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Abstract: Spinal disorders, such as intervertebral disc degeneration (IVDD) and spinal cord injury (SCI), pose substantial challenges
in modern healthcare, exacerbated by an aging population and the limited effectiveness of current treatments. IVDD, characterized by
extracellular matrix (ECM) degradation, dehydration of the nucleus pulposus, and inflammation, is a leading cause of chronic low back
pain, affecting approximately 266 million people worldwide each year. Likewise, SCI, frequently resulting from traumatic incidents,
can induce irreversible neurological impairment due to both primary mechanical injury and secondary inflammatory responses,
encompassing glial scar formation and axonal disruption. Despite advancements in pain management, surgery, and cell therapies,
these conditions remain difficult to treat effectively. This review examines recent developments in hydrogel materials for spinal
surgery, with a focus on their applications in the treatment of IVDD and SCI. Hydrogels, due to their biocompatibility, tunable
mechanical properties, and ability to mimic the native ECM, have shown enormous promise in spinal repair. Their high water content
and porous structure enable the efficient delivery of drugs and cells, and their injectability makes them useful for minimally invasive
procedures. Hydrogels offer potential in regenerating the nucleus pulposus, modulating inflammation, supporting axonal regrowth, and
preventing fibrosis. Furthermore, their injectable and self-healing properties enable less invasive surgical interventions. While showing
clear advantages, they continue to struggle with mechanical strength, controlled therapeutic delivery, and precise structural outcomes
in 3D printing. Ongoing research is needed to optimize these properties for clinical applications. This review provides an overview of
the biological mechanisms, material design, and fabrication techniques of hydrogels, aiming to support the future development of
hydrogel-based therapies in spinal disorder treatment.

Keywords: hydrogel, intervertebral disc degeneration, spinal cord injury, spinal repair, spinal regeneration

Introduction
Spinal disorders, including intervertebral disc degeneration and spinal cord injury, represent a growing healthcare burden
as populations age and existing treatments offer only limited effectiveness. Intervertebral disc (IVD) degeneration
(IVDD), characterized by extracellular matrix (ECM) degradation, nucleus pulposus dehydration, and inflammation, is
a leading cause of chronic low back pain, affecting an estimated 266 million individuals globally each year.' > Spinal
cord injury (SCI) refers to permanent damage to the spinal cord that disrupts neuronal function, primarily caused by
traumatic mechanical injury. It involves both primary injury, which results in direct tissue destruction, and secondary
injury, characterized by inflammation, cell dysfunction, and tissue changes, which further impair neuronal function and
hinder recovery.*> Despite various treatment approaches, including pain management, surgery, and cell therapies, these
conditions remain difficult to effectively treat or reverse.'*’

One of the key obstacles in spinal repair is the ongoing degradation of tissue. In IVDD, surgical or cell-based
interventions fail to halt the catabolic processes driving ECM loss, including oxidative stress-induced matrix metallo-

proteinase (MMP) overproduction and collagen II degradation.®® In SCI, the injury creates a hostile microenvironment
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marked by mitochondrial dysfunction, neuroinflammation, and inhibitory ECM deposition, which prevents axonal
regrowth.'®'" Furthermore, during dural repair after spinal surgery, current sealants primarily focus on achieving
watertight closure but lack sufficient anti-fibrotic properties, leading to epidural fibrosis and scar formation that
compromise neural function.'>'? These challenges highlight the urgent need for advanced biomaterials that can not
only replenish the ECM but also modulate inflammation, support axon regeneration, and prevent fibrosis.

Hydrogels, characterized by excellent biocompatibility, adjustable mechanical properties, and an ability to recapitu-
late the native ECM, have become an attractive scaffold strategy for spinal surgery.'*'* Their high water content and
porous structure make them ideal for delivering cells, drugs, and growth factors, and their injectability allows for
minimally invasive applications. In IVDD, hydrogels can restore proteoglycans, provide mechanical support, and
modulate inflammation.'~ In SCI repair, hydrogels serve as scaffolds to bridge gaps, guide axonal regrowth, and create
a favorable microenvironment for recovery.'>™'” Recent advancements, including bioresponsive and 3D bioprinting, have
further expanded the potential of hydrogels, with composite hydrogels offering enhanced durability and bioactivity.*"'®

Over the past five years, numerous preclinical studies have demonstrated that hydrogels can regenerate the nucleus
pulposus and reduce inflammation in animal models of [VDD. Additionally, hydrogel scaffolds have been utilized in SCI
to modulate inflammation, inhibit glial scar formation, and promote axonal regrowth.”'*° For dural repair, low-swelling
adhesive hydrogel sealants offer efficient sealing that shortens operations and mitigates postoperative complications.”'
This review examines the most recent progress in the design and production of hydrogel materials, as well as their
biological mechanisms and uses in spinal repair, especially for IVDD and SCI. By analyzing recent innovations and
preclinical outcomes, we aim to highlight both the opportunities and challenges in advancing hydrogel-based therapies
for spinal disorders.

Advancements and Key Features of Hydrogel

Definition and Development of Hydrogels

Hydrogels are three-dimensional (3D) hydrophilic polymer networks that swell in aqueous environments, forming
crosslinked structures capable of absorbing and retaining substantial amounts of fluid while preserving their mechanical
integrity.”® Their inherent biocompatibility, biodegradability, and tunable viscoelastic properties allow hydrogels to
mimic the native ECM, match soft tissue mechanics, and minimize immune responses.”*>* In surgical applications,
hydrogels are employed as tissue adhesives, sealants, and hemostatic agents, as well as scaffolds for tissue regeneration,
facilitating wound closure, preventing fluid leakage, promoting blood clotting, and supporting cellular growth for tissue
repair and regeneration.”*2° In addition, they can be engineered for the controlled release of therapeutic agents or growth
factors, providing targeted support for postoperative tissue repair.””->*

World War II sparked a surge in innovations in plastic surgeries, many of which were later adapted for both
experimental and clinical surgical applications. One notable example is the formalin-fixed polyvinyl alcohol (Ivalon)
sponge, first described by Grindlay and Clagett® in 1949 for experimental post-pneumonectomy plombage. In 1960,
a transformative milestone occurred when Wichterle and Lim®° synthesized poly(2-hydroxyethyl methacrylate)
(PHEMA) hydrogels for soft contact lens applications. This was the first demonstration that high-water-content polymer
networks could serve as biocompatible medical devices, establishing the foundation for subsequent tissue-engineering
applications. In the 1970s, transparent crosslinked poly(vinyl alcohol) (PVA) hydrogels were developed using electron
beam irradiation. However, they exhibited weak mechanical properties, characterized by low modulus, tensile strength,
and extensibility. A study®' at the time emphasized correlating the molecular weight between crosslinks obtained from
swelling and tensile experiments, establishing a near-linear relationship that advanced understanding of hydrogel network
structure. These early networks paved the way for the development of the inaugural biomedical hydrogel scaffolds, which
were applied in bone tissue engineering and demonstrated osteoconductivity, supporting cell proliferation in critical-sized
defects.*

Hydrogels, as polymer scaffolds, offer excellent mechanical strength and closely resemble the ECM of bone,
providing a suitable nutrient environment for endogenous cell growth. They absorb water, swell, and maintain the
activity of bioactive factors.>> With tunable mechanical properties and excellent biocompatibility, injectable hydrogel
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formulations can conformably fill irregular bone defects and support osteoblast adhesion, proliferation, and differentia-
tion in situ.>**> Functionalization of these hydrogels with bioactive molecules or nanoparticles enables sustained release
of osteoinductive growth factors such as BMP-2, thereby enhancing mesenchymal stem cell differentiation and accel-
erating new bone formation.®

Mineralized materials, such as calcium phosphate, can be incorporated into these hydrogels. These hydrogels combine
organic and inorganic phases to mimic the structure of bone tissue, thereby improving osteointegration and facilitating
the healing of bone defects.>’ Furthermore, nanostructured calcium phosphate materials integrated with hydrogels
support stem cell attachment and differentiation, which accelerates bone regeneration.*® Hydrogels can also regenerate
and restore their structure after damage through dynamic covalent or non-covalent interactions. This characteristic
promotes in situ tissue regeneration, offering effective solutions for bone repair.*’

Injectable hydrogels provide a promising minimally invasive approach for orthopedic procedures, facilitating in situ
gelation within irregularly shaped bone defects and minimizing surgical trauma. One such hydrogel combines gelatin
methacryloyl (GelMA), k-carrageenan, and calcium phosphate cements (CPC), offering rapid gelation, excellent bio-
compatibility, and enhanced mechanical strength. The incorporation of k-carrageenan enhances the injectability of the
hydrogel, while CPC contributes to its osteogenic activity, creating a robust system for bone regeneration.*” Another
innovative hydrogel integrates puerarin, chitosan, and mesoporous silica nanoparticles, designed to promote immuno-
modulation and accelerate bone healing. This hydrogel not only facilitates tissue regeneration and reduces inflammation
but also encourages the migration and differentiation of bone marrow mesenchymal stem cells (MSCs) (BM-MSCs),
further supporting bone repair.*' Preclinical studies in animal models consistently demonstrate that hydrogel-based
strategies accelerate bone healing, modulate the inflammatory response, and enhance functional recovery, highlighting
their promising translational potential in modern orthopedic treatments.****

Beyond structural support, hydrogels are being engineered as multifunctional drug-delivery platforms to regulate
osteogenesis and angiogenesis while controlling local inflammation. A novel hydrogel composed of carboxymethyl
chitosan (CMCS) and GelMA was developed to deliver CGRP and ZIF-8, promoting bone healing through sustained
bioactive release and immune modulation.** Stimuli-responsive hydrogels are advanced biomaterials that dynamically
react to specific stimuli, such as pH, temperature, light, and enzyme activity, enabling controlled drug release,
antimicrobial action, and tissue regeneration for enhanced wound healing.** In parallel, the smart chitosan-carrageenan
composite hydrogels demonstrated excellent mechanical properties and induced chondrogenic differentiation of ATDC-5
cells, showing great potential for cartilage repair and skeletal regeneration.*®

Antibacterial coatings of hydrogels have become a focal point in research for orthopedic implants due to their
effectiveness in reducing post-surgical infections.*” For instance, in the case of the Defensive Antibacterial Coating
(DAC®™) hydrogel, active molecules such as gentamicin and vancomycin are incorporated into the hydrogel. DAC®
hydrogel in orthopedics primarily functions as a hydrophilic barrier to prevent bacterial adhesion and biofilm formation
on implant surfaces, particularly after surgery.*® It is loaded with antibiotics, providing controlled local release to inhibit
bacterial growth. The gel is biocompatible, undergoes complete hydrolytic degradation within 72 hours, and shows
synergistic effects with antibiotics. This feature makes it an effective tool in preventing postoperative infections in
procedures like arthroplasty, trauma, and spinal surgery.

Types of Hydrogels for Bone Repair and Regeneration

Hydrogels are versatile materials widely used in tissue engineering and regenerative medicine, particularly for bone and
spinal cord repair. They mimic the properties of natural ECMs, provide a hydrated environment for cell growth, and can
deliver bioactive molecules such as growth factors. Various types of hydrogels have been developed to meet specific
therapeutic needs, each offering unique properties for bone and spinal tissue regeneration.

Natural Polymer Hydrogels

Natural polymer-based hydrogels, such as those derived from HA, chitosan, and alginate, are increasingly utilized in
regenerative medicine due to their biocompatibility and biodegradability.* HA hydrogels closely mimic the ECM of the
nucleus pulposus, and they can promote chondrogenic differentiation and restore disc height in IVDD models. Their high
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biocompatibility and degradability make them ideal carriers for cells and bioactive factors in disc repair.**° Chitosan-
based hydrogels are biodegradable and biocompatible, providing mechanical support to injured spinal cord tissue. In
animal models, chitosan scaffolds reduce glial scarring, enhance axonal growth, and modulate inflammation, aiding in
functional recovery following spinal cord injury.”'> Alginate hydrogels provide a mild, aqueous environment for cell
encapsulation and sustained release of therapeutics. When combined with HA in interpenetrating networks, they support

cartilage-like matrix deposition and maintain mechanical integrity for disc repair.”®!

Synthetic Polymer Hydrogels

Synthetic polymers such as polyethylene glycol (PEG) offer enhanced control over material properties, such as
degradation rates and mechanical strength, making them particularly useful for clinical applications like dural repair
and spinal cord injury treatment. PEG hydrogels form the basis of commercial dural sealants such as DuraSeal®,
achieving watertight dural closure and significantly reducing postoperative cerebrospinal fluid leaks in cranial and spinal
surgeries. Their rapid in situ crosslinking and biocompatibility make them indispensable adjuncts to traditional suture

techniques.”*>>

Composite Hydrogels

Composite hydrogels, which combine different materials, have enhanced mechanical properties and biological functions,
making them ideal candidates for a wide range of bone and spinal regeneration applications. To support bone regenera-
tion, a thermo-responsive Poloxamer 407 (P407) hydrogel matrix was developed for dual growth factor delivery.>* The
system provided a biomimetic release of SDF-1a and IGF-1, supporting early and continuous stages of bone healing. In
vitro tests showed enhanced migration, osteogenic marker expression, and mineralization of BM-MSCs. In vivo, the
system significantly promoted bone regeneration in a critical-sized calvarial defect model in rats, highlighting its
potential for bone regeneration therapies. When processed using a two-stage temperature-control system to stabilize its
temperature-sensitive viscosity and reinforced with silanated silica particles, GelMA hydrogels exhibit improved 3D
printability, enhanced mechanical integrity, increased initial cell attachment and proliferation, and accelerated osteogenic
differentiation, supporting their use for hard tissue regeneration.>

Functionalized Hydrogels

Functionalized hydrogels are modified with specific chemical groups to enhance their properties, such as the sustained
release of growth factors or improved mechanical performance, which are crucial for successful tissue regeneration.
Heparin-functionalized poloxamer hydrogels sustain NTF-3 release over 28 days, preserving growth factor bioactivity
and enabling intrathecal injection for spinal cord injury treatment.’*>’ Chitosan-based hydrogels functionalized with
citric acid and dopamine enhance mechanical strength and bioactivity, improving cell adhesion and survival in the post-

injury environment of spinal cord injury.’®>°

Major Characteristics of Hydrogels
Compared to traditional implant materials, hydrogels offer numerous advantages. Figure 1 illustrates the key advantages
of hydrogels over traditional implant materials, along with some disadvantages.

Biodegradability and Biocompatibility

In recent years, significant advancements have been made in the development of degradable hydrogels with improved
biocompatibility, adjustable mechanical properties, and controlled degradation kinetics. The unique capacity of hydrogels
to absorb and retain substantial amounts of water, owing to their crosslinked polymer networks, renders them highly
attractive for these applications.®® The degradation rate of hydrogels can be precisely controlled by adjusting their
composition and crosslinking, allowing them to synchronize with tissue repair processes when used as scaffolds in tissue
engineering. Additionally, their high hydration properties mimic the natural ECM, promoting cell adhesion, proliferation,
and differentiation, thus supporting tissue regeneration. Additionally, hydrogels can be designed to degrade when
exposed to particular triggers, including variations in pH, temperature, or the presence of enzymes. These features
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Figure | Key Characteristics, Advantages, and Disadvantages of Hydrogel Biomaterials. The figure provides a comprehensive summary of hydrogel properties, dividing them
into three categories: Advantages: Intrinsic Properties: ECM Mimicry, Biocompatibility, Controlled Degradation. Tunable Mechanics: Self-healing, Tissue Adhesion, and
Minimally Invasive Delivery. Active Functions: Therapeutic Delivery Vehicle, Inmunomodulation (M1/M2 Polarization), and Supporting Axonal Regrowth. Disadvantages:
Includes common challenges such as Low Mechanical Strength, Excessive Swelling, and Difficulties in 3D Printing, highlighting areas for future research.

make hydrogels ideal for creating scaffolds that support cell growth and tissue repair, providing a temporary structure
that is eventually metabolized or excreted by the body.*

The application of hydrogels in tissue adhesives offers several potential benefits, such as better mechanical compat-
ibility with the target tissue, ease of handling, the ability to alleviate interfacial stress, provision of biochemical signals,
control over adhesion strength, and the ability to design adhesives that can be removed as needed.®’ Gelatin, a natural
protein-based material, is widely utilized in the creation of medical hydrogels due to its excellent biocompatibility, non-
immunogenic properties, and ability to promote cell adhesion.®* Likewise, short peptide-based hydrogels leverage their
high water content and tailored peptide sequences to minimize immunogenicity and support sustained cell viability and

proliferation, effectively modulating macrophage responses to enhance tissue repair.®®

Delivery Vehicle and Regulation of Immune Responses
Hydrogels are increasingly recognized for their potential to modulate immune responses and promote tissue healing,
particularly in the context of SCI. The secondary inflammatory response following SCI plays a crucial role in either
facilitating recovery or exacerbating tissue damage, depending on the activation and polarization of immune cells.®*
Macrophage polarization toward the anti-inflammatory M2 phenotype is essential for tissue repair and regeneration. As
a result, immunomodulatory therapies aimed at enhancing the M2 macrophage response are being actively explored in
preclinical models.®¢’

Hydrogels, with their ability to retain a porous structure in aqueous environments, serve as ideal controlled delivery
vehicles for various therapeutic agents such as drugs, growth factors, or cells.® For instance, a recent study® indicated
that hydrogel-based drug delivery systems—specifically chitosan-based thermosensitive hydrogels loaded with celecoxib

—demonstrate significant potential in alleviating IVDD and mitigating local inflammation. These hydrogels undergo
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rapid crosslinking at body temperature, providing mechanical stability and sustained drug release, thereby controlling
inflammation and preventing postoperative disc herniation recurrence.

In the realm of stem cell therapy for SCI, human MSCs (hMSCs) show promise, but challenges such as limited cell
viability and difficulties in localizing cells to the injury site persist.”” The novel agarose/carbomer-based hydrogel,
evaluated by Caron et al, significantly improved hMSC viability, density, and the delivery of paracrine factors. By
optimizing the loading procedure and incorporating RGD peptides and 3D ECM deposition, this hydrogel facilitated
better hMSC attachment and supported the maintenance of healthy cell populations. Additionally, the hydrogel demon-
strated its ability to modulate the immune environment, as evidenced by an increase in M2 macrophage populations,
which created a more favorable regenerative environment at the injury site.

Furthermore, hydrogels are being integrated into 3D bioprinted IVD scaffolds, incorporating BM-MSCs and growth
factors such as CTGF and TGF-B3. These hydrogels facilitate the controlled release of these factors, promoting the
differentiation of BM-MSCs into nucleus pulposus-like and annulus fibrosus-like cells. The results showed that the 3D
printed scaffolds successfully mimicked the structure and function of natural IVD tissue, exhibiting good mechanical
strength and facilitating tissue-specific matrix formation.”!

Mechanical Adaptation and Tissue Adhesion

The ongoing development of hydrogels with adjustable mechanical properties, strong tissue adhesion, and self-healing
capabilities is expanding their potential in a range of medical and biomedical applications. These hydrogels can provide
advanced solutions for wound healing, tissue repair, and surgical procedures, demonstrating their significant promise as
multifunctional materials for future healthcare innovations.”>”* A notable feature of hydrogels is their ability to exhibit
superior mechanical properties, such as high stretchability, toughness, and resistance to swelling. Recent progress has
facilitated the development of hydrogels tailored for specific applications. For instance, hydrogels composed of poly
(vinyl alcohol) and poly(acrylic acid) with tannic acid inclusion exhibit excellent toughness, self-healing properties, and
water resistance, preventing swelling under physiological conditions.”*

Hydrogels composed of polymers with ionic and covalent crosslinks exhibit exceptional mechanical properties,
including the ability to stretch over 20 times their original length and a fracture energy of approximately 9000 J/m?,
making them highly suitable for advanced biomedical applications.””

Another key aspect of hydrogels is their ability to adhere strongly and reliably to tissues, even in wet environments.
Many hydrogels can form dynamic and reversible adhesion bonds that enhance their tissue-adhesive properties. For
example, hydrogel tapes that use catechol chemistry enable rapid and strong adhesion to tissues, with a fault-tolerant
mechanism that allows for repositioning during surgical procedures.”® The poly(acryloyl phenylalanine salt) (PAAS)
hydrogel adhesive, featuring a unique structure combining carboxylic and phenyl groups, offers superior wet adhesion,
swelling resistance, and tissue sealing capabilities.”” It efficiently promotes hemostasis, tissue repair, and in vivo
monitoring of physiological activities, making it highly promising for clinical applications in hemostasis, injury repair,
and bioelectronics. A hydrogel sealant composed of gelatin and o-phthalaldehyde (OPA)-terminated 4-armed poly
(ethylene glycol) (4aPEG-OPA) offers strong adhesive properties and low-swelling, effectively sealing dural defects in
spinal and neurosurgery while preventing cerebrospinal fluid leakage and reducing postoperative complications like
inflammation and fibrosis.*!

The design of hydrogels with tunable mechanical properties and strong tissue adhesion is also pivotal for enhancing
their performance in specialized applications. For instance, the introduction of cellulose-based, wrinkle-patterned
hydrogels enables the controlled alignment of cells, which is essential for tissue engineering and regenerative medicine.”®

Minimally Invasive Delivery

Unlike preformed PEEK cages or PMMA implants, which require extensive surgical exposure and precise shaping,
hydrogel precursors can be delivered via fine-gauge needles into defect sites (eg, the nucleus pulposus or epidural space)
and polymerized in situ to conform exactly to irregular geometries. This reduces operative time, soft-tissue disruption,
and postoperative morbidity.””® Injectable hydrogels with asymmetric adhesion properties can prevent postoperative
adhesions by selectively interacting with tissues, representing an effective strategy for minimally invasive surgery.*” This
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injectability and in situ gelation afford true minimally invasive procedures and patient-specific customization without
sacrificing mechanical support.

Shortcomings

Although widely applied in orthopedic surgery, hydrogels have several important limitations. Their relatively low
mechanical strength and limited durability render them inadequate for long-term load-bearing roles, particularly in
joints. Excessive water uptake can cause volumetric swelling, further undermining stability and function.®' Additionally,
hydrogels can suffer from burst release of loaded therapeutic agents, such as growth factors or antibiotics, which reduces
their effectiveness in sustained drug delivery for bone and joint repair.*? Another challenge is the difficulty in achieving
precise structural control during 3D printing, as hydrogels may deform or collapse before cross-linking is complete,
limiting their ability to replicate complex bone or cartilage architectures.”™* Furthermore, some hydrogel materials may
trigger immune responses or exhibit suboptimal biocompatibility, particularly when synthetic polymers are used,

potentially leading to inflammation or delayed tissue integration.®**

Biological Mechanisms of Hydrogels in Spinal Repair

Crosstalk Between Immune Microenvironment and Hydrogel in Spinal Repair

In IVDD, the IVD is an immune-privileged structure due to its avascular nature, limiting immune cell infiltration under
normal conditions. However, during degeneration, this immune tolerance is disrupted, leading to immune cell infiltration
and an inflammatory response. Notably, macrophages play a critical role in the inflammation and degeneration of the
disc. Macrophages can polarize into two functional states: the pro-inflammatory M1 macrophages, which secrete
cytokines such as TNF-o and IL-1p that promote ECM degradation and inflammation, and the anti-inflammatory M2
macrophages, which secrete IL-10 and TGF-B to resolve inflammation and facilitate tissue repair. Thus, macrophage
polarization is central to the pathogenesis of IVDD and presents a potential therapeutic target. Manipulating such
polarization could offer promising potential for promoting disc regeneration.®® The regenerative capacity of hydrogels
targets key pathological features of spinal disorders. Figure 2 outlines the strategic approaches and key regenerative
pathways in IVDD and SCI repair.

Intervertebral Disc

Degeneration Spinal Cord Injury

Pathological state .

Hydrogel for repair

Post-treatment

Figure 2 Hydrogel Strategies for IVDD and SCI Repair. IVDD Repair: Injectable carriers halt NP cell loss, restore Mitochondrial Function, and promote disc regeneration.
SCI Repair: Scaffolds bridge the lesion, control Neuroinflammation, and promote axonal growth for functional recovery.
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In addition to macrophages, regulatory T cells (Tregs) have emerged as crucial players in the immune regulation of
IVDD. Treg cells suppress the activation of effector T cells and limit the inflammatory response by secreting anti-
inflammatory cytokines such as IL-10 and TGF-f. By enhancing the function of Tregs, it may be possible to attenuate the
inflammatory environment in the degenerated disc and promote healing.®’

Adoungotchodo et al®® prepared chitosan hydrogels by mixing chitosan and porcine gelatin at a ratio of 3:2, which
were then used for encapsulating nucleus pulposus cells. To further enhance their function, the peptide Link N (an IVD-
derived peptide normally located outside the disc) was incorporated into the hydrogels. The inclusion of Link
N increased both the nucleus pulposus cell encapsulation efficiency and nucleus pulposus matrix deposition under
degenerative conditions. Compared with the control group, chitosan hydrogels significantly promoted glycosaminoglycan
(GAG) release from nucleus pulposus cells after 14 days in vitro, reflecting enhanced nucleus pulposus cell activity.
Interestingly, the increase in GAG production was comparable to that induced by TGF-f, suggesting that stimulation of
both the annulus fibrosus and nucleus pulposus may contribute to IVD repair. However, such effects appear to be limited
to the early stages of IVDD.™

In the healthy state, the IVD is devoid of nerve tissue; neuropathic pain arises only when neurotrophic factors drive

aberrant nerve ingrowth into the disc. To address this, Isa et al®®

developed a cross-linked hyaluronic acid (HA) hydrogel
system by combining high molecular weight HA with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). This
cross-linked HA hydrogel could interact with the CD44 receptor on nucleus pulposus cells, thereby competing with IL-18
for binding to CD44. By blocking IL-1B—CD44 interactions, the hydrogel downregulated the expression of NGF and
BDNF mRNA, providing a protective mechanism against inflammation-associated pain. However, while effective in
alleviating neuropathic pain, the cross-linked HA hydrogel system did not address the underlying degenerative changes
or restore native IVD function. This limitation may stem from the comparatively weak competitive binding of HA, which
was insufficient to completely obstruct IL-1p signaling. To prolong the inhibitory effect on IL-1p, Isa et al’® further
incorporated polylactic-co-glycolic acid (PLGA) microparticles loaded with an IL-1 receptor antagonist (IL-1Ra).

Microglia, the resident macrophages of the central nervous system, are among the first responders to SCI. After SCI,
activated microglia and infiltrating macrophages, primarily derived from circulating monocytes, together contribute to the
inflammation. Despite their shared origin from bone marrow mononuclear cells, these cells exhibit similar molecular
markers and functional traits, making it challenging to distinguish them. The polarization of macrophages/microglia into
distinct phenotypes, M1 and M2, significantly impacts the outcome of SCI. M1 macrophages/microglia, activated by
T helper 1 cells (Th1) cytokines like TNF-a and IFN-y, produce pro-inflammatory cytokines that promote neurotoxicity
and axonal degeneration and exacerbate inflammation. Conversely, M2 macrophages/microglia, induced by Th2 cyto-
kines such as IL-4 and IL-13, play a protective role by secreting anti-inflammatory factors like TGF-$ and IL-10, which
aid in tissue repair and angiogenesis.”’ The balance between these phenotypes is crucial; while M1 macrophages
exacerbate inflammation and tissue damage, M2 macrophages facilitate tissue remodeling and repair.”* Strategies that
promote polarization toward M2, such as the use of certain biomaterials, have shown promise in enhancing functional
recovery after SCIL.”?

Hydrogels are an effective approach for filling voids in SCI. They exhibit excellent biocompatibility and can act as
scaffolds to support axon regeneration.”*> Furthermore, their natural properties allow them to mimic the biological
characteristics of the ECM. Li et al’® developed a nanofiber-hydrogel composite (NHC) material that combines a fiber
surface with a hydrogel network interface. This material, consisting of polycaprolactone (PCL) nanofibers and HA
hydrogel, demonstrated favorable biological compatibility, capacitance, degradability, and mechanical properties. When
injected into an adult rat SCI model, the ratio of M2 to M1 macrophages in the treatment group was twice that of the
control group, indicating that NHC can regulate macrophage polarization.””

In addition, Cornelison et al’® created an injectable hydrogel by optimizing acellular nerves through enzymatic
hydrolysis. Immunofluorescence staining was performed on animals treated with phosphate-buffered saline and injectable
optimized acellular materials for one week. Quantitative analysis demonstrated a threefold decrease in the M1/M2
macrophage ratio, corresponding to a reduction to one-third of the baseline level and indicating a shift from pro-in-
flammatory toward anti-inflammatory phenotypes. This transformation plays a crucial role in altering the immune
microenvironment to support and enhance spinal cord repair and regeneration.
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Interplay Between Mitochondrial Function and Hydrogels in Spinal Repair

The critical role of mitochondria in spinal repair has attracted considerable interest, particularly in the contexts of cellular
energy metabolism, oxidative stress, and apoptosis. Restoring mitochondrial function is considered a promising approach
for improving these conditions, with hydrogels emerging as a novel delivery material that shows substantial potential in
promoting mitochondrial function, regulating redox balance, and alleviating apoptosis.

One study”® highlighted that HA promotes mitochondrial autophagy (mitophagy) in nucleus pulposus cells (NPCs),
which may protect mitochondrial function and alleviate IVDD. Oxidative stress-induced mitochondrial dysfunction,
apoptosis, senescence, and ECM degradation are central pathological changes in IVDD. The research found that HA
activated mitophagy, which promoted mitochondrial clearance, improved mitochondrial function, slowed apoptosis and
senescence, and reduced ECM degradation. Furthermore, HA interacted with C1QBP, thereby enhancing its protective
effect against oxidative stress. The findings provide robust evidence supporting the clinical application of HA for the
prevention and treatment of [IVDD.

A spinal cord injury treatment research focused on the poly(glycerol succinate) hydrogel (PPGS) and its ability to
regulate mitochondrial function.'” In this study, an innovative bioenergetically active hydrogel, acrylated PPGS
(APPGS), was developed to protect mitochondrial function following traumatic SCI. The hydrogel has demonstrated
significant therapeutic potential in both in vitro and in vivo assays, presenting a potential new approach for SCI
treatment.' %’

In response to mitochondrial dysfunction associated with IVDD, an innovative ROS-responsive hydrogel was
developed and loaded with berberine liposomes (HP-Lipo@BBR), aiming to scavenge excess reactive oxygen species
(ROS) and restore mitochondrial function.'”' This hydrogel exhibited excellent self-healing properties, degradability, and
biocompatibility, with intelligent drug release in the high ROS microenvironment of degenerated discs. Berberine
effectively scavenged ROS, inhibited the abnormal phosphorylation of DRP1, and reduced mitochondrial fission, thus
blocking the CASP-3-mediated apoptosis pathway. In animal models, the hydrogel significantly improved disc height and
hydration, proving its therapeutic potential in IVDD and related degenerative diseases.

Emerging Technologies for Hydrogels Used in Spinal Repair
Photo-Crosslinkable Composite Hydrogels

Recently, multifunctional hydrogel systems have been engineered to address these multifaceted pathologies by combin-
ing physical guidance cues, controlled drug or cell-derived factor delivery, and immune modulatory properties. Among
the most notable advances are photo-crosslinkable GeIMA networks and nanoparticle-reinforced self-healing hydrogels,
such as photo-crosslinkable nanocomposite hydrogel (PXNT).

GelMA hydrogels, synthesized by methacrylating natural gelatin, preserve native collagen motifs that facilitate cell
adhesion and matrix remodeling. They also enable rapid ultraviolet (UV)- or visible light-initiated crosslinking in the
presence of a photoinitiator.'®® By adjusting the degree of methacrylation and polymer concentration, GeIMA networks
can be precisely tuned to achieve a stiffness range of 1-50 kPa. This range covers both the softer environment that
supports neural cell survival and the stiffer scaffolds necessary to resist deformation in vivo.'%*'%* Critically, GeIMA’s
inherent biodegradability, facilitated by MMP cleavage sites, allows for gradual scaffold resorption in concert with tissue
regeneration.

Complementing GelMA’s cell-supportive features, nanoparticle-reinforced hydrogels such as the PXNT system
developed by Wang et al integrate thermosensitive Poloxamer 407 matrices with tannic acid-stabilized tempol and
phenylboronic acid pinacol ester functionalized-B-CD (TPCD) nanoparticles to yield injectable, self-healing hydrogels
with built-in anti-oxidative and anti-inflammatory functions.'®> Poloxamer 407 imparts sol-to-gel transition behavior at
body temperature, facilitating minimally invasive delivery into the epidural or intrathecal space, where the formulation
rapidly solidifies and conforms to the injury cavity. The embedded TPCD nanoparticles actively scavenge reactive
oxygen species, while tannic acid contributes further antioxidant capacity and promotes tissue adhesiveness—critical for
maintaining scaffold localization in the dynamic spinal environment. Rheological studies confirm PXNT’s suitable
viscoelastic properties for spinal mobilization, and in vitro assays demonstrate efficient ROS elimination and inhibition
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of fibroblast proliferation, mitigating the risk of peridural fibrosis. In vivo, PXNT treatment following lumbar laminect-
omy in rodent models resulted in reduced epidural adhesion formation, preserved hindlimb motor function, and
diminished expression of inflammatory cytokines at the injury site, evidencing the hydrogel’s capacity to modulate the
SCI microenvironment and support functional regeneration.

Janus Membrane Architectures and Anti-Adhesive Coatings

Postoperative dural defects in spinal surgery carry significant risks of cerebrospinal fluid (CSF) leakage and epidural
fibrosis, with reported incidence rates ranging from 4% to 32% depending on surgical approach and repair
materials.'%'®” Conventional dural substitutes, such as animal-derived collagen matrices (eg, type I collagen purified
from bovine Achilles tendon), decellularized small intestinal submucosa (SIS), and synthetic polyglycolic acid (PGA)

108,109

patches, suffer from a mechanical anisotropy mismatch relative to the native dura mater, undergo uncontrolled

degradation via rapid hydrolytic breakdown (particularly of polymers like PGA) that can compromise scaffold integrity

1011 and provoke inflammatory foreign-body responses that undermine long-term efficacy.''? Janus

and tissue repair,
membrane architectures that combine anisotropic microtopographies for directed cell alignment with anti-adhesion
surface chemistries to prevent fibrotic scarring, thereby creating a closed-loop pipeline that connects material design to
measurable therapeutic outcomes.

The outer HA-silk fibroin glycidyl methacrylate (HAMA-SiIMA) coating takes advantage of the well-documented
anti-fibrotic and anti-adhesion functions of HA. HA derivatives have been shown to suppress fibroblast proliferation and
limit ECM protein deposition, thereby mitigating fibrotic responses. For instance, sulfated HA analogs inhibit hyalur-
onidase activity and modulate fibroblast metabolism, resulting in reduced cell growth and ECM accumulation.'"?
Crosslinking HA with polyisocyanide scaffolds produces hydrogels that significantly curb fibroblast proliferation and
downregulate fibrotic markers in vitro.''* Photo-crosslinked HA/carboxymethylcellulose composites act as effective anti-
adhesion barriers by decreasing fibroblast attachment and penetration.'® Finally, HA combined with platelet-rich plasma
in core—shell nanofibrous membranes not only hinders fibroblast adhesion but also provides enhanced lubrication,
effectively preventing postoperative tendon adhesions.''> Adding SiIMA addresses HA’s inherent instability by reducing
swelling and enhancing structural robustness without sacrificing hydrophilicity or anti-adhesion effectiveness.''®'!”

Anisotropic surfaces, such as those created with micropatterned hydrogel coatings, have demonstrated significant
potential in modulating macrophage immune responses.''®!'? A recent study'?® involving subcutaneous implantation in
animal models confirmed that microgrooved hydrogel surfaces effectively enhance host cell infiltration and integration
with surrounding tissues. Immunofluorescence analyses further indicated that appropriately sized microgrooves, around
20 pm, significantly elevate the proportion of M2 macrophages, characterized by increased expression of Arg-1 proteins.
The M2 macrophage—enriched microenvironment promotes tissue regeneration and attenuates fibrotic responses, under-
scoring the therapeutic potential of anisotropic micropatterned hydrogel coatings for clinical applications such as spinal
dura mater repair. Additionally, certain hydrogel compositions, such as those containing HA derivatives, have been
shown to suppress myofibroblast adhesion and proliferation, thereby mitigating adverse fibrotic outcomes and enhancing

functional tissue regeneration.?%:!?!:122

Injectable Hydrogel Delivery Systems

Hydrogels exhibit excellent biocompatibility, can conform to and fill cystic cavities, and actively support axonal
regeneration and cell differentiation. Importantly, hydrogels can be implanted or injected directly into a lesion site
without provoking additional immune reactions.!” These attributes make them ideal local drug-delivery systems for
administering therapeutic agents or growth factors in a minimally invasive, site-specific manner, thereby reducing the
need for high systemic doses and minimizing adverse side effects. Recent advances in hydrogel engineering have
significantly broadened the toolkit available for IVDD repair by combining biomaterial innovation with cell-free
therapeutic strategies. Among these, injectable photo-crosslinkable hydrogels based on silk fibroin methacrylate
(SilkMA) have emerged as promising platforms for sustained exosome delivery, effectively addressing two critical
challenges in IVDD: the rapid clearance of therapeutic vesicles and the need for precise modulation of the degenerated
microenvironment. SilkMA hydrogels can be formulated to gel in situ upon visible-light irradiation, forming networks
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that match the native stiffness of nucleus pulposus tissue and resist premature degradation under physiological loading
conditions.'?'** Silk fibroin hydrogel (SM@ME) is an exosome-loaded methacrylated silk fibroin hydrogel that
incorporates Cavin-2-engineered exosomes derived from hypoxia-treated BM-MSCs. This hydrogel activates the mito-
chondrial unfolded protein response (UPR™) by upregulating DKK2, inhibiting the Wnt/p-catenin pathway, and reducing
apoptosis and senescence, thereby delaying the progression of IVDD and offering a new therapeutic approach for disc
regeneration. '’

Mechanistically, SM@ME hydrogels exert their regenerative effects through multi-modal modulation of nucleus
pulposus cell biology. Cavin-2 decoration greatly enhances exosome uptake by degenerated nucleus pulposus cells,
thereby boosting the delivery of miRNAs and proteins that effectively suppress the secretion of pro-inflammatory
cytokines (eg, IL-6 and IL-1p) and the expression of MMPs (eg, MMP-13).'%> Concurrently, exosomal cargo restores
DKK?2 expression, which acts as an endogenous antagonist of Wnt/p-catenin signaling. By inhibiting the overactivation
of the Wnt pathway—a key feature of senescent nucleus pulposus cells—SM\@ME helps maintain mitochondrial
homeostasis. This effect is supported by the upregulation of markers associated with the UPR™, such as ATF4,
CHOP, HSP60, HSP70, CLPP, and LONP1. These effects stabilize mitochondrial membrane potential and prevent
pathological opening of the mitochondrial permeability transition pore (mPTP). Activation of Wnt signaling with LiCl
abrogated SM@ME’s protective benefits, indicating that SM@ME may alleviate TBHP-induced senescence, inflamma-
tion, and apoptosis primarily through modulation of the DKK2/Wnt/B-catenin pathway and enhancement of mitochon-
drial protein quality control."?

From a materials design perspective, the versatility of SilkMA chemistry allows for the independent tuning of gel
stiffness, degradation rate, and network porosity. By adjusting the degree of methacrylation and polymer concentra-
tion, hydrogels can be engineered to match the mechanical modulus of healthy nucleus pulposus tissue (~10-20 kPa)
while retaining an interconnected pore network conducive to nutrient diffusion and cell migration.'*®'?” This
tunability is critical for accommodating patient-specific variations in disc biomechanical properties and for mini-
mizing implant extrusion under cyclic loading. Moreover, the inherent biodegradability of silk fibroin ensures
gradual hydrogel resorption concomitant with tissue regeneration, avoiding the need for secondary removal
procedures.

In vivo, injectable SM@ME hydrogels have demonstrated robust efficacy in rodent models of IVDD. Behavioral
assays further indicate alleviation of pain-related behaviors and restoration of locomotive function, correlating with
preserved nucleus pulposus architecture on magnetic resonance imaging. These preclinical successes position SilkMA-
based exosome delivery systems as front-running candidates for translational development. They offer a minimally
invasive, cell-free therapeutic modality that overcomes the limitations of direct cell transplantation, including immune

rejection and tumorigenicity risks associated with stem cell therapies.'** !

Wang et al'*?

explored the fabrication of injectable hydrogels using 4-arm star PEG, which addresses the mechanical
limitations commonly observed in traditional hydrogels. By optimizing the gelation conditions and using a combination
of vinyl sulfone-functionalized PEG and a short dithiol crosslinker, these materials could achieve a hydrogel with a local
maximum compressive strength of approximately 20 MPa, a value deemed suitable for cartilage tissue engineering. This
enhanced mechanical performance did not come at the expense of the hydrogel’s biocompatibility, as demonstrated by
the successful transplantation of chondrocyte-laden hydrogels in vivo, which promoted cell proliferation and ECM
production.

A study by Zhang et al'*® reports the design of a dual-functional hydrogel scaffold for SCI repair, in which wogonin-
loaded carbon nanotubes are embedded in a photo-cross-linkable gelatin matrix. Carbon nanotubes possess excellent
mechanical and conductive properties due to their special molecular structure, as well as high aspect ratios, making them
ideal for use in electroconductive scaffolds and drug delivery applications.'** This composite hydrogel exhibits enhanced
electrical conductivity and mechanical strength, along with a controlled and sustained release of wogonin. In vitro, it
promotes neural stem cell migration and neurogenic differentiation and supports angiogenesis. In the SCI mouse model,
it dampens inflammation and fibrosis in both the injured cord and the bladder’s detrusor—sphincter complex, leading to
accelerated recovery of both motor function and neurogenic lower urinary tract control.
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Combination of iPSCs with Hydrogels

Recent progress in regenerative medicine has shown that induced pluripotent stem cells (iPSCs) could be a useful tool for
repairing SCI. iPSCs are generated from adult somatic cells, providing an alternative to traditional stem cell sources
while avoiding ethical concerns and limitations related to supply. These pluripotent cells, first introduced by Yamanaka’s
lab in 2006, can be reprogrammed into various differentiated cell types, providing a unique opportunity to treat
neurological disorders like SCI.'*

The incorporation of hydrogels in SCI treatment also helps address key challenges, such as low cell viability and
uncontrolled differentiation in the ischemic spinal cord environment. One study'*® has indicated that using GelMA
hydrogels with iPSC-derived neural stem cells (iNSCs) in a mouse spinal cord transection model led to amazing
functional recovery. This finding was further validated by histological analysis, which revealed reduced cavity areas
and decreased collagen deposition in the treated group. Moreover, the hydrogel-based system significantly reduced
inflammation by minimizing the activation of macrophages and microglia, which are key contributors to secondary tissue
damage in SCI. Notably, the GeIMA/iNSC implants helped reduce glial scar formation, a major obstacle in spinal cord
regeneration, while promoting axonal regeneration and tissue repair.'*® These results support the use of 3D hydrogel
scaffolds delivering iPSCs or iNSCs as a cutting-edge strategy to facilitate tissue regeneration and mitigate deficits
following spinal cord injury.

Further research should investigate combining exosome-based therapies with hydrogels to improve tissue repair after
spinal cord injury. Exosomes derived from cortical neurons generated from iPSCs have shown potential in modulating
immune responses and promoting neuroregeneration. By incorporating these exosome-loaded hydrogels, significant
improvements in tissue repair and functional recovery were observed in animal models. Specifically, an injectable
decellularized ECM (dECM) hydrogel infused with exosomes facilitated the polarization toward M2 macrophages,
reduced neuronal apoptosis, and fostered a regenerative environment that promoted axon regeneration and remyelination.
This combined approach also enhanced motor function recovery and preserved tissue integrity in SCI-afflicted rats."?’
These results underscore the growing potential of combining iPSC-derived exosomes and hydrogels for a comprehensive
therapeutic strategy aimed at SCI repair.

Conclusions and Future Prospects

The development of 3D printing technology, particularly in the context of hydrogel-based scaffolds, has shown promising
potential for advancing spinal repair and tissue engineering applications. Hydrogels, with their ability to mimic the ECM,
create an ideal environment for cell growth and proliferation, making them well-suited for tissue regeneration. Recent
advancements in 3D printing have enabled the fabrication of complex tissue structures, allowing for more personalized
and precise therapeutic interventions, which could significantly benefit spinal repair efforts.'*® These innovations enable
the creation of customized scaffolds that support cellular function and promote tissue regeneration at the site of spinal
injuries. However, compared to natural tissues, hydrogels lack sufficient mechanical strength, making it difficult for them
to withstand stress or maintain structural stability, thus limiting their application in tissue engineering.'*® The combina-
tion of natural and synthetic polymers, along with the incorporation of nanomaterials, can enhance the strength and
functionality of hydrogel scaffolds, improving their suitability for spinal tissue engineering applications.'*® Continuous
innovation in material composition and printing techniques is crucial to overcoming these challenges and unlocking the
full potential of hydrogel-based 3D printing for spinal repair. Ultimately, hydrogel-based scaffolds could play a central
role in regenerating damaged tissues and improving patient outcomes in spinal repair, provided that challenges related to
mechanical properties and regulatory hurdles are effectively addressed.

The Janus decellularized small intestine submucosa membrane with ECM-mimetic anisotropic microgrooves and
anti-adhesion silk-based coatings has demonstrated clear prevention of epidural fibrosis and promotion of dura regenera-
tion in rodent models.>’ However, the study does not assess the membrane’s suturability or its ability to conform and
adhere under surgical handling and lacks systematic large-animal data on these practical aspects. The PXNT supramo-
lecular hydrogel, designed to prevent post-laminectomy epidural adhesion, offers viscoelastic properties that facilitate
spinal mobility without compressing neural structures and shows strong anti-adhesion performance in preclinical rat and
rabbit models.'”> However, very few long-term in vivo studies have assessed its effects on spinal flexibility, and limited
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discussion on its immunogenicity raises concerns about potential immune recognition and foreign body reactions with
chronic implantation.

Looking ahead, the integration of artificial intelligence (AI) with hydrogel design could substantially accelerate the
development of personalized therapies. Data-driven models and machine-learning algorithms can analyze high-
throughput experimental datasets to predict composition—property relationships, enabling rapid optimization of mechan-
ical strength, degradation kinetics, and bioactivity.'**'*! Early demonstrations of Bayesian optimization in microarray-
based hydrogel screening have reduced the experimental burden by identifying high-performance formulations from
hundreds of candidates in a fraction of the time required by traditional approaches.'*® As Al-assisted platforms evolve
toward closed-loop workflows, which integrate robotic synthesis, real-time characterization, and algorithmic feedback,
researchers will be able to dynamically adjust hydrogel parameters. This will allow them to meet the unique needs of
individual patients and the specific demands of surgical procedures.'*?

In addition to AI’s potential to optimize hydrogel composition and predict patient-specific outcomes, several key
considerations are essential for advancing the clinical translation of hydrogels in spinal repair. Standardization of material
properties is essential to ensure uniformity in hydrogel formulations.'*® The lack of consistent protocols and outcome
measures currently hinders comparative evaluations and delays regulatory approval, particularly given the variability in
hydrogel composition and the need to tailor properties for individual patient needs. Additionally, long-term biocompat-
ibility studies should be prioritized. While hydrogels have shown outstanding potential for nerve repair, issues related to
immune response, material degradation, and integration with host tissue remain significant barriers to their clinical use.
Therefore, robust, long-term animal and preclinical studies are essential to assess the full scope of their biocompatibility
and functional outcomes.'**

The scalability of hydrogel production and compliance with Good Manufacturing Practice (GMP) standards are also
significant obstacles to clinical translation. Current multifunctional hydrogel design tends to deliver excellent preclinical
results but presents challenges in terms of reproducibility and large-scale manufacturing. Automated production methods
and 3D bioprinting could potentially address these issues by ensuring consistent quality and facilitating personalized
fabrication.'*® Furthermore, regulatory pathways must be carefully navigated, as hydrogels may fall under classifications
as biologics, devices, or combination products, each requiring distinct approval processes.'*’

Ultimately, the next generation of hydrogel therapies for spinal disorders will rely on a synergistic framework that
unites personalized biomaterials with intelligent design tools. By leveraging patient imaging data for geometry and tissue
property mapping, customizing hydrogel chemistry with autologous biological cues, and harnessing Al to navigate the
vast formulation landscape, clinicians and engineers can co-develop “smart” implants that adapt to the evolving
microenvironment of the injured spine. Such integrated strategies are poised to transform spinal surgery from
a predominantly palliative endeavor into a truly restorative discipline, delivering tailored, high-efficacy treatments
with predictable outcomes. As these technologies converge in the coming years, rigorous preclinical validation and
regulatory harmonization will be critical to ensure their safe and effective deployment in the operating room.
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