microspheres.” It was shown that Mg@PLGA microspheres
functionalized with magnesium metal, prepared by microfluidic coemulsification, possessed a higher Mg encapsulation efficiency
(87%) than that of ultrasonically homogenized microspheres (50%),%° and the photothermal effect of microspheres fabricated by
this method was determined by the Mg content, independent of size and structural features.®' However, the droplet generation and
gelation steps of this method are relatively long, making the cell viability of microsphere-encapsulated cells relatively low and
preventing large-scale production. Microfluidics greatly reduces the complexity of operations and reagent consumption in single-
cell analysis while enabling the integration of multiple functionalities.”> Human brain organoids can be generated based on
microfluidics technology.®® Additionally, the flexibility and selectivity of microfluidics technology, combined with the hydrogel
degradation method using alginate and methacrylated gelatin, have resulted in the formation of multivalve structures of multi-
molecular microparticles with excellent adhesive capabilities. When encapsulating dexamethasone, microparticle delivery
systems exhibit sustained drug release properties and anti-inflammatory effects.**

Supercritical fluid is the formation of microspheres after passing a polymer solution through a nozzle into a low-pressure
environment for rapid depressurization.®> Currently, the key process parameters for microsphere preparation include the
pressure at the nozzle, nozzle diameter, solution concentration, and temperature. The resulting aerogel microspheres
prepared using supercritical fluid exhibit uniform particle size and morphology, and their porous structure imparts suitable
aerodynamic properties.®® Recently, supercritical carbon dioxide (scCO,) has attracted much attention due to its lower
critical temperature (31.1°C) and critical pressure (73.8 bar) to solubilize some specific polymers, and the interactions of
scCO, with the active ingredient, polymeric materials and solvents should be considered in microsphere fabrication.®” In
a one-pot approach using scCO, solution, polyethylene oxide and poly (heptafluorodecyl ester) with photosensitive groups
were utilized to produce drug-carrying microspheres of HEMA (hydroxyethyl methacrylate) through free radical dispersion
polymerization. These microspheres exhibited a spherical morphology with a particle size ranging from 250 to 350 nm.
Under UV conditions, the stabilizers present on the surface of the microspheres were destroyed, causing the microspheres to
swell up to 2.1-3.6 pm. This swelling allowed for the continuous release of the drug for approximately 10 days.®®

Liposome Derivatives

In addition to microspheres, other nanosized hydrogel-based particles (eg, liposomes) can serve as drug delivery systems for
IVDD (Figure 4). Liposomes are spherical lipid bilayers with a diameter of 50—1000 nm that can be made of the same material as
cell membranes and contain at least one lipid bilayer around a hydrophilic core, which can be used as a delivery vehicle for
bioactive compounds® (Figure 5). HA microgels were incorporated into lecithin-based microemulsions to create microgel
liposomes (M-i-L) with excellent loading efficiency. These M-i-L structures comprise a core of HA microgel surrounded by a lipid
membrane shell, resembling the structure of skin keratinocytes. The lecithin-based microemulsion effectively stabilizes the
dispersion of HA microgel particles, preventing phase separation or aggregation. Furthermore, the high concentration of natural
moisturizing factor in M-i-L helps maintain the water content of the hydrogel, keeping it virtually unchanged.” It is shown that
this system plays a crucial role in preventing hydrogel water loss, which is very helpful in maintaining the highly hydrated
structure of [VDs. Liposomes have the remarkable ability to release encapsulated drugs into cells through various mechanisms,
such as adsorption, fusion, endocytosis, or lipid transfer. The release kinetics of liposomes can be controlled by factors including
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7! (Figure 4). On the other hand, the multicompart-

liposome composition, pH, osmolarity, temperature, and other parameters
mental drug delivery platform ensures the corelease of several drugs within the same carrier for more effective and safer
therapeutic outcomes. Novel multicompartmental carriers were developed by assembling liposomes with a protective poly
(dopamine) shell and a PEG layer, along with temperature-sensitive poly (N-isopropylacrylamide-co-acrylic acid) microgels. This
unique combination of components results in a multifunctional carrier system with multiple compartments. PEG on the carrier
surface prevented protein adsorption regardless of the presence or absence of shear stress (Figure 4). In addition, the multi-
compartmental carrier did not exhibit inherent toxicity.”? This multicompartmental carrier delivery mode offers a therapeutic

strategy with great potential.

Dendritic Polymers

Dendritic polymers are novel drug delivery systems in which drugs can be physically encapsulated or covalently coupled to
dendritic macromolecules through noncovalent interactions, and the encapsulation and release efficiency of the drug can be
modulated by changing the surface and structure of the dendritic macromolecule.”* Polyamidoamine dendritic polymers are
ideal building blocks for the preparation of hydrogels due to their highly functionalized surfaces and well-defined, highly
branched structures,”> which has led to their increasing popularity in the fields of drug delivery, gene therapy, etc. In the study

176

of Wang et al,”” micrometer-sized dendrimer hydrogels (uDHs) were prepared using the water-in-oil inverse microemulsion
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method combined with highly efficient aza-Michael addition. These uDHs demonstrated pH-dependent degradation behavior.
The unique structure of uDHs offers a programmable platform for advanced drug delivery and release, allowing for precise
control over the release kinetics and targeting of drugs. On the other hand, polyamidoamine dendritic polymers also promote

cytokine and chemokine release and inhibit proinflammatory factor secretion,””"’® a property that is expected to be used for the
treatment of inflammatory responses in the I[VDD microenvironment (Figure 5).
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Multiwalled Carbon Nanotubes

Multiwalled carbon nanotubes (CNTs) are widely utilized in biomedicine due to their distinctive atomic structure, high surface
area-to-volume ratio, and exceptional electronic, mechanical, and thermal properties.”” These CNTs serve as innovative
nanocarriers for drug delivery in the biomedical field. Additionally, they can reinforce hydrogels and enhance the mechanical
strength of the system.®® For example, enhanced CNT-GeIMA mixtures were used to create 3D structures loaded with cells.
The number of CNTs can modulate the mechanical properties of hybridized materials, making them suitable for different types
of tissue engineering applications. Notably, CNTs do not decrease the GeIMA hydrogel porosity. MSCs easily diffuse and
proliferate in CNT-GeIMA hybrid microgels,®' which is very meaningful for hydrogel regeneration for repairing IVDs. The
highest electrosensitivity of hybridized hydrogels was conferred when the CNT mass fraction was 35%.%* Notably, cytotoxi-
city and aggregation are key factors affecting the application of CNTs.** Conductive double cross-linked microgel-carbon
nanotube composites (DX-MG/CNT) were synthesized by combining vinyl-functionalized pH-responsive microgel particles
and CNTs through a free radical reaction. The microgel particles served as dispersants for CNTs and acted as macroscopic
crosslinkers. Increasing the concentration of CNTs resulted in improved ductility and modulus of the system. Additionally,
DX-MG/CNT exhibited high cellular activity, with MSCs reaching 99% viability and sustained metabolic activity for at least 7
days.®® This injectable and biocompatible DX-MG/CNT system may have IVD tissue repair potential (Figure 5).

In summary, we have listed several common microhydrogel delivery systems currently available, including their
fabrication methods, their advantages and disadvantages, and the obvious advantages of microspheres for slow long-term
drug release compared to microgels. Previous research has demonstrated that drugs encapsulated within or attached to the
surface of nanoparticles are released through processes such as dissolution and diffusion. Nanoscale biomaterials are
easily adhered to and absorbed by cells.® In addition, nanocarriers are widely used in various biomedical applications
due to their in situ degradability and their ability to not induce inflammatory and immune responses.*® We believe that
the fabrication of microgels or microspheres through a special process and then 3D printing to create structurally specific
material scaffolds for IVDD treatment is a very promising strategy.

3D Bioprinting Technology

3D printing has emerged as a prominent manufacturing technology in healthcare and medicine, finding applications in various
fields, such as dentistry, regenerative medicine, tissue engineering, medical devices, anatomical models, and drug
formulations.®” Tt offers commercial medical products and platforms for emerging research areas such as tissue and organ
printing. Hydrogels, known for their biocompatibility, play a crucial role in tissue engineering and are widely used in this field.

Although hydrogels can be adjusted to create artificial IVD scaffolds with desired properties, there are challenges in
achieving perfect in vivo defect filling and long-term stability. Additionally, the presence of micro- or nanosized hydrogel
particles can hinder oxygen and nutrient supply, as well as impede cell proliferation and differentiation. Bio3D printing
offers unique advantages, such as enhanced properties of individual components, high-resolution cell deposition,
scalability, and cost-effectiveness. This makes it an ideal approach for creating implants that conform to the human
body’s shape. Furthermore, the interconnected pores and high surface area ratios of 3D-printed delivery systems facilitate
cell adhesion, proliferation, intercellular communication, and gas and nutrient exchange.®® Therefore, bio3D printing
technology is well suited for constructing multifunctional artificial IVD structures.

Currently, no single bioprinting technology can effectively produce synthetic tissues of all sizes and complexities.
Inkjet printing (IJP), extrusion printing (EXP), laser-assisted printing (LAP), and stereolithography (SLA) each have
advantages, disadvantages, and limitations. However, the overall manufacturing process involves preprocessing, proces-
sing, and postprocessing steps. Initially, natural IVD tissues are imaged and reconstructed as 3D models using computed
tomography, magnetic resonance imaging, or ultrasound. These models are then converted to the STL file format
compatible with printers.®® Bioinks are subsequently used to fabricate artificial IVDs using bio3D printers, and
postprocessing involves artificial IVD structure maturation supported by the bioprinter. For a concise comparison of

these bioprinting methods, see Table 2.
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Table 2 Comparison of Several 3D Printing Technologies Used to Build Artificial IVDs

VD

cartilage-like tissue and
promote the
differentiation of cartilage
cells.

Cellulose Nanofiber 3D
Hydrogel Constructs.

them to differentiate into cartilage. It creates
autologous tissue grafts with high cell
density and maintains their intended
structure.

based on trim-ethylene polycarbonate that
allows ADSCs to produce AFC-like matrix,
which is a potential strategy for repairing AF.

Characteristic 14 EXP LAP SLA CITE
Cost Low Medium High Low [61,90,91]
Resolution Low Medium High Very high [61,92]
Print speed Fast Slow Medium Fast [61,93]
Cell activity in print 80-90% <80% <85% >90% [61,94-96]
Printing method Piezoelectric, Air pump, LGDW, LIFT Bottom-up [93,97-99]
thermal piston, screw Top-down
Printable viscosity 3. 5-12 mPals 30 mPa/s to above 1-300 mPa/s No limitation [61,92,100,101]
6 x 107 mPals
Print production quality Lower Higher Medium Higher [92,102]
Major printing defects The printer head outlet is | Lower cell viability, High Cumbersome process, The print size and available materials are [61,103-105]
easily clogged nozzle shear stress, longer | High cost. limited.
printing time.
Common hydrogel ALG, Collagen, Poly-¢- ALG, HA, Collagen, Martigel PEGDA, HAMA, GelMA [106—114]
materials lysine, CS GelMA, PEGDA Poly (I-glutamic acid)
Advances in regenerative IJP is used to print Functional Chitosan- LAP does not damage MSCs and induces Constructed by SLA in a novel mock scaffold | [I15-118]
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P

1JP is a noncontact bio3D printing technology that offers several advantages, including low cost, fast printing speed, and

high cell survival rates ranging from 80% to 90%,"'"” and the most common type of printing is based on piezoelectric and
thermal technology. Before printing, a hydrogel prepolymer solution loaded with cells acts as a bioink, which is loaded
into a cartridge and connected to the printer head. The ideal bioinks consist of the patient’s cells and biomaterials that
closely mimic the properties of the target tissue.'?® During printing, the head is compressed and deformed by an encoded
actuator to produce droplets of controlled size, and this deformation capacity is generally small.”* Gao et al** found that
poly ethylene glycol diacrylate (PEGDA) cartilage-based tissue-engineered scaffolds printed with thermal 1JP achieved
precise distribution and alignment of hMSCs and that the scaffolds showed natural strips of tissue structure and desirable
mechanical properties. The resolution of the IJP is wide (1-500 pum), depending on the bioink properties and nozzle
size.”” Bioinks must meet strict fluidic property requirements, such as viscosity and surface tension, to ensure successful
cell deposition. Higher cell density in bioinks can increase viscosity, and the heat generated during printing can cause cell
precipitation. These factors can potentially lead to outlet clogging, thereby limiting the application of bioinks.'*®

To overcome this limitation, Daisuke et al'*' prevented cell settling at the nozzle by piezoelectric film vibration and
mixing motion jointly driving the formed droplets, and this method stabilized cell viability over time. On the other hand,
microreactor IJP polymerizes poly (3,4-ethylene dioxythiophene), poly (styrene sulfonate), and ionic liquid in air to form
an aerogel, which can show homogencous gel properties and potential for free patterning on a glass substrate and
effectively prevent outlet clogging. In addition, aerogels can be transformed into specific 3D structures without molding,

122

and the structures are highly conductive and biocompatible, *“ which contributes to the large-scale scalable patterning of

conductive films and hydrogels. The volume size of dried particles is linearly correlated with the concentration of the jet

1'% combined the drying process with IJP to create uniform and size-controlled ALG particles

solution, and Shintaroh et a
by varying the solution concentration. However, conventional drop-on-demand printers cannot store enough bioink to
print large tissues or organs. To improve these limitations while expanding the cartridge capacity and increasing its
sensitivity, printer heads with multiple nozzles have been developed to increase the printing speed and structural
dimensions, but the poor resolution and slow speed limit their fidelity and clinical applications. Ferris et al'** utilized
GG microgel produced in a standard cell culture medium as a bioink for cell deposition. They employed a microvalve
deposition system and a multinozzle piezoelectric IJP, which met the strict fluidic requirements for multinozzle printing.
This approach allowed for precise control of live cell positioning and introduced innovative design concepts for
fabricating multicellular structures and functional tissues.

Ideal IVD scaffolds should match all the properties of natural tissue components, structure, mechanical stress, and
allowable cell behavior. Cellulose nanofibers (CNFs) enhance 3D structural mechanical properties and can be applied to
IVD tissue regeneration with stringent mechanical property requirements by cross-linking modification. Bioinks that
combine CNF with saponified GeIMA/ALG and fibrinogen composite hydrogels can be effectively utilized with [JP
technology. This allows for the rapid and reliable use of these bioinks. By employing IJPs, it is possible to create high-
fidelity and stiffness-controlled hydrogel scaffolds loaded with cells. This approach ensures excellent printing perfor-
mance and structural resolution without compromising the bioactivity and proliferation of the cells being loaded.'*
Consequently, it becomes feasible to fabricate high-resolution multiscale delivery systems at high speeds using IJP. In
addition, Dufour et al''® combined melt electrowriting with IJP to generate hyaline hybrid cartilage scaffolds, a system
that closely resembles immature synovial joint tissue and can be successfully loaded with a large number of cell
aggregates. Importantly, melt electrowriting was able to orient the growth of spontaneously generated cell aggregates
within the scaffolds, which could provide tensile enhancement, and after a period of incubation, the scaffolds had
a greatly increased compressive stiffness and displayed a tension-compression nonlinear curve similar to that of natural
tissues. This [JP-modified strategy provided a possible construction strategy for ideal artificial [IVD scaffolds (Figure 6).

EXP

EXP, an advanced modification of inkjet printing, is a highly popular bio3D printing technology. It enables higher cell
density in printed structures, although it typically offers lower resolution (greater than 100 pm) and slower print speeds
compared to other techniques,'?” which allows for less fidelity in cell patterning and tissue structure. EXP typically
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Figure 6 Several printing methods are used to print artificial IVDs, including IJP, EXP, LAP, and SLA. Reproduced from Gao XD, Zhang XB, Zhang RH, et al Aggressive
strategies for regenerating intervertebral discs: stimulus-responsive composite hydrogels from single to multiscale delivery systems.] Mat Chem B. 2022;10(30):5696-5722,
with permission from the Royal Society of Chemistry.'>

dispenses bioink via a pneumatic pump or a mechanical screw plunger, which when applying continuous force can print
uninterrupted fine cylindrical thin lines of controlled size.”® In addition, the wide range of biomaterials that can be used
for EXP makes it possible to print hydrogel prepolymers of different viscosities and aggregates with high cell densities.

1'% used a cyclic heating

However, strong mechanical pressure can damage the cells, decreasing cell viability.®! Li et a
and cooling treatment to prepare semi-IPN bioinks with excellent shear-thinning properties, which dramatically improved
cell activity while ensuring the high resolution of the scaffolds. Sahai et al'*® developed CS-Gel-ALG composite
hydrogels that exhibited excellent characteristics for biomedical applications, including tissue engineering and drug
delivery. These hydrogels were highly porous, possessing optimal porosity and suitable mechanical strength.
Furthermore, they demonstrated the ability to support chondrocyte differentiation, further highlighting their potential
in the field.

EXP has demonstrated good compatibility with stimuli-responsive hydrogels of varying viscosities. Several research-
ers have proposed innovative design concepts for IVD tissue engineering scaffolds. Photocrosslinkable hyaluronate
hydrogels have encountered challenges in terms of their formation and mechanical strength. These limitations arise from
the insufficient substitution of photoactive groups on the hyaluronate backbone and the inhibitory effect of oxygen.
Zhang et al"*° developed mediated hyaluronic acid/thiol-terminated poly (ethylene glycol) hydrogel scaffolds using EXP
and photopolymerization reactions. These scaffolds address the oxygen inhibition effect, are noncytotoxic, and promote
cell adhesion. However, it is crucial to ensure that the bioink possesses shear-thinning properties to ensure the continuous
extrusion of a cylindrical filament. Additionally, high shear stress on the nozzle tip wall and prolonged printing time can

1*" introduced a novel approach for hydrogel 3D printing called multidimen-

potentially impact cell viability. Lin et a
sional microvibration-assisted printing. This method utilizes a piezoelectric ceramic-driven compliant mechanism to
generate multidimensional microvibrations. These microvibrations effectively reduce the shear stress and viscosity of
hydrogels, promoting cell adhesion. This technique improves printing resolution and speed, making it a valuable

reference for the rapid printing of high-viscosity bioinks.
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Currently, there is a lack of research reports on the use of EXP in constructing artificial IVD structures. However, the
extensive application of EXP in constructing drug delivery systems, as well as in addressing cartilage and bone defects,

provides valuable insights for IVD regeneration. For example, Moien et al'**

combined a composite hydrogel formed by
cellulose nanocrystals and cellulose nanocrystal suspension/methacrylamide with small molecule antibiotics, silver
nanoparticles and proteins to produce a multifunctional filamentous dressing by EXP technology, where the number of
EXP filaments determines the release profile of the agent. At the same time, the application of dressings improves
granulation tissue formation and different levels of vascular density, contributing to personalized wound healing.
Customized porous structures in scaffolds by 3D printing technology can overcome the limitations of hydrogel particles
in multiscale delivery systems. Li et al'*® developed a macroporous hydrogel scaffold using extrusion-based low-
temperature 3D printing. This scaffold was created through horseradish peroxidase (HRP)-mediated crosslinking of
silk fibroin (SF) and tyramine-substituted gelatin (GT). The scaffold exhibited remarkable structural stability, mechanical
properties, and a controlled degradation rate. It facilitated the differentiation of MSCs into cartilage-like structures and
promoted articular cartilage regeneration in a rabbit cartilage defect model. This research provides a promising approach

to meeting the structural requirements of an ideal artificial IVD. Ragab et al'**

utilized extrusion-based 3D printing
(EXP) to produce cellulose nanofiber/polyvinyl alcohol 3D scaffolds through a freeze-drying technique. These scaffolds
demonstrated a significant increase in Young’s modulus when mineralized in situ with calcium superphosphate. The
presence of functional groups, strong hydrogen bonding, and effective cross-linking between cellulose nanofiber/poly-
vinyl alcohol molecules contributed to this enhancement. By controlling the polymer concentration, these nanofibrous
scaffolds achieved a biocompatible material suitable for skin repair. This research highlights the potential of EXP in
fabricating biocompatible scaffolds for skin regeneration. Tamo et al''® filled CNF into a CS gel precursor solution, and
the functional hydrogel scaffolds developed by optimizing 3D printing parameters exhibited excellent mechanical
properties, anisotropic microstructure and supported high cell viability, providing a new perspective for refining the

IVD regenerative multiscale delivery system (Figure 6).

LAP

LAP, or laser-induced forward transfer (LIFT), is a technology derived from laser direct writing and laser indirect-
induced transfer methods. It offers several advantages over other techniques. First, LAP enables precise printing of
microgels with different viscosities and accommodates a wider range of bioinks. This capability is crucial for construct-
ing 3D hydrogel structures that closely resemble natural IVD tissue-loaded cells. Additionally, LAP allows for the
printing of any desired number of cells onto the substrate, utilizing rapid pulse repetition rates to efficiently generate
large cell structures. Moreover, the bioink is not in direct contact with the nozzle, eliminating issues related to shear
pressure and clogged outlets.'*"'*” Furthermore, the noncontact nature of this printing method minimizes mechanical
damage to cells. Compared to inkjet printing, LAP results in minor cell damage and higher cell viability. This is primarily
due to the avoidance of thermal damage caused by nanosecond laser stimulation, which can lead to cell death.”* Previous
studies have shown that the formation of cell-filled ALG microspheres from an aqueous solution of ALG gel precursor
and CaCl, using the LIFT technique and the formation of a thick gel film during droplet descent significantly increased
fibroblast activity, but at the same time, this impeded the diffusion of nutrients and oxygen through the medium, resulting
in a decrease in cell viability, and that cell viability decreased with increasing laser fluence or ALG concentration.'* In
contrast, skin cell lines such as fibroblasts and keratinocytes, as well as hMSCs, have shown resistance to laser damage
and exhibit high survival rates in LIFT. Moreover, LIFT does not induce the differentiation of hMSCs and effectively
transfers them into the hydrogel with precision.'*® Therefore, LIFT holds great promise as a tool for creating artificial
3D-printed scaffolds that facilitate MSC regeneration, offering potential benefits for the development of delivery systems
for artificial IVDs. However, the high cost of laser diodes with high resolution and intensity, as well as the complex and
cumbersome operation of the printing equipment, pose significant challenges to the widespread clinical application of
LIFT (Figure 6). These factors make it difficult to control the production process.
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SLA

SLA, or stereolithography, is a widely used 3D bioprinting technology that involves the deposition of continuous layers
of easily polymerizable photosensitive material to construct complex scaffolds. It utilizes SLA printers, which employ
a digital light projector to cure the bioink layer by layer. With a precreated pattern generated by a computer program,
each layer is printed for a specific duration. By vertically moving the table, complex structures can be printed,
significantly simplifying the control of the printing process.”> SLA can control hydrogel synthesis at ultrahigh resolution
(27 um), enabling hydrogel scaffolds to resemble natural tissues.'*” In a recent study by Christina et al,'® they
introduced innovative bioresins that are compatible with SLA technology. These resins were used to fabricate filamentary
hydrogel scaffolds with an ultrahigh resolution of less than 8 um in width. These scaffolds demonstrated the ability to
support cell adhesion and proliferation. The ultrahigh resolution, similar to the size of cells, opens up possibilities for the
precise distribution of individual MSCs and the targeted placement of biokines in regenerative IVD delivery systems.
Furthermore, this technology allows for precise regulation of hydrogel porosity, which plays a crucial role in cell
proliferation and differentiation.'*® Recently, several novel SLA improvement techniques have been involved in hydrogel

. . 141
complex network construction. For instance, Johnson et al

employed the continuous liquid interface production
technique to create square pyramidal continuous liquid interface production microneedles. These microneedles, com-
posed of trimethylolpropane triacrylate, polyacrylic acid, and photopolymerizable derivatives of polyethylene glycol and
polycaprolactone, were capable of puncturing mouse skin and releasing the fluorescent drug rhodamine. This technique
allows for precise control over parameters such as size, shape, aspect ratio, and spacing, enabling the rapid and efficient
fabrication of ideally shaped delivery systems. In contrast, the encoded microstereolithography process utilizes para-
meters that control the phase transition temperature of thermosensitive pNIPAAM microgels'** This technique is fast,

high-resolution, and scalable, but the fabrication process is relatively complex. Furthermore, Grigoryan et al'*®

recently
developed an open-source SLA device that enables the construction of 3D tissue structures in a layer-by-layer process.
This device utilizes a digitally tunable virtual photomask projection and a 405 nm blue light source. These novel
fabrication processes significantly enhance SLA resolution and reduce printing time.

PEGDA has good mechanical properties and stability and cures rapidly at room temperature and in the presence of
photoinitiators and UV light, making it the most commonly used material for SLA.'** PEGDA hydrogel scaffolds
fabricated using SLA exhibit comparable thermal and chemical properties to UV-cured hydrogels. However, they possess
superior compressive strength, tensile stiffness, and hydrophilic properties.'*® In addition, in biocompatible PEGDA
hydrogels printed by maskless SLA, the surface of the structure binds to adhesion proteins of fibronectin cells, potentially
inoculating MSCs precisely into the substrate pattern.'*> On this basis, SLA-made ascorbic acid-containing PEGDMA
hydrogels in a structure-specific delivery system and the combination of honeycomb and annular tablet gels may exhibit
higher release rates.'*® There is a need for a future method to mass-produce biocompatible hydrogels, enabling the
creation of solid hydrogel models of several centimeters in size within minutes. This would greatly minimize structural
deformation and cellular damage caused by prolonged exposure to environmental stresses. The capability of hydrogel
networks to sustain high cell viability and maintain cultured material input at depth in large models'*’ provides a basis
for fabricating large tissue engineering models.

SLA, as the state-of-the-art technology for 3D printing, is being gradually improved in regenerative engineering
research. Recently, Tang et al'*® prepared a multiscale delivery system with a customizable regular macroporous network
structure by SLA of a mixture of CNFs and PEGDA. It supports cell activity and proliferation properties and promotes
cartilage-like differentiation of MSCs, which contributes to the design and construction of artificial IVDs. Interestingly,
the amount of CNFs modulates the shape integrity, porosity and compression modulus of the scaffolds but does not affect
the transparency, homogeneity and shear-thinning properties of the scaffolds. Experiments have shown that NIH 3T3
cells can spread tightly on scaffolds and undergo good proliferation and differentiation.'*® In contrast, the incorporation
of tendon ECM into PEGDA bioink can enhance the swelling rate and porosity of the hydrogel. This, in turn,
significantly improves the proliferation and biomineralization of MSCs. Luo et al'*® used SLA to make bone defect
repair scaffolds with a porous structure and high mechanical strength by combining ECM with PEGDA, which resulted
in the upregulation of the expression of RNAs that regulate osteogenic differentiation and better repair of bone defects. In
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conclusion, SLA technology holds promise as an effective production process for fabricating regenerative IVD stimulus-
responsive hydrogel multiscale delivery systems (Figure 6).

Imitation Vertebrae and IVD Structures
Replicating IVD with Artificial Vertebrae

Bio3D printing technology has emerged as a valuable tool in the field of regenerative medicine, yielding promising

outcomes. In a recent study by Serra et al,'”!

a lumbar fixator with the anatomical shape of an IVD was developed using
3D printing technology, enabling the fabrication of artificial [IVDs. Successful IVD scaffolds have been created to mimic
the macrostructure, microstructure, and physiological stresses of natural tissues. For instance, flexible polylactic acid
(FPLA) scaffolds with adjustable viscoelasticity, tensile strength, and compressive modulus have been designed to match
the properties of natural IVDs (Figure 5). These scaffolds can sustain the activity of NP cells (NPCs) and promote the
deposition of ECM over an extended period.'** To enhance the functionality of IVD constructs, a multiscale delivery
system has been developed by combining a hydrogel with in situ curing mechanisms and nanoparticle cross-linking. This
system not only serves as an ideal bioink for 3D printing but also functions as a multifunctional scaffold that mimics
natural IVD tissues. It enables long-term cellular proliferation and differentiation while facilitating the controlled release

of drugs and biofactors. This breakthrough in regenerative therapy holds great potential for advancing the field.

Mimicking IVD Structure

The IVD is composed of a central NP surrounded by an AF and upper and lower hyaline cartilage endplates.'>® The
unique structural organization of the IVD is crucial for spinal motion and possesses mechanical properties such as high
compressive and tensile strength.'>*!3° However, accurately replicating the IVD concentric structures using biomaterials
and 3D printing presents a significant medical challenge. In a study by Zhu et al,'">* GG/PEGDA composite hydrogels
loaded with BMSCs were utilized to mimic the NP, while oriented porous poly (propylene glycol)/octa-armed polyhedral
oligo-sesquiplane PLLA/POSS-PLLAS fiber bundles were employed to mimic the AF. A composite stent for [IVD was
successfully fabricated by integrating 3D printing and electrostatic spinning techniques. This composite scaffold
exhibited structural and mechanical properties that closely resembled natural IVDs. The AF-like fiber bundles were
oriented concentrically and could withstand tension during NP deformation by precisely designing the 3D printing
parameters. As a result, the BMSCs in the NP-like composite hydrogel network were highly energetic and uniformly
distributed, and the scaffold could maintain the height of the rat IVD and generate new ECM. The composite scaffold
demonstrated a compression modulus of approximately 10 MPa, which is similar to that of the natural IVD. This
indicates that the scaffold can offer adequate mechanical support for tissue repair and regeneration. Additionally, the
porosity and mechanical properties of the scaffolds can be tailored through 3D modeling techniques. The fiber ring
structure of the scaffold consists of concentrically oriented fiber bundles, with each subsequent layer positioned at a 60°
angle to the spine. This arrangement enables the scaffold to withstand the tension generated during the deformation of the
NP.'*¢ Engineered bionic IVD scaffolds show promise for personalized IVD repair and regeneration. Christiani et al'>’
developed 3D-printed scaffolds with PCL unidirectional notch-etched struts arranged in +30° orientation to mimic the
angular layer arrangement of natural AF. These scaffolds exhibited similar circumferential tensile modulus and axial
compression properties to natural AF tissues, promoting AF attachment, proliferation, and expression of collagen I and
glycosaminoglycans. PCL/PLLA composite hydrogels were also used to create electrostatically spun fiber scaffolds,
simulating the AF bilayer structure and mechanical stiffness. This system facilitated AFC adhesion, influenced cellular
alignment, and significantly improved tensile stiffness and strength. To better replicate AF morphology, a cell sheet
rolling system process was employed, overcoming the limitations of electrostatic spinning in 2D translation. This allowed
the creation of 3D multilayered tubular structures loaded with cells, accurately reproducing the AF structure.
Furthermore, the system supported long-term cell survival, targeted distribution, and deposition of collagen I'*®
(Figure 5).
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MSC-Based Induced Differentiation: Harnessing the Potential of
3D-Printed MSCs for IVD Regeneration
Harnessing 3D-Printed MSCs for IVD Regeneration: Viscoelastic FPLA Scaffolds

Another approach is to utilize the differentiation potential of 3D-printed MSCs to proliferate and differentiate into [IVD-
like tissues. Marshall et al'>* employed 3D printing of FPLA to create viscoelastic FPLA scaffolds with adjustable bionic
mechanics. These scaffolds were biocompatible and supported the viability of NPCs in both 2D and FPLA-+hydrogel
composite cultures. The composite scaffolds, when cultured with NPCs, maintained their baseline physiomechanical
properties and facilitated matrix deposition for up to 8 weeks. MSCs cultured on FPLA scaffolds adhered to the structure
and exhibited fibrocartilage differentiation. This study demonstrates the potential of 3D-printed FPLA scaffolds, with
viscoelastic mechanical properties matching those of native IVDs in tension and compression, as mechanically stable and
biocompatible biomaterials for IVD replacement.

Multiscale Delivery Scaffold: Utilizing BMSC Differentiation for IVD Regenerative
Therapy

In a recent study by Sun et al,'””” BMSCs and polydopamine nanomaterials encapsulating connective tissue growth
factor-tissue growth factor and transforming growth factor-f3 were used as bioinks to create a multiscale delivery
scaffold through 1JP. In vitro experiments demonstrated the controlled release of tissue growth factor-tissue growth factor
and transforming growth factor-B3, leading to the differentiation of BMSCs into NPCs and AFCs. When implanted
subcutaneously on the dorsal surface of nude mice, this scaffold exhibited IVD-like changes, with a core area
predominantly expressing collagen II and glycosaminoglycans and a peripheral area showing significant deposition of
collagen I. This multiscale delivery system, utilizing BMSC differentiation, holds potential for clinical applications in
IVD regenerative therapy. Furthermore, Rosenzweig et al'®® compared large-pore 3D-printed scaffolds made of acrylo-
nitrile butadiene styrene and PLA. Chondrocytes and NPCs demonstrated inward cell growth, viability, and tissue
production on both acrylonitrile butadiene styrene and PLA scaffolds, which were printed using a simple and cost-
effective desktop 3D printer. Additionally, NPCs exhibited higher production of proteoglycans than chondrocytes,
regardless of the thermoplastic material used. The authors suggest that future scaffold designs should incorporate larger
pore sizes and better mimic natural tissue structures, along with more flexible or resorbable materials, to create
implantable structures with appropriate structure, function, and cellular architecture for potential cartilage and IVD
tissue repair in vivo.

Challenges and Considerations in 3D Printing for IVDD Treatment:

Overcoming Limitations and Advancing Clinical Applications
While 3D printing has demonstrated significant potential in treating IVDD and replicating IVD tissues using hydrogels as
printing ink, several challenges need to be addressed.

First, the high water content of hydrogels gives these materials the flexibility to mimic natural organization. However,
flexibility also brings limitations since the lower the polymer concentration is, the higher the porosity, the larger the pore
size, the higher the water absorption, and the lower the mechanical strength. Hydrogels are often not strong enough and
are prone to deformation, making it difficult to support weight-bearing joints such as the knee, so finding the optimal
polymer concentration to achieve optimal biomechanical loading is a prerequisite.

Second, the current printing technology is still immature, and the 3D printing parameters need to be continuously
mapped out. Due to the low viscosity of hydrogels and the wide range of gelling temperatures, it is difficult to realize
high-resolution hydrogel precision 3D printing. Moreover, hydrogel synthesis technology requires expensive, heavy
equipment, and the operation flow is complex and cannot be easily mastered.

Again, previous studies have focused on animal and cellular experiments, and due to the complex pathogenetic
mechanisms involved in IVDD, the metrics used by scholars may be incomplete. Currently, in vivo studies on 3D-printed
bone structures have been limited, and there is a lack of long-term, large-sample follow-up results from clinical trials
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involving 3D-printed bone. Additionally, there is a lack of clinical reports on the relevance of hydrogel 3D-printed IVDs
due to the unique and complex IVD structure. These limitations highlight the need for further research and clinical trials
to assess the efficacy and long-term outcomes of 3D-printed bone and hydrogel-based IVD treatments.

Finally, hydrogels can also be used as carriers of bioactive therapeutic substances, but the hydrogel-specific ratio to
drug concentration, drug dosage, time control, and other issues have not yet been solved. These factors greatly limit the

widespread promotion of hydrogel 3D bioprinting in IVDD.

Summary and Prospects

In summary, tissue-engineered hydrogel 3D bioprinting technology holds great promise in treating IVDD. The adjustable
properties of hydrogels allow for precise control over the bioink, enabling the fabrication of bionic IVDs through 3D
bioprinting. Compared to other novel therapies, hydrogel-based 3D bioprinting shows greater feasibility and potential for
IVDD treatment.

However, there are still challenges that need to be addressed. One major challenge is optimizing the mechanical
properties of hydrogels to achieve optimal biomechanical loading and support weight-bearing joints. This requires finding
the right balance between polymer concentration, porosity, and mechanical strength. Advancements in 3D printing
technology are also necessary to improve the resolution and precision of hydrogel printing, making it more suitable for
complex structures such as IVDs. Furthermore, comprehensive in vivo studies and long-term clinical trials are essential to
evaluate the efficacy and long-term outcomes of 3D-printed hydrogel-based IVDs. These studies should consider the unique
and complex structure of the IVD and include large sample sizes to ensure reliable results. Additionally, exploring the
potential of hydrogels as carriers for bioactive therapeutic substances could enhance the effectiveness of IVDD treatment.

In conclusion, while there are challenges to overcome, hydrogel-based 3D bioprinting technology holds significant
promise for IVDD treatment. With further research and advancements in technology, we can expect to see improvements
in the mechanical properties of hydrogels, enhanced printing resolution, and a better understanding of the long-term
outcomes of 3D-printed IVDs. This technology has the potential to revolutionize IVDD treatment and improve the
quality of life for patients suffering from this condition.
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