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Abstract 

Intervertebral disc (IVD) herniation is a leading cause of chronic lower back pain and disability, 

affecting people's daily lives and causing a substantial economic burden. Current surgical 

interventions, involving discectomy with or without nucleotomy. Though pain could be alleviated, 

damages to native nucleus pulposus (NP) and annulus fibrosus (AF) were inevitable, which 

heighten the risks of recurrent herniations. Bioadhesives hold promise as an alternative solution for 

IVD repair due to their capacity to fill the NP cavity while sealing defects in the AF, yet existing 

options are inadequate in restoring the biomechanical properties and fail to effectively prevent re-

herniation under loading. Challenges in advancing bioadhesives for IVD repair and regeneration 

include weak adhesion performance between bioadhesives and tissues, restricted regenerative 

capacities of the implanted biomaterials, and mechanical and structural mismatching with the native 

tissue. Moreover, the heterogeneous nature of IVD makes repair difficult using a single material 

solution.  

To address these challenges, this thesis presents hybrid bioadhesives, integrating an 

injectable glue and a tough sealant, to concurrently repair and regenerate IVD following nucleotomy. 

The glue fills NP cavities, while the sealant repairs AF defects. The bioadhesive exhibits robust 

adhesion with IVD tissues and can withstand extreme disc loads. The glue also matches native NP 

mechanics, supporting cell viability and matrix deposition, serving as an effective cell delivery 

carrier for NP regeneration. In vitro and ex vivo assessments confirm the efficacy of regeneration 

and repair. Biomechanical evaluations on bovine IVD motion segments verify the capacity of hybrid 

bioadhesive to restore disc biomechanics and prevent permanent herniation under demanding 

loading conditions. Furthermore, the AF sealant was optimized to mimic human AF tissues 

mechanically and structurally. A composite hydrogel sealant was developed by embedding 3D-

printed thermoplastic polyurethane (TPU) mesh into the tough hydrogel adhesive. The mesh design 

reinforces the mechanical properties of the sealant and can match those of human AF tissue. This 

composite hydrogel sealant forms tough adhesion and matches the curvature of human IVD. Ex 

vivo tests on bovine IVD segments validates its efficacy in preventing herniation and enhancing 

biomechanical recovery. Moreover, preliminary ex vivo studies are conducted on a human IVD 

model with a bioreactor with cyclic loading for four weeks. As a result, the bioadhesive exhibits 

robust integrity, effectively preventing the recurrence of disc herniation and preserving crucial 

biomechanical properties. Additionally, there is an enhancement in regeneration indicators, 
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including notable increases in hydration levels and proteoglycan content. This initial validation 

marks the efficacy of hybrid bioadhesives towards translational applications and sets the stage for 

subsequent preclinical studies.  

The reported hybrid bioadhesive strategy for the treatment of IVD post-nucleotomy 

demonstrates tough adhesion, mimics native tissue mechanics, and supports cell growth. Through 

biomechanical assessments and ex vivo tests, it shows promise in preventing re-herniation and 

enhancing biomechanical recovery. This finding holds potentials to advance IVD repair and 

regenerative medicine applications. 
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Résumé 

La hernie discale intervertébrale (DIV) est l'une des principales causes de douleurs lombaires 

chroniques et d'invalidité, affectant la vie quotidienne des personnes et entraînant un fardeau 

économique substantiel. Les interventions chirurgicales actuelles consistent en une discectomie 

avec ou sans nucléotomie. Bien que la douleur puisse être soulagée, des dommages au noyau 

pulpeux (NP) et à l'anneau fibreux (AF) sont inévitables, ce qui augmente les risques de hernies 

récurrentes. Les bioadhésifs sont prometteurs en tant que solution alternative pour la réparation des 

DIV en raison de leur capacité à remplir la cavité du NP tout en scellant les défauts de l'AF, mais 

les options existantes sont inadéquates pour restaurer les propriétés biomécaniques et ne 

parviennent pas à prévenir efficacement la ré-hernie sous charge. Parmi les défis posés par les 

progrès des bioadhésifs, citons les faibles performances d'adhésion, les capacités de régénération 

restreintes et l'inadéquation mécanique et structurelle avec le tissu natif. En outre, la nature 

hétérogène des DIV rend la réparation difficile en utilisant une solution à base d'un seul matériau. 

Pour relever ces défis, cette thèse présente des bioadhésifs hybrides, intégrant une colle 

injectable et un produit d'étanchéité résistant, pour réparer et régénérer simultanément les DIV après 

une nucléotomie. La colle remplit les cavités des NP, tandis que le scellant répare les défauts de la 

FA. La bioadhésive présente une forte adhérence avec les tissus de la DIV et peut résister à des 

charges discales extrêmes. La colle correspond également à la mécanique native des NP, favorisant 

la viabilité cellulaire et le dépôt de la matrice, et servant de vecteur cellulaire efficace pour la 

régénération des NP. Des évaluations in vitro et ex vivo confirment l'efficacité de la régénération et 

de la réparation. Des évaluations biomécaniques sur des segments de mouvement de DIV bovins 

vérifient la capacité du bioadhésif hybride à restaurer la biomécanique du disque et à prévenir une 

hernie permanente dans des conditions de charge exigeantes. En outre, le mastic AF a été optimisé 

pour imiter les tissus AF humains d'un point de vue mécanique et structurel. Un scellant composite 

à base d'hydrogel a été mis au point en incorporant un filet en polyuréthane thermoplastique (TPU) 

imprimé en 3D dans l'adhésif hydrogel résistant. La conception de la maille renforce les propriétés 

mécaniques de l'agent d'étanchéité et peut correspondre à celles du tissu AF humain. Ce scellant 

hydrogel composite forme une adhésion solide et correspond à la courbure de la DIV humaine. Des 

essais ex vivo sur des segments de DIV bovins ont validé son efficacité dans la prévention des 

hernies et l'amélioration de la récupération biomécanique. En outre, des études préliminaires ex 

vivo ont été menées sur un modèle humain de DIV à l'aide d'un bioréacteur avec une charge cyclique 
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pendant quatre semaines. En conséquence, le bioadhésif présente une intégrité robuste, empêchant 

efficacement la récurrence de l'hernie discale et préservant les propriétés biomécaniques cruciales. 

En outre, on observe une amélioration des indicateurs de régénération, y compris des augmentations 

notables des niveaux d'hydratation et de la teneur en protéoglycanes. Cette validation initiale 

démontre l'efficacité des bioadhésifs hybrides pour les applications translationnelles et ouvre la voie 

à des études précliniques ultérieures. 

La stratégie bioadhésive hybride rapportée pour le traitement de la DIV après une 

nucléotomie démontre une adhésion solide, imite la mécanique du tissu natif et soutient la 

croissance cellulaire. Grâce à des évaluations biomécaniques et à des tests ex vivo, elle s'avère 

prometteuse pour prévenir la ré-hernie et améliorer la récupération biomécanique. Cette découverte 

est susceptible de faire progresser la réparation des DIV et les applications de médecine régénérative. 
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Chapter 1   

Introduction  

This chapter begins with an overview of the structure and organization of the dissertation, followed 

by an in-depth discussion of the background of intervertebral disc (IVD) repair and regeneration. 

Then the challenges of bioadhesives for IVD repair are outlined. The chapter then describes the 

rationale for initiating this project and concludes with a clear statement of specific research 

objectives. 

1.1 Thesis organization 

This thesis is written in traditional monograph style, structured into seven chapters: Introduction, 

Literature Review, Materials and Methods, Tissue-mimetic Hybrid Bioadhesives for IVD Repair, 

Composite Hydrogel Sealant for Annulus Fibrosis (AF) Repair, Discussions, and Concluding 

Remarks.  

Chapter 1 provides an introduction to the whole thesis. First, the background of bioadhesive 

development targeting the needs of IVD repair after nucleotomy is described, followed by the 

challenges in the existing bioadhesives for IVD treatment. Next, rationale underlying the study 

design are outlined and the main objectives of this study are stated.  

Chapter 2 provides a comprehensive literature review on bioadhesives for applications in 

IVD tissue repair and regeneration. The chapter explores design aspects of regenerative 

bioadhesives, covering mechanical and biological design and examining case studies related to 

musculoskeletal tissue repair. Additionally, it summarizes the structure, properties, and functions of 

the IVD. The chapter then focuses on biological strategies and biomaterials for nucleolus pulposus 

(NP) and AF regeneration and IVD culture models. 

In Chapter 3, materials and methods used in the thesis are detailed. The experimental 

methodology is categorized into seven sections, the first five being material synthesis, mechanical 

characterization, cell culture and bioassays, biomechanical testing with IVD tissues, and evaluation 

on human IVD bioreactor. Ethical statements and statistical analysis are presented at last. 

Chapter 4 and Chapter 5 present the results of the experiments conducted in the thesis, which 

contains two subsequent studies towards the objectives. Chapter 4 covers the design of tissue-
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mimetic hybrid bioadhesives for IVD repair and regeneration, highlighting their adhesion and 

biomechanical performance characteristics. The chapter then discusses the capacity to enhance 

failure strength and prevent re-herniation, and their cytocompatibility with native and delivered 

cells. Preliminary ex vivo validation on a human IVD model demonstrates the clinical translation 

potential of the developed bioadhesive strategy. In Chapter 5, the focus shifts to the modification of 

bioadhesives for AF repair. A three dimensional (3D)-printed mesh is incorporated into the pristine 

hydrogel AF sealant, creating a composite hydrogel sealant with enhanced moduli. Strong adhesion 

of the modified sealant is demonstrated through lap shear and in-situ peeling tests on human and 

bovine AF tissues, and biomechanical properties are investigated to confirm the recovery of IVD 

mechanical functions. 

Chapter 6 provides an extensive discussion on the results of the study. The chapter covers 

seven key topics: the development of tissue-mimetic hybrid bioadhesives, adhesion performance 

within IVD niche, biomechanical performance, cytocompatibility, ex vivo evaluation of IVD in 

bioreactor, mesh-reinforced composite hydrogel sealant, the limitations of the reported technologies, 

and identification of future opportunities for improvement. 

The final chapter, Chapter 7, is the conclusion and remarks of the thesis. The chapter 

summarizes the findings corresponding to the proposed objectives and the contribution of this study 

to the field of IVD repair and regeneration.  

1.2 Background 

Lower back pain (LBP) is a leading cause of disability globally, with far-reaching consequences for 

both the economy and quality of life of the patients.[1,2] Studies anticipate that more than 80% of 

adults worldwide will experience LBP at some point in their lives.[3] In Canada, a survey of 2,400 

individuals revealed that the lifetime prevalence of LBP as high as 83% in Alberta and 

Saskatchewan, with 61.8% reporting experiencing back pain in 2006.[4] Apart from pain and activity 

limitations, LBP has broader social implications, including participation restrictions and economic 

burdens.[5] The economic burden alone is significant, pertaining to medical expenses, compensation, 

lost productivity, employee retraining, administrative expenses, and litigation costs.[6,7] In Canada, 

healthcare costs associated with LBP are estimated to be between 6 and 12 billion dollars 

annually.[8,9] The prevalence increases with the aging population. 
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LBP is a multi-factorial condition. One of the main factors is the IVD degeneration.[10–12] 

IVD degeneration can occur across IVD components: the NP and the AF.[13] A tear in the AF may 

lead to extrusion of the NP through the defects, which leads to compression of spinal cord and/or 

nerve roots with resulting neurological injury.[14–16] The factors causing IVD degeneration include 

genetic predisposition, abnormal biomechanical loading, infection, decreased nutrient transport 

across the vertebral endplates, and aging.[17,18] As the IVD degenerates, NP loses water and changes 

from a gelatinous substance to a fibrous structure with the appearance of fissures in both NP and 

AF.[19,20] Due to the low nutrients and low pH microenvironment caused by avascularity, IVD has 

limited ability to recover and regenerate from degeneration or injury, especially for the NP tissue 

with extremely low cell density.[21,22] 

Current preventive approaches include pain relief, physical health maintenance, and 

exercises to avoid excessive stress on the spine. Conservative clinical treatments target pain 

management, such as medication, analgesics, and physiotherapy.[23,24] For advanced degenerated 

IVD cases, surgery treatment (i.e., disc excision and vertebral fusion) may need to be considered 

following the failure of appropriate conservative treatments.[23,25] The current standard of care, a 

discectomy with a partial nucleotomy, removes the extruded and degenerated NP tissue from the 

epidural space to decompress the neural element.[26] This treatment is largely for treating the 

resulting neurological injury and is only palliative for disc degeneration as it fails to replenish the 

loss of NP tissue or repair the AF defect.[27–29] Although chondroid metaplasia may occur and close 

the inner AF defect, the structure at the AF/NP interface is still disrupted and the IVD remains 

malfunctioning.[27] Thereby, recurrent herniation (re-herniation) often occurs, leading to recurrent 

symptoms and repeat surgery. Study shows that the annual incidence of additional surgery for 

adjacent segment degeneration after lumbar arthrodesis is 2.5%, with a predicted 10-year 

prevalence of 22.2%. These incidence rates vary widely depending on specific risk factors. Patients 

who underwent fusion of three or four levels were at three times the risk of undergoing subsequent 

surgery than single-layer surgery, with a projected 10-year prevalence of 40%.[30] To avoid re-

herniation post-nucleotomy, mechanical devices such as Barricaid® have been developed to close 

the AF defect. Nonetheless, they cause damage to adjacent vertebrae and cannot biologically 

regenerate the injured IVD tissues.[31] Therefore, great demands exist for novel regenerative 

strategies for biologically restoring IVD microenvironment and mechanically supporting the disc 

function. 
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For regenerative purposes, hydrogels are appealing due to their biocompatibility and 

capacity to deliver and support cells in injury sites. Existing hydrogels, however, are mechanically 

inferior against the disc loading and lack adhesiveness to IVD tissues, resulting in displacement and 

extrusion of the hydrogel from the AF defect.[32] Recent advances in bioadhesive hydrogels 

highlight their ability to adhere strongly to biological tissues and to tolerate biomechanical 

loadings.[33–38] A notable example is a bioinspired tough adhesive consisting of tough alginate-

polyacrylamide hydrogel, achieving extremely high adhesion energy on various biological tissue 

surfaces.[39] Despite the advances, few bioadhesive hydrogels have been optimized or validated for 

IVD repair and regeneration. As such, IVD-mimetic bioadhesives continue to be sought.  

The design of IVD-mimetic bioadhesives should account for the heterogeneity among the 

IVD substructures. NP and AF are different in terms of mechanical, structural, biochemical, and 

cellular properties.[40] Specifically, the AF consists of less water and proteoglycan (approximately 

70% and 5% of the wet weight, respectively), compared to NP (around 80% and 15% of the wet 

weight, respectively) in immature human IVDs. Besides, native NP cells reside within the NP for 

homeostasis and regeneration.[41] The AF contains AF cells and laminates of organized collagen 

fibers, providing tensile strength to withstand the circumferential pressure from NP bulging.[42] 

Although the hallmarks between AF and NP become less apparent in mature human IVD, a clear 

difference in IVD remains by visual inspection of the horizontal bisected human IVDs.[43] These 

features lead to the highly viscoelastic nature of the NP and the high mechanical strength of the 

AF.[44] The heterogeneity among the IVD substructures poses different requirements for the IVD-

mimetic bioadhesives. That is, they should exhibit viscoelastic behavior and support cells in the NP 

region while excelling in mechanical properties in the AF region.[45]  

These requirements of IVD-mimetic bioadhesives are challenging to address under the 

conventional paradigm of bioadhesives, which are primarily based on a single hydrogel matrix. The 

single bioadhesive is difficult to meet the heterogeneity of the IVD. Achieving high adhesion 

performance to repair mechanically strong AF likely involves cytotoxic chemicals and harsh 

reaction conditions, which sacrifice the ability of bioadhesives to encapsulate and deliver viable 

cells to regenerate NP. These challenges are apparent in a recently reported bioadhesive hydrogel 

designed for IVD repair post-nucleotomy. It proved unsuitable for cell encapsulation and delivery 

due to its requirement for in-situ free-radical polymerization. Lack of mechanical robustness also 

caused extrusion of the hydrogel and the NP (re-herniation) under physiological disc loading.[46]  
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1.3 Challenges 

Bioadhesive strategy is a promising approach for IVD repair post-nucleotomy, yet two challenges 

remain. First, the heterogeneity between different substructures of the IVD poses a challenge for 

the design of bioadhesives. The AF and NP of the disc differ in mechanical, structural, biochemical, 

and cellular properties, making it difficult for a conventional single bioadhesive to meet the 

requirements in these different regions. To address this challenge, IVD bioadhesives need to exhibit 

viscoelasticity and be able to support cells in the NP region, while possessing superior mechanical 

properties in the AF region. However, the current single hydrogel matrix bioadhesives do not satisfy 

the requirement for heterogeneity. This is because improving adhesion to repair the mechanically 

strong AF often sacrifices the bioadhesive's ability to encapsulate and release regenerating NP cells, 

leading to the re-herniation problems after repair. Therefore, effective repair and regeneration of the 

IVD necessitate a bioadhesive that can simultaneously restore the functions of different regions of 

the IVD. 

Second, existing hydrogel bioadhesives for IVD repair are challenged by deficiencies in 

mechanical properties and structural functionality. Specifically, current hydrogel bioadhesives for 

NP repair lack strong adhesion to IVD tissue, leading to hydrogel displacement and extrusion when 

the disc is under load. For AF repair, hydrogel bioadhesives require higher modulus and toughness 

to prevent implant bulging. In addition, the complex fiber-layer structure of AF tissue needs to be 

considered in development for tissue-mimicking, and the specific defect shape of the AF itself poses 

challenges to accurately designing the geometry of the bioadhesive. These complexities are difficult 

to replicate accurately. Thus, conventional hydrogels need further enhancement to meet the specific 

requirements for repairing NP and AF.  

1.4 Research rationale 

IVD degeneration poses a significant challenge in orthopedic medicine, necessitating innovative 

solutions to enhance surgical outcomes and patient well-being. Current strategies for IVD repair 

face limitations, prompting the need for a paradigm shift in biomaterial design and application. This 

research aims to address these limitations by developing hydrogels that combine mechanical 

functionality and biological compatibility to serve as effective IVD bioadhesives. The focus on 

viscoelasticity, adhesive properties, biomechanical performance, and cell-delivery strategies 

represents a pioneering approach to improve the repair and regeneration of the IVD. 
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1.5 Research objectives 

The research objectives of this thesis are divided into the following three subsequent aims. 

Objective 1: Developing viscoelastic cell-laden bioadhesives for NP regeneration.  

An injectable bioadhesive is designed to be viscoelastic to mimic and match the natural mechanical 

properties of NP tissue, providing the appropriate support and environment for cell growth and 

regeneration, named NP glue. By adjusting the molecular weight (MW) of the alginate and the 

concentration of cross-linking agent, the viscoelasticity can be matched to natural human NP. The 

adhesion of NP glue can be achieved by applying a bridging polymer as a primer between the glue 

and the tissue, and the adhesion performance is evaluated on specific IVD substructures. Next, the 

cytocompatibility of human IVD tissues can be evaluated by co-culture experiments with NP glue 

encapsulating stem cells. The response of primary human NP cells in different viscoelastic 

environments can be assessed by in vitro evaluations. Overall, the proposed NP glue is designed to 

strongly adhere to the NP region and support cellular functional regeneration to fulfill the complex 

needs of the NP. 

Objective 2: Developing the biomimetic bioadhesive sealant for AF repair. 

This objective aims to develop an AF sealant for repairing AF defects following nucleotomy and 

injection of the developed NP glue. The design criteria for the AF sealant is to replicate the complex 

angle-ply structure of AF in order to match its mechanical properties, and to maintain strong 

adhesion in a dynamic environment. First, an alginate-polyacrylamide double-network tough 

adhesive hydrogel is used. The adhesion property of this tough adhesive sealant is evaluated specific 

on IVD tissues. Next, the mechanical properties of the sealant are enhanced by incorporating a 3D-

printed thermoplastic polyurethane (TPU) mesh. The configuration and volume fraction of the TPU 

mesh are tailored to mimic the modulus, tensile strength, and toughness of natural AF. Geometry of 

the AF sealant is further optimized based on the AF defect shape and IVD curvature. The 

performance of the developed composite hydrogel bioadhesives is validated by in-situ adhesion 

testing.  

Objective 3: Assessing NP glue and AF sealant for biomechanical recovery and herniation 

prevention.  
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In this objective, the developed NP glue and AF sealant are combined to create a hybrid bioadhesive 

strategy designed for simultaneous IVD repair and regeneration. In this approach, the cell-laden NP 

glue is injected to fill the NP cavity and promote regeneration, while the AF sealant secures the 

injected NP glue by forming strong adhesion at the AF defect. Expected outcomes include 

prevention of recurrent herniation, restoration of biomechanical functions and stimulation of 

regeneration. To assess the efficacy of this hybrid bioadhesive strategy, compressive and tensile 

cyclic loading tests on bovine IVD motion segment model are performed to evaluate biomechanical 

performance. Subsequent ramp-to-failure compression testing verifies strength enhancement to 

prevent NP extrusion. Moreover, preliminary experiment utilizing an ex vivo human IVD culture 

model is conducted with a bioreactor to evaluate the performance of the hybrid bioadhesive under 

physiological conditions. 
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Chapter 2   

Literature Review 

Chapter 2 provides a comprehensive overview of the use of bioadhesives in the field of tissue repair 

and regeneration. It begins with a detailed review of existing regenerative bioadhesive designs, 

covering mechanical and biological design considerations, and highlights case studies of 

musculoskeletal tissue repair. Subsequent sections explore the complexity of intervertebral disc 

(IVD), revealing its intricate structure, cellular composition, functional dynamics, and the effects 

of mechanical loading. The chapter further delves into the multiple biological strategies for IVD 

repair, followed by biomaterials designed specifically for nucleus pulposus (NP) regeneration and 

annulus fibrosus (AF) repair. Finally, a survey of culture models employed in IVD research is 

presented. 

2.1 Regenerative bioadhesives for tissue repair and regeneration  

Bioadhesives are natural or synthetic polymers that act as “glue” in the provision of adhesion with 

living tissues. Since the introduction of fibrin glues, the bioadhesive repertoire has expanded 

substantially to various material systems, including hydrogels, plastics, and elastomers.[33] 

Bioadhesives are widely applicable in clinical and engineering fields, such as for wound closure, 

surgical sealants, regenerative medicine, drug delivery, trauma care, and implantable wearable 

devices. Many of these applications are associated with a critical and immediate need to regenerate 

the lost tissues. Since the introduction of fibrin hydrogels as bioadhesives,[47] researchers have made 

significant advancements in the development of hydrogel-based bioadhesives. Hydrogels have 

emerged as an attractive choice for this application compared to other material systems due to their 

biocompatibility, degradability, tunable mechanical properties, and biomimetic characteristics.[48,49] 

Among these advantages, a key benefit of hydrogels is their ability to engineer both chemical and 

physical bonds with biological systems, making them a versatile platform for bioadhesion. They 

can exist in various forms and be delivered using administration routes depending on the clinical 

needs. Also, hydrogels have been adapted for delivering bioactive components such as therapeutics 

and cells that further enhance their capacity for tissue regeneration. As a result, hydrogels hold 

immense promise as bioadhesives in tissue repair and regeneration, across diverse clinical settings, 

ranging from surgical excision, and blunt trauma, to tissue degeneration.  
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Figure 2.1 Mechanical and biological design considerations of regenerative bioadhesives for tissue 

repair and regeneration. Among the mechanical considerations, the elasticity and fracture properties 

mainly contribute to the intrinsic mechanical properties of hydrogel bioadhesives, whereas the adhesion and 

actuation properties affect the tissue-hydrogel interaction. ECM mimetics, cell adhesion, enzyme sensitivity, 

and group factors immobilization of bioadhesives are essential aspects to consider for improving the 

biological regenerative efficacy. Adapted with permission.[50] Copyright 2023, The Authors. Advanced 

Therapeutics published by Wiley‐VCH GmbH. 

Whereas many bioadhesives commercially available or under development focus on 

mechanical functions, their potential role in regeneration is underappreciated and thus opens many 

opportunities in the field. Regenerative bioadhesives could meet multifaceted requirements in 

regenerative medicine, that is, restoring both mechanical and biological functions of tissues and 

organs for better therapeutic outcomes. The main considerations for traditional hydrogel 

bioadhesives include biocompatibility, biodegradability, and remodeling abilities. However, only 

optimizing the biological aspect of bioadhesives is insufficient to achieve a desirable hydrogel 

system needed for the reconstruction of tissue structure and function. In particular, for load-bearing 

applications such as bone and IVD, the mechanical properties of bioadhesives offer critical means 

of providing physical strength and support for injured tissues[44,51] The mechanical performance also 

plays a vital role in the regeneration function by instructing cellular modulation from environmental 
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cues. For example, it has been demonstrated that mechanical properties provide instructive cues to 

stem cells in regenerative processes for cartilage repair.[52] Furthermore, the stiffness and cell 

adhesion ligands of hydrogels can affect cellular activities, such as IVD cell-cell interactions[53] and 

the stiffness effects on immune cells[54], although the cell-matrix mechanical interactions have not 

been fully understood to date. Apart from the static mechanical properties, the dynamic mechanical 

behaviors of the hydrogel bioadhesives should be properly adjusted to mimic the properties of the 

native extracellular matrix (ECM), which has stress relaxation behaviour can provide a dynamic 

microenvironment for cells.[55,56]  

Regenerative bioadhesives from a integrated perspective of bioadhesives and regenerative 

medicine need key design considerations in terms of mechanical and biological properties (Figure 

2.1).[50] Regenerative bioadhesives with pre-defined mechanical properties can help engineer a 

tailored tissue microenvironment and exert specific stress/strains on cells and tissues, thus serving 

as a mechanobiological tool to guide tissue regeneration by modulating cell activities. Harnessing 

the bulk matrix of the bioadhesive can also enable targeted delivery of therapeutic payloads such as 

stem cells and GFs to specific tissues.  

2.1.1 Mechanical design considerations 

Regenerative bioadhesives directly interface with injured tissues and their surrounding 

microenvironment. This direct contact exposes the tissues to specific mechanical cues, which could 

be predefined and modulated over time. Mechanical cues play critical roles in restoring the 

mechanical function of injured tissues and modulating the fate and activities of local cells. Recent 

advances in mechanobiology have gradually revealed the importance of mechanical cues, and are 

now approaching the same level of importance as the long-known biochemical cues.[57] Variation 

of the mechanical cues of the cellular microenvironment can lead to significant differences in 

cellular responses, ranging from simple adhesion, morphology, and matrix deposition to more 

complex differentiation.  

Considering the complexity and open questions surrounding mechanobiological interactions, 

researchers could engineer the bioadhesives to emulate the specific mechanics of target tissues, both 

in static and dynamic states.[44,53,56,58] Similar strategies have been adopted in the field of 

regenerative medicine. At the early stage of tissue engineering, the tissue substitutes are simply 

required to be able to fulfill the functions of the tissue it replaces.[59] The key mechanical properties 

of bioadhesive materials include stiffness, strength, viscoelasticity, poroelasticity, toughness, 
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adhesion, actuation, and pre-stress. Additionally, the tests and methods employed for characterizing 

various mechanical properties of bioadhesive hydrogels are also significant. 

Elasticity. Elasticity influences bioadhesives resistive forces upon deformation. Elastic 

modulus is typically measured from the tangent of stress-strain curves in tensile, shear or 

compression tests.[51] For homogenous, isotropic materials, the elastic compressive modulus (E) is 

related to the elastic shear modulus (G) by the following relationship: G = E/(2 + 2υ), where υ is 

the hydrogel Poisson ratio. For polymeric hydrogels, υ is approximately 0.5, and thus G = E/3.[51] 

Closely related to elastic modulus, stiffness is defined as the ratio between the load applied to the 

structure and the resulting deformation, corresponding to the load required to achieve a certain 

deformation.[60] Although these terms are frequently used as synonyms, it should be noted that 

stiffness is a property of a structured object, whereas modulus is a property of the material that 

constitutes the structure, from a mechanical point of view.[61] Bioadhesive elastic moduli vary 

widely, from 1 kPa in hydrogel-based adhesives to 1 GPa in plastic adhesives like cyanoacrylate. 

Adjustment of polymer concentration and crosslinker density allows tuning within suitable ranges 

to mimic native tissue mechanics. It is worth noting that the elastic moduli of different tissues also 

have a wide range, from 0.2 – 1 kPa for brain[62] to around 20 kPa for muscle[63], approximately 1 

MPa for cartilage[64], and over 10 GPa for bone.[65] Stiffness and modulus define the basic 

mechanical response of biological tissues under small strains. When repairing the injured tissues 

with altered mechanics, the bioadhesives should match the stiffness or modulus of the target tissues 

to restore biomechanics. Additionally, the secondary effects that accompany the modulation of 

bioadhesive stiffness such as altering cell-adhesive ligand density, changing mesh size and porosity 

of hydrogel structure,[66] also need to be considered.  

Viscoelasticity. Both bioadhesives and tissues are not ideally elastic solids due to the 

conformational changes of macromolecules, polymer networks and cells, which behave as both 

viscous liquid and elastic solid concurrently.[67–70] Following the same reasoning with elasticity, 

viscoelasticity is thus an important consideration in bioadhesive design.[70] The viscoelastic 

behavior exhibited by different components of human body is closely related to their specific 

functions, including load bearing, energy absorption, and dissipation, as well as dynamic adaptation. 

Such correlations are key to the overall mechanical integrity and functionality of the body's tissues 

and organs.[71] Rheological tests, measuring dynamic moduli of storage modulus (E’) and loss 

modulus (E”), quantify the viscoelasticity. Time-dependent tests, such as stress relaxation and creep, 
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reveal characteristic viscoelastic time constants for biological tissues spanning from seconds to 

thousands of seconds. Tuning the viscoelasticity of regenerative bioadhesives to match that of 

targeted tissues is crucial, especially in load-bearing tissues like cartilage and IVDs. Also, the 

viscoelastic behavior of hydrogel bioadhesives is essential to recapitulate proper cellular properties. 

Similar to aforesaid elastic modulus, stress relaxation in engineered tissues can impact stem cell 

differentiation.[67] Strategies to modify the bioadhesive viscoelasticity focuses on bond strength and 

molecular weight (MW). Studies show that adjusting polymer chain MW,[52] crosslinking 

chemistries[72,73], or polymer concentration[74] alters stress relaxation, influencing cellular behaviour. 

Alginate hydrogels, crosslinked with calcium ions, showcase tunable viscoelastic time constants 

ranging from ten to thousands of seconds. 

Poroelasticity. Another crucial aspect in bioadhesive design is poroelasticity, which 

involves the mechanical behavior of porous materials when fluid flow interacts with solid 

deformation. Living tissues, rich in water, exhibit poroelastic effects due to water flow within the 

ECM.[67,75] Similarly, hydrogel bioadhesives are composed of a significant amount of water and a 

polymer network, exhibiting a time-dependent mechanical response due to water flow into or out 

of porous network meshes when a deformation induces a change in volume. Characterizing 

poroelasticity involves compressive or rheology tests to capture stress relaxation or strain creep 

behaviors. Both viscoelasticity and poroelasticity are time-dependent parameters in bioadhesives, 

with the former resulting from tissue network or cell rearrangement and the latter originating from 

fluid movement through pores. While viscoelastic properties are independent of length scale, 

poroelasticity depends on it.[70,76–78] Controlling hydrogel bioadhesive porosity is essential for cell 

growth, mass transport, and drug delivery in regenerative medicine. The tunable polymer network 

mesh size, ranging from nano to micro scale, affects porosity, with recent focus on micron-sized 

features for improved cell migration.[79] Macroporous structures, in the micron range, enhance 

nutrient exchange, facilitate vascularization, and address limitations in conventional nanoscale 

networks.[80] Macroporous bioadhesives, with interconnected large pores, offer a 3D environment 

for cell activity.[81,82] A biomimetic macroporous bioadhesive with a triple-network structure has 

demonstrated injectability, rapid gelling, adjustable mechanical strength, and macroporous 

microstructure properties in full-thickness skin regeneration.[83] In vitro, ex vivo, and in vivo 

experiments highlight its effectiveness in sutureless wound closure and promoting wound healing, 

showcasing its potential for treating severe and deep wounds. 
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Fracture. The fracture resistance of bioadhesives is critical for their efficacy, with cohesive 

failure occurring when mechanical failure happens within the bulk material. Fracture strength, 

representing the maximum stress upon fracture, or fracture energy, measuring the energy required 

to extend a crack of unit area, are key parameters. Fracture strength is commonly used, while 

fracture energy is more suitable for cracks or similar defects. Matching the fracture properties of 

bioadhesives to targeted tissues is challenging due to the high strength and fracture energy of 

biological tissues like cartilage and skin. Commonly used bioadhesives, such as poly(ethylene 

glycol) (PEG)-based hydrogels, exhibit lower fracture energy. Addressing this, tough hydrogels, 

like alginate-polyacrylamide hydrogels, with fracture energy beyond 10,000 J m-2,[84,85] have 

emerged. These tough hydrogels, based on a stretchy network and a secondary network dissipating 

energy via bond breakage, serve as matrices for bioadhesives. Combined with interfacial bonding 

reactions, these tough hydrogel bioadhesives demonstrate unprecedented fracture properties.  

Adhesion. Adhesion performance can be measured by adhesion energy or adhesion strength, 

with the former specifically applicable to situations involving cracks or defects. Achieving effective 

adhesion to wet tissue surfaces covered with biological fluids and/or mucus layers poses a persistent 

challenge. Ideal adhesion performance within a tissue should match its bulk properties for proper 

cohesive strength. However, current tissue adhesive hydrogels face limitations in terms of 

cytotoxicity, weak mechanical performance, or inapplicability in dynamic and wet environments. 

Recent advancements focus on strategies and material systems for achieving tough adhesion on 

tissues.[33] Notable examples include tough adhesives with a bilayer structure: a surface layer with 

bridging polymers forming topological and chemical links with tissues, and a bulk matrix of tough 

hydrogels.[39] Computational modeling attributes the obtained tough adhesion to the synergy of 

interfacial bonding and bulk dissipation. In vitro and in vivo experiments demonstrate 

biocompatible tough adhesives exhibiting high adhesion energy (up to 1100 J m-2) on blood-covered 

animal tissues. This versatile family of adhesives holds promise for applications in tissue repair, 

wound dressing, and tissue adhesion. 

Fatigue resistance. Cyclic loading or fatigue resistance is another mechanical consideration 

for bioadhesives,[86,87] especially when interfacing with mechanically active tissues in the human 

body, such as tendons, ligaments, the gastric wall, and vocal folds. Tissues often endure millions of 

cycles of mechanical loading throughout a lifetime.[88] Despite achieving strong and tough adhesion, 

existing bioadhesives face a challenge in withstanding cyclic loading and fatigue fracture.[89,90] For 
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instance, a tough adhesive may fail under critical cyclic loading, significantly smaller than 

monotonic loading. Researchers are exploring fatigue-resistant bioadhesives using self-healing and 

self-reinforced hydrogels due to their mechanical damage repair capabilities.[90–93] A recent example 

involves a triblock copolymer hydrogel for gastric perforation treatment with reversible hydrogel 

bonds exhibiting self-healing abilities in the dynamic acidic gastric environment.[94] While their 

performance in animals is superior to conventional approaches, the response to fatigue fracture and 

the fatigue threshold measured using fracture mechanics have not been reported. Recent studies on 

poly (vinyl alcohol) (PVA) hydrogels on rigid substrates show promising prospects for achieving 

hydrogel adhesion resistant to cyclic loading.[89] Rigid nanostructures at the hydrogel-substrate 

interface reached an interfacial fatigue threshold comparable to the fracture toughness of natural 

connective tissues. However, the method's harsh conditions limit practical bioadhesive applications. 

Another potential approach involves incorporating rigid inclusions into the bioadhesive to impede 

crack growth and enhance fatigue resistance, offering promising directions in the development of 

fatigue-resistant bioadhesives. 

Actuation. Unlike passive bioadhesives, emerging mechanically active bioadhesives exert 

forces on tissues, promoting wound closure. For example, a temperature-responsive bioadhesive 

with poly(N-isopropylacrylamide) exhibits mechanical actuation, shrinking at temperatures above 

its critical solution temperature, accelerating wound closure in rodent skin models.[58] Similar 

mechanically active bioadhesives show promise in treating diabetic ulcers and chronic wounds.[95] 

Design considerations for mechanically active bioadhesives extend to tissue engineering areas like 

soft robotics, artificial muscles, biomimetics, and biohybrid materials.[96] Inspired by natural plant 

responses, researchers explore hydrogel actuation, although its slow diffusion limits speed.[97,98] 

Alternative mechanisms include the mechanical actuation of soft robotics and the shape memory 

behavior of alloys triggered by environmental signals.[99,100] An active bioadhesive adhering to 

skeletal muscles and mimicking muscle contractions has been developed, integrating fluorescence 

and shape memory for multifunctionality.[96] Beyond chemical compositions, structural design 

determines bioadhesive actuation.[101,102] Layer structures, gradient structures, and patterned 

structures have been explored, resulting in grippers, walkers, swimmers, artificial muscles, and 

valves. Inspired by drosera, a bilayer actuator of poly(acrylamide) and poly(N, N-diethylacrylamide) 

functions as a soft gripper in water, hinting at potential applications in adhesion or mechanical 
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stimulation for healing.[103] While rarely attempted, integrating soft robotics and bioadhesives 

presents exciting opportunities. 

2.1.2 Biological design considerations 

Bioadhesives with highly hydrated polymer networks can be modified with bioactive biochemical 

signals to regulate cellular behaviors by mimicking the biological features from the local cell 

microenvironments.[104–106] This approach has yielded valuable insights into the mechanisms of cell 

development and their responses to various tissue regeneration conditions. In recent years, the 

design of hydrogel bioadhesives have incorporated many biological functions to be utilized as tissue 

substitutes in the field of tissue engineering and regenerative medicine.[107–109] On one hand, 

bioadhesives can act as a temporary substrates or scaffolds for resident cells; on the other hand, 

bioadhesives can provide carrier platforms for biochemical factors (e.g. bioactive molecules) and 

appropriate biochemical stimulations (e.g. GFs, cytokines), thus supporting cell growth and 

maintaining cell functions.[110,111] 

 Extracellular matrix mimetic cues. Regenerative bioadhesives draw inspiration from the 

ECM, a dynamic network supporting cells and regulating various cell functions. Many bioadhesives 

incorporate ECM proteins like collagen, gelatin, hyaluronic acid (HA), and chondroitin sulfate, 

making them biocompatible and capable of triggering biological responses. The ECM serves as 

both a structural scaffold and a dynamic environment for storing and releasing biomolecules, 

influencing cellular functions such as survival, communication, proliferation, and 

differentiation.[112–114] Efforts in tissue engineering aim to develop hydrogel bioadhesives that 

mimic the structures and biofunctions of the natural ECM. These bioadhesives, enriched with 

physical, chemical, and biological cues, emulate tissue-specific ECM.[111,115,116] Examples include 

intelligent ECM mimetic injectable hydrogels composed of methacrylate collagen building blocks 

demonstrating sustained release of biomolecules and maintaining biocompatibility.[117] Another 

approach involves a self-assembled peptide amphiphile and PEG composite bioadhesive system, 

offering tunable biological and mechanical properties for tissue engineering.[118] Native ECM 

microenvironments feature 3D networks influencing cell morphology and function. Hydrogel 

bioadhesives with ECM mimetic cues are particularly valuable, representing the tissue environment 

and providing a degradable, bioactive substrate for effective tissue regeneration. The integration of 

ECM mimetic features in bioadhesives aligns with the intricate dynamics of native tissue 

microenvironments, fostering cell development and tissue remodeling. 
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Cell adhesion ligands. Cellular attachment is essential for the behaviors, including 

migration, proliferation, and differentiation, forming a macroscopic structure.[119,120] Interactions 

between cellular surface receptors (e.g., integrin) and cell adhesion ligands, such as the notable Arg-

Gly-Asp (RGD) peptide, play a crucial role in cell adhesion to scaffolds. Strategies like 

carbodiimide and polydopamine chemistry have been employed to pattern these bioactive ligands. 

Cell-binding peptides, inspired by specific cell-adhesive interactions, are used to modify hydrogel 

bioadhesives.[57,58,121,122] Clinically used synthetic bioadhesives, like PEG hydrogels in COSEAL 

and DURASEAL, often lack cell adhesion ligands, resulting in low cell viability. Efforts focus on 

functionalizing hydrogels with cell adhesion ligands like RGD, YIGSR, and IKVAV peptides.[57,123] 

Mesenchymal stem cells exhibit enhanced attachment and densities on RGD-linked PEG hydrogels. 

Integrating cell adhesion ligands into bioadhesives facilitates interactions between encapsulated 

cells and the substrate matrix, modulating cell functions and phenotypes. Chaudhuri et al. covalently 

coupled RGD peptides to viscoelastic alginate hydrogels, promoting osteogenesis in encapsulated 

mesenchymal stem cells.[124] This approach demonstrates the potential for incorporating cell 

adhesion ligands into bioadhesive systems to enhance cell-matrix interactions and guide specific 

cell responses. 

Enzyme-sensitive cues. Incorporating autologous or exogenous enzymes into bioadhesives 

can enhance their bio-responsiveness and improve tissue regeneration. Enzyme-sensitive 

bioadhesives create a 3D environment that undergoes biodegradation, mimicking the natural 

remodeling of the ECM.[125,126] Matrix metalloproteinases (MMPs), elastases, plasmin, and 

thrombin are among the enzymes targeted for this purpose in biodegradable hydrogels.[127,128] For 

instance, MMPs-degradable HA hydrogels have been developed for controlled delivery of stromal 

cell-derived factor-1α (SDF-1α) and bone morphogenetic protein-2 (BMP-2) to enhance bone 

repair.[129] The degradation speed can be adjusted by tuning the polymer network composition, 

making the bioadhesive responsive to enzyme-mediated degradation for tissue regeneration. 

However, the biodegradation rate should align with the healing process; if too rapid, it may hinder 

tissue regeneration, while being too slow might impede new tissue formation. Ideally, the 

degradation rate should correspond well with new tissue formation to maintain mechanical stability. 

Enzyme-sensitive bioadhesives, when designed with optimal biodegradation rates and 

consideration for tissue regeneration, hold great potential for tissue regeneration. Strategies from 
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bio-responsive hydrogels for drug delivery can be applied to encapsulate payloads within the 

bioadhesive matrix, further enhancing their responsiveness for regenerative applications. 

Ion-sensitive cues. The ion concentrations in tissue environments vary, with pH 

representing specific ion conditions ranging from very acidic (~1.5)[130] in the stomach to weakly 

basic (~7.5)[131] in chronic skin wounds. Hydrogels incorporating pH-responsive groups undergo 

swelling or dissolution in response to local pH changes.[132] However, these effects can be undesired 

as they compromise mechanical and adhesion properties and may compress adjacent tissues. To 

mitigate these effects, ionic crosslinks can be replaced with hydrogen bonds or covalent bonds for 

stability against ions.[34,91] For instance, an acid-tolerant hydrogel bioadhesive uses hydrophobic 

associations for physical crosslinking, inhibiting further swelling under extreme conditions and 

enabling instant sealing of gastric perforation without sutures.[91] In vivo studies show accelerated 

gastric mucosal repair. pH-responsive adhesive hydrogels, incorporating 6-aminocaproic acid (AA) 

and AA-g-N-hydroxysuccinimide (AA-NHS), effectively control gastric bleeding in a swine 

model.[92] Leveraging pH sensitivity for controlled drug delivery, injectable hydrogel bioadhesives 

with enhanced release in acidic pH promote skin wound healing.[133] Another hydrogel based on 

polyphosphate-conjugated pectin releases doxorubicin hydrochloride in different pH environments, 

potentially enhancing therapy efficacy in infected wounds with lower pH and chronic wounds with 

a relatively alkaline environment.[134] Future research may explore coupling ion sensitivity with 

other cues and mechanical properties to mediate local tissue environments for repair and 

regeneration. 

Growth factors. Incorporating growth factors (GFs) into bioadhesives enhances their 

biological functions by modulating cellular activities. Different mechanisms, including covalent 

and noncovalent approaches, have been employed for loading GFs into bioadhesives.[111,135] Simple 

encapsulation, while easy to implement, often results in rapid release lacking controllability. Various 

strategies have been developed to improve GF incorporation into hydrogels, enhancing bioactivity 

and manipulating cell function.[136] For example, tethering epidermal GF to bone scaffolds increased 

mesenchymal stem cell survival,[137] and transforming GF-β1 tethering to PEG hydrogels boosted 

ECM production by vascular smooth muscle cells.[138] Precision in the conjugation site, such as the 

site-directed immobilization method for BMP-2, has addressed issues like unpredictable protein 

orientation, ensuring improved applicability for bone defect repair.[139] Noncovalent specific affinity 

interactions, achieved through direct loading, encapsulation, or interactions with other ECM 
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biomolecules, offer an alternative.[140] Electrostatic and van der Waals interactions naturally 

occurring between ECM components enable noncovalent immobilization. This approach minimizes 

structural changes to GFs, preserving their bioactivity.[104,141] However, challenges in controlling 

loading and release persist, relying largely on GF affinity to hydrogel bioadhesives. Considering 

both mechanical support and dynamic presentation of GFs in drug delivery, the next generation of 

hydrogel bioadhesives must address these aspects for effective tissue regeneration. 

2.1.3 Case studies for musculoskeletal tissue repair 

Regenerative bioadhesives are in high demand for repairing various musculoskeletal tissues, 

including tendon, IVD, cartilage, and ligaments. These tissues are associated with diseases such as 

low back pain and arthritis, which are leading causes of disability affecting millions of people and 

resulting in enormous burdens.[142] The injury and degeneration of musculoskeletal tissues often 

result in tissue fracture or defects, which traditionally are repaired with suturing that has been linked 

with microtrauma, inflammation and other complications. In addition, some musculoskeletal tissues 

such as IVD and tendon have low cellularity, limited vasculature, and low nutrient supply, resulting 

in a limited self-regenerative capacity that necessitates the intervention of regenerative approaches.  

To address these issues, ideal acellular bioadhesives biomaterials should not only repair and 

support the mechanical properties, but also provide regenerative properties to restore biological 

functions in the long term. Leveraging bioadhesives for cell and drug delivery can meet the demand 

for tissue engineering and regeneration of musculoskeletal tissues. As such, the regenerative 

bioadhesive could fill the injury/degenerated defects, accommodate physiological loading and 

deformation of the tissue, and replenish and/or recruit cells to the degenerated sites so boosting the 

regeneration progress. To elaborate on the design considerations for different applications, we 

describe regenerative bioadhesives developed for repairing IVDs and tendon. 

IVD are composed of a gelatinous and viscoelastic NP at the center and a fibrous AF at the 

periphery, which are subjected to physiological compression stress ranging from 0.1 MPa to 2.3 

MPa.[143,144] Defects in the AF can lead to NP herniation, causing acute painful disability. Herniation 

will in a longer perspective also directly lead to NP degeneration and loss of mechanical properties. 

Discectomy is a standard surgical treatment for disc herniation, but it cannot repair AF defects or 

restore mechanical properties after NP tissue removal. Furthermore, re-herniation after surgery is 

frequently observed due to the remaining AF defect opening. The heterogeneity among the IVD 

substructures poses different requirements for the specific bioadhesives for repair after discectomy. 
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Bioadhesives for NP tissue replacement should be injectable and viscoelastic in the NP cavity region. 

To repair AF, they should seal the AF defect and prevent re-herniation, while excelling in 

mechanical strength matched with the strong and tough AF. Beyond that, cell therapy needs to be 

considered and incorporated into IVD bioadhesive. Thus, the bioadhesives, as cell cargos, need to 

support the growth and function of cells in order to achieve the purpose of regeneration of IVD 

tissue. Together filling the NP cavity and sealing the AF defect could restore biomechanics and 

homeostasis of the IVD. These factors motivate the development of regenerative bioadhesives for 

IVD treatment.  

 

Figure 2.2. Examples of bioadhesive design for the repair of intervertebral disc and tendon. A. 

Bioadhesives composed of genipin-crosslinked fibrin seeded with oxidized alginate microbeads as a novel 

strategy for intervertebral disc cell therapy. Adapted with permission.[145] Copyright 2022 Elsevier Ltd. B. 
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Tough bioadhesives with the ‘Janus’ side to enhance tendon healing. Adapted with permission.[146] Copyright 

2022, The Authors, under exclusive licence to Springer Nature Limited. 

To address this complex issue of repairing IVD, a recent study proposed a composite 

bioadhesive strategy for IVD cell therapy. The bioadhesives is comprised of cell-seeded oxidized 

alginate microbeads encapsulated in genipin-crosslinked fibrin (FibGen), which fills the NP cavity 

and adheres to the AF tissue after discectomy (Figure 2.2A).[145] The biological considerations 

include incorporating AF cells and RGD peptides to enhance cell-matrix binding, while the 

mechanical design leverages the bioadhesiveness of fibrin hydrogels. In vitro studies have shown 

that the microbeads conjugated with RGD peptides can reduce cell apoptosis. Histology and 

mechanical evaluations have demonstrated that the composite hydrogel could remain 

biomechanically stable over three weeks and promote seeded AF cells to synthesize extracellular 

matrix as oxidized alginate microbeads degrade. Although the adhesion was not quantitatively 

measured in this study, the composites adhesive had virtually no herniation risk after approximately 

96,000 cycles of compressive loading during 42-day organ culture in a customized bioreactor. Also, 

the adhesives can prevent injury-induced disc height loss and acute IVD stiffening. 

Tendons are important components of the musculoskeletal system, responsible for connecting 

muscles to bones and transmitting forces generated during movement. Tendinopathies, such as 

tendinitis and tendinosis, are common conditions that can cause pain, inflammation, and impaired 

mobility. To treat tendon injuries, bioadhesives have emerged as a promising approach. Unlike 

cartilage and IVD, tendons are primarily subjected to tensile stress and exhibit very large elastic 

modulus (~100 MPa). Furthermore, strong adhesion between tendon-bone interfaces is critical for 

successful repair. Figure 2.2B highlights a tough adhesive hydrogel that combines a dissipative 

tough matrix on one side and a chitosan adhesive on the other. Mechanically, this adhesive hydrogel 

demonstrates “Janus” adhesiveness, meaning that one side could achieve strong adhesion (greater 

than 1000 J m-2) between hydrogel-tendon interfaces and the other side is highly lubricant and 

friction-less, supporting tendon gliding.[146] The biomechanical stability and biointegrity of this 

tough adhesive hydrogel were tested with porcine and human tendon preparations during cyclic-

friction loadings. Regarding the biological design considerations, researchers confer the 

bioadhesives with potent bioactivity by leveraging the bioadhesive matrix as a drug depot to deliver 

and release the corticosteroid triamcinolone acetonide. Due to the permeable and hydrated nature 

of hydrogel matrix, the bioadhesive features high drug loading capacity and controlled release 



Chapter 2 Literature Review 

 

21 

 

behavior. In a rat model of Achilles tendon rupture, the implanted bioadhesives strategy was shown 

to reduce inflammation, modulate chemokine secretion, recruit tendon stem and progenitor cells. 

This strategy was also validated to promote macrophage polarization towards an anti-inflammatory 

phenotype, specifically the alternatively activated macrophages (M2), rather than the pro-

inflammatory classically activated phenotype (M1). These results embody the promise of 

regenerative bioadhesives for tendon repair and regeneration.[146]  

2.2 Structure, property, and function of IVD 

2.2.1 Anatomical structure and function of human IVD 

The IVD is a fibrocartilaginous tissue connecting two vertebras, which provides load support, 

energy absorption, and flexibility in the spine.[17,147,148] There are at least 25 IVDs interposed 

between the adjacent surfaces of the vertebrae uniting them from the axis to the sacrum. There are 

6 discs distributed in the cervical region, 12 in the thoracic region, 6 in the lumbar region, and 1 

between the sacrum and coccyx, each approximately 7 to 10 mm thick and 4 cm in diameter (from 

anterior-posterior plane) in the lumbar region of the spine. The NP part of the discs consists of 

hydrated proteoglycan (35 – 65% of the dry weight of NP) which is held together loosely by an 

irregular network of fine collagen type II (5 – 20% of the dry weight of NP) and elastin fibers.[12,19] 

The major proteoglycan of the disc is aggrecan, which provides the osmotic properties needed to 

resist compressive loading, due to the fixed negative charge of glycosaminoglycan (GAG) 

content.[149,150] The NP constitutes a significant portion of the IVD and possesses distinctive 

mechanical characteristics crucial for its function within the spinal column. Predominantly 

composed of water, the NP exhibits exceptional hydrostatic pressure resistance. This attribute 

enables it to effectively withstand and distribute compressive loads experienced by the spine. 

Moreover, the NP displays viscoelastic behavior, allowing it to deform under load and gradually 

recover its original shape over time, thereby absorbing shock, mitigating vibrations, and adapting 

to varying mechanical loads during spinal movement and weight-bearing activities. Additionally, 

the NP demonstrates elasticity, ensuring it can promptly return to its initial configuration after 

deformation, essential for preserving disc height, spinal alignment, and overall biomechanical 

integrity. Furthermore, the gel-like consistency and water content of the NP contribute to uniform 

pressure distribution within the IVD, diminishing localized stress concentrations on neighboring 

vertebral endplates and the annulus fibrosus, thereby mitigating the risk of disc degeneration, 

herniation, and spinal instability. 
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Outside the nucleus is the AF. There is a distinct boundary between these two regions in the 

young individuals (less than 10 years old) and the boundary will become obscure with mature. In 

the healthy IVD, the AF contains 65 – 70% of water. Dry weight is approximately 20% proteoglycan, 

50 – 70% collagen, and 2% elastin.[151] AF is made up of a series of 15 to 25 concentric rings, with 

the individual lamellae consisting primarily of collagen type I fibers passing obliquely between 

vertebral bodies. The orientation of the fibers is opposite in successive lamellae.[17] The complex 

arrangement of collagen fibers in the AF enables it to develop tensile, acting like a hoop to withstand 

the circumferential pressure from the NP bulging.[150,151] The cartilage endplates cover the IVDs 

from both the cranial and caudal ends, which bind the disc to the vertebral bodies and prevent the 

highly hydrated NP from bulging into the adjacent vertebrae. They are approximately 0.6 mm thick, 

comprising approximately 60% of water and major dry weight of collagen type II and 

proteoglycans.[152,153]  

 

Figure 2.3. Spine and IVD anatomy in sagittal and cross-sectional.  Adapted with permission.[148] 

Copyright 2017 New York Academy of Sciences. 

The pathomechanism of disc collapse or herniation stems from various factors contributing 

to the structural breakdown of the intervertebral discs in the spine. Primarily, degenerative changes 

over time weaken the discs, making them more prone to damage. Excessive loads or traumatic 
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events can exceed the disc's tolerance, leading to tears in the AF or degeneration of the NP. These 

factors, combined with genetic predispositions, contribute to disc collapse or herniation, resulting 

in conditions like degenerative disc disease. 

2.2.2 Cells and extracellular matrix of IVD tissues 

Cells in the NP tissue are initially notochordal-derived and are gradually replaced by rounded cells, 

resembling chondrocytes, with a low density (~ 3000 – 5000 cells mm-3).[154,155] They are highly 

specialized to survive in a very hypoxic environment (1% of O2).
[156,157] AF cells (~ 9000 cells mm-

3) are elongated parallel to the collagen fibers, with varying morphologies from the thin, fibroblast-

like shapes in the outer layers to the oval shapes in the inner part.[158] The cell density within IVD 

declines during growth to a very low level in the adult, especially in the NP region. AF cells 

synthesize mostly collagen type I in the ECM in response to deformation, whereas NP cells respond 

to hydrostatic pressure by synthesizing mostly proteoglycans and fine collagen type II fibers.[19] 

Few blood vessels exist in the healthy adult disc, but some nerves are found mainly restricted to the 

outer annulus lamellae. The cartilaginous endplate, like other hyaline cartilages, is avascular and 

aneural in the healthy adult disc.[157] Essential nutrients (e.g. oxygen, glucose, amino acids etc.) are 

supplied through the cartilage endplates penetrating the IVD from its peripheries. Metabolic waste 

products are removed from the IVD via a reverse route.[22] The low oxygen tension in the center of 

the IVD leads to anaerobic metabolism, resulting in a harsh microenvironment with a high 

concentration of lactic acid and low pH. Deficiencies in metabolite transport appear to limit both 

the density and metabolic activity of disc cells.[20] As a result, discs exhibit insufficient ability to 

recover from metabolic or mechanical injuries. 

2.2.3 Mechanical loading on IVD 

IVDs lie between vertebras of the spine, allowing the vertebral column to bend and twist[159], and 

distributing compressive loadings to the adjacent vertebral bodies.[20] The mechanical loading, in 

turn, is important to maintain the balance of matrix turnover in the IVD.[160] The discs play the 

mechanical role in constantly transmitting loads arising from body weight and muscle activity 

through the spinal column. Axial compressive loading to the IVD gives rise to a radial deformation 

(outward bulge), as the disc deforms in response to the compressive load. The high tensile stiffness 

of the healthy AF in the circumferential direction acts to restrict this outwardly directed deformation. 

Tissues of the disc are variably loaded and experience a combination of compression, tension, and 

shear. Pressurization of the central and gelatinous NP is an important mechanism for load support 



Chapter 2 Literature Review 

 

24 

 

and load transfer to the AF. It also contributes to the maintenance of disc height. In a healthy lumbar 

disc, in vivo pressures in the NP are between 460 kPa and 1330 kPa in the seated position, 500 kPa 

and 870 kPa in the standing position, and 91 kPa and 539 kPa when lying either prone or supine. 

The highest pressure in the nucleus (2300 kPa) was recorded in a standing subject who was flexing 

forwards holding a 20 kg mass.[144,152,161]  

As the largest avascular structure in human body, IVD exchanges nutrients and metabolic 

by-products with the surrounding through diffusion and convection.[22,157] Changes in interstitial 

pressure, balanced against osmotic pressure of NP, provide a pumping action for convective 

transport of large solutes such as GFs, cytokines and enzymes. However, studies have shown that 

excessive water movement caused by mechanical loading decreases the synthesis of ECM.[157,162–

164] Biomechanical changes in the disc likely aid in degeneration, causing a significant structural 

alteration in both regions of the disc, leading to a decrease in height, and ultimately resulting in 

pain. Thus, when investigating the strategies for IVD repair, it is necessary not only to maintain the 

balance of the static intrinsic biochemical microenvironment of the IVD, but also to consider the 

impact of external dynamic loads on the IVD. 

2.3 Biological strategies for IVD repair and regeneration 

Formulating strategies for IVD repair should be based on the physical chemical, mechanical, and 

biological characteristic of the tissue. Based on the fundamentals, novel advanced therapeutic 

solutions to IVD degenerative problems are evolving rapidly. To overcome the limitations of 

conventional treatments, biological strategies are developed in accordance with the cellular, 

biochemical, and mechanical properties of IVD. The biological strategies such as drug delivery 

approaches can be classified based on the specific stage of degeneration.[165,166] The first is 

biomolecular therapy, with as focus on the early degeneration. Biomolecular (e.g. GF and 

recombinant genes) injected into the disc can enhance selective protein expression therefore 

maintaining the balance of anabolic and catabolic cascades in the ECM. For higher grade of 

degeneration, cell therapy as another repair strategy is the optimal treatment therapy, which involves 

the injection of autologous/allogeneic NP cells/stem cells suspension into the NP to produce desired 

ECM components.[167] As for advanced degeneration (e.g. herniation, fissure across the IVD), 

partial or whole disc replacement by acellular biomaterials (e.g. HA, silk fibroin, collagen, agarose) 

can restore the mechanical function of the nucleus pulposus and relieving the pain.[168] Although 
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extensive research has been carried out on using these strategies, there are some problems remaining 

to be solved among them. Using cell suspension to supplement NP will directly expose the cells to 

the harsh environment inside the NP (e.g. low pH, low oxygen, inflammation), which is not 

conducive to the survival of the implanted cells.[169] Another concern is the long-term viability 

maintenance for the delivered cells. Besides, acellular synthesized polymers do not have the 

biological regenerative ability. In addition, the mechanical mismatch between biomaterial implants 

and the native NP in terms of stiffness, elasticity, viscoelasticity, and hydrostatic pressure, leads to 

the implant extrusion, endplate failure and poor integration associated with the disc.  

2.4 Biomaterials for NP regeneration  

Cell-laden biomaterials for NP repair were used to enable matrix production and long-term 

maintenance of regenerated tissue in the past decades. According to the previous research, there are 

vital design criteria to follow:[168,170,171] the biomaterial is required to maintain the NP cell 

phenotypes and matrix biosynthesis, such as aggrecan and collagen which are quantified as 500 μg 

μg-1 DNA and 250 μg μg-1 DNA in mature human lumbar IVD;[172] it should be able to integrate 

with adjacent structure biologically and mechanically; it should adapt to the harsh 

microenvironment in the degenerated IVD with a stable biochemical property; it should match the 

material properties of healthy native NP and support the structure and function of the whole tissue; 

the material ideally can be injected via a needle with a minimally invasive procedure.[173,174] In some 

in vitro study, biodegradable biomaterials implants were proposed,[175] following with the additional 

requirements that they must generate no cytotoxic or immunogenic degradation or breakdown 

fragments to enable the new matrix formation. 

The synergy of mechanics, chemistry, and biology is important for the design of suitable 

biomaterials for IVD treatment. Investigators have examined several design parameters for 

biomaterials to be used as cell delivery vehicles, including material type, mechanical property, and 

porosity.[176]  

Recently, studies have shown that many polymeric biomaterials can promote cell 

proliferation, migration, and ECM production for NP regeneration. Those materials can be 

classified into three categories: naturally-derived scaffolds, synthetic and bio-synthetic 

polymers.[169,177] Natural scaffolds are biomaterials assembled from various natural polymers, such 

as silk[178,179], collagen[180], hyaluronic acid (HA)[181], chitosan[173,182], and alginate[183–185] hydrogels. 
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Bioactive molecules (such as GFs) that are loaded into these bio-scaffolds can effectively maintain 

NP cell viability and proliferation.[186] Synthetic polymers can be fabricated in various forms such 

as injectable and thermosensitive based on the desired application. Bio-synthetic scaffolds can be 

produced by physical mixing or chemically coupling of natural material and synthetic polymers, 

which holds the biocompatibility and the restore of the mechanical strength to the final 

combination.[187]  

Mechanical cues provided by the biomaterial can mediate cell organization and function.[188] 

The mechanical properties of the biomaterial ideally should match with the native NP tissue, 

including stiffness, compressive elasticity, viscoelasticity and swelling pressure. In confined 

compression, the effective modulus of human, non-degenerate NP was 1.0 MPa,[189] and the bulk 

modulus was 1720 MPa,[190] Although the behavior of the NP is not linearly elastic, Cloyd et al.[191] 

reported a modulus from the ‘linear’ region of the stress-strain response obtained using unconfined 

compression of 5.4 kPa. A study based on porcine NP cell culture on laminin-rich basement 

membrane extract (BME) substrates indicated that less stiff (720 Pa), laminin-containing ECM 2D 

substrates promote NP cell morphologies, cell-cell interactions, and proteoglycan production in 

vitro.[188] It is evidenced that ECM production and phenotypic stability of NP cells requires cultures 

in a 3D format, where rounded cell morphology can be maintained.[192] A number of studies have 

reported that hydrogel-based constructs with complex shear modulus and phase angle similar to NP 

counterparts (7.4 kPa – 19 kPa, 23o – 30o)[193,194] maintained the phenotype and matrix deposition 

of NP. However, this shear modulus was determined prior to any matrix deposition. The liquid-

solid-phase property (viscoelasticity) which defines the time dependent behavior of NP has not been 

widely investigated which can be quantified as the viscoelastic time.[189] It was found that the 

swelling pressure of NP was approximately 0.05 MPa – 3 MPa depending on loading conditions.[194] 

One study presented biomimetic GAG analogues polymers forming NP implant which possessed 

appropriate osmotic responsiveness and display the capacity to restore disc height.[175]  

Pore size, porosity and density of a scaffold play important roles in tissue engineering.[168,195] 

When the scaffold has a highly porous structure, the microscale pores offer interconnections, 3D 

architecture, suitable mechanical properties and sufficient space.[196,197] The pore sizes of the 

scaffolds need to meet general requirements, which are sufficient spacing, compressive strength for 

greater stability and bioactivity for cell seeding, as well as the diffusions of nutrients and oxygen to 

the seeded cells within the scaffold to form new NP tissue. A study investigated the influence of 

https://www.sciencedirect.com/science/article/pii/S1751616117300449#bib48


Chapter 2 Literature Review 

 

27 

 

pore sizes of poly (lactic‐co‐glycolic acid) (PLGA) scaffolds on the compressive strength of tissue‐

engineered bio-discs and the screening of the suitable pore size for NP cells in vivo growth.[198] The 

results found that the pore size of 90 µm – 250 µm offered the better cell proliferation and ECM 

production of cells, which indicated that suitable space in the scaffold for cell viability is a key 

factor for cell metabolism. 

Reduced cell numbers and phenotypic changes in the resident NP cell population in the 

degenerated NP requires cell supplementation using biomaterials.[12] The supplemented cells can 

originate from different sources, including autologous and allogeneic primary cells, as well as 

multiple types of progenitor cells and chondrocytes. They are all capable of synthesizing and 

depositing certain type of collagens and GAGs within the matrix.[199] IVD progenitor cells resemble 

to mesenchymal stem/stromal cells (MSCs) with multilineage potential, which are plastic adherent, 

express MSC markers and a unique expression profile that reflects the origin and microenvironment. 

They are proposed to have advantages over non-IVD-derived MSCs for IVD cell differentiation 

that might be better able to adapt to and engraft into the host IVD tissue after transplantation.[199,200] 

Previous studies have evaluated the use of autologous MSCs, or adipose-derived stromal 

cells; as well as allogeneic or xenogeneic embryonic stem cells; MSCs from multiple sources; and 

primary cells of NP or chondrocytes.[167] Some early studies compared the effect of injection of 

MSCs alone and MSCs embedded with atelocollagen gels into rabbit or rat with degenerated NPs. 

These studies demonstrated that cells within the collagen carrier helped maintain the disc height 

and strengthened magnetic resonance signal intensity. The histological appearance was also more 

similar to that of the native tissue after long-term implantation.[201–205]  

2.5 Biomaterials for AF repair  

AF is prone to tearing following acute injuries like forceful waist twisting or chronic strain, leading 

to extrusion and wear. These tears, often responsible for compromising the integrity of the IVD’s 

load-bearing unit, result in severe pain and dysfunction. Given this increasing prevalence of 

defective AF, there is a critical need to consolidate effective strategies for repairing the AF to 

address these challenges.  

The mechanical restoration of the AF relies on maintaining its structural integrity. AF patch 

has attracted much attention because of its suitability for the treatment of large AF ruptures. In 

recent years, AF repair patches made from decellularized porcine pericardial tissue have 
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demonstrated superior fatigue resistance and mechanical strength compared to natural AF [206,207]. 

Borem et al. introduced an AF patch utilizing collagen as the raw material, which enhances the 

repair of AF defects by influencing cell activity and migration.[208] Ankush Dewleet al. developed 

an electrically densely aligned collagen type I patch, capable of generating sufficient type I collagen 

and extracellular matrix.[209] However, the actual efficacy of the AF patch requires validation 

through preclinical experiments. Therefore, further in-depth research on repair strategies based on 

the suture approach is essential. 

The primary challenge in AF healing is achieving mechanical properties comparable to 

native tissue while preserving structural integrity. Over the years, numerous studies have explored 

the use of various adhesive biomaterials to seal AF injuries sites. Unlike traditional mechanical 

devices for repairing AF ruptures, hydrogels emerge as a promising option for postoperative repair 

due to their injectability, unique physical characteristics, and biocompatibility [210]. 

Previous studies have utilized cellulose, a representative of natural hydrogels, for AF healing 

due to its excellent formability, adjustable mechanical characteristics, and high biocompatibility 

[211]. Alginate, a polysaccharide polymer derived from algae, is considered an injectable biomaterial 

for IVD repair owing to its biocompatibility and low cytotoxicity.[212] However, natural hydrogels, 

including cellulose and alginate, commonly exhibit mechanical deficiencies and face challenges in 

inhibiting or reversing AF degeneration. To address these limitations, composite hydrogels have 

been developed to achieve mechanical properties closer to the natural strength of AF. Among these, 

covalently bound hydrogels represent the most efficient strategy for repairing AF.[213] 

FibGen hydrogels stand out as highly effective biomaterials for IVD repair. Demonstrated 

success includes the effective repair of AF defects and prevention of secondary protrusion in a sheep 

IVD model for up to one month.[214] In bovine intervertebral disc (IDD) models, FibGen sustained 

a high level of AF with increased extracellular matrix formation.[215] Another promising biomaterial 

is high-density collagen (HDC) gel crosslinked with riboflavin, which has shown significant 

efficacy in large animal models, with attenuated microscopic AF injury and maintained the intact 

AF structure for up to 6 weeks.[216] Furthermore, studies have utilized microfluidic technology to 

prepare hydrogels, suppressing inflammatory cytokine storms and promoting AF repair and 

regeneration.[217] Additionally, nanocellulose-reinforced gellan-gum hydrogels have been employed 

for AF repair due to their mechanical characteristics comparable to those of the natural human 

AF.[218] 
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The challenge in AF repair lies in the inability of hydrogels to fully restore its biomechanical 

characteristics over an extended period [219]. Innovative approaches are necessary, considering the 

need to rebuild AF structure and composition for functional integrity restoration. Scaffolds present 

advantages over hydrogels, particularly in mimicking AF's microstructure and anisotropic 

mechanical characteristics. Silk fibroin scaffolds, extensively researched for their high 

biocompatibility and compatibility with AF's biochemical gradient structure, are noteworthy. A 

study aimed to create a multilayered, disc-like, angle-ply construct of silk fibroin laminar scaffolds, 

resembling AF, using a direct freezing technique. Silk fibroin scaffolds exhibit various mechanical 

and cell-binding characteristics that can facilitate the differentiation of mesenchymal stem cells into 

fibroblast-like cells and enhance the synthesis of the extracellular matrix [220]. Electrospinning 

technology is recognized for producing aligned nanofibers with high porosity and large pore sizes. 

However, electrospun scaffolds often result in dense fiber accumulation, hindering uniform cell 

penetration and mechanical strength, thus impacting repair outcomes. Innovative strategies are 

necessary, as reconstructing the structure and composition may be required for restoring the 

functional integrity of the system. 

Advanced 3D printing technology has found application in scaffolds due to its notable 

advantages in creating customized and intricately structured designs. Scaffolds produced through 

3D printing exhibit a surface texture that better facilitates cell alignment and proliferation, 

mimicking the mechanical characteristics and anisotropy observed in native AF tissue. Some studies 

have employed 3D printing to create a laminar structure comprising polycaprolactone struts, 

adjusting the diameter and spacing between struts to achieve a more suitable morphological 

structure for AF repair.[221,222] While current 3D-printed scaffolds successfully capture the angular 

layer structure of the IVD, improvements are needed to better replicate the heterogeneity of native 

tissues due to limitations in printing materials and accuracy.[223] Additionally, challenges such as 

immediate post-implantation fixation, durability under repetitive motion, adverse 

microenvironments for resident cells, and the complexity of various factors, including cell type and 

source selection, must be addressed for the development of cell-based regenerative 

solutions.[186,224,225] 

2.6 Culture model for IVD research 
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Dynamic loading with a certain magnitude, frequency and duration has been shown to maintain the 

matrix balance within the disc.[226–228] It can even provide a synergistic effect on the differentiation 

of stem cells towards the chondrocytic lineage under the influence of GFs.[229–234] A spinal 

compressive loading, comprising a diurnal dynamic loading variation in IVD pressure from low 

magnitude (~ 0.2 MPa) to high magnitude (~ 0.6 MPa) at a physiological frequency (0.2 – 1 Hz), is 

essential to maintain the health and function of the non-pathological IVD.[160] In addition to the 

compressive loading, hydrostatic pressure mediate on the matrix synthesis and matrix 

metalloproteinase expression in human IVD. Recent research indicated that a magnitude of 0.1 to 

2.5 MPa, with a frequency of < 5 Hz and an 0.5 – 4 h of hydrostatic pressure loading per day are 

beneficial to isolated cells in 3D culture.[160] Other forms of loadings, such as torsion and bending 

are less investigated in IVD repair study. 

IVD tissue culture is an important step to facilitate the translation of scientific findings into 

clinical use. Because human trials are time-consuming and expensive, it is critical to reproduce an 

in vitro condition recapitulating the IVD native environment to verify the hypotheses. Despite the 

fact that various combinations of cells and biomaterials have been explored for desc repair and 

regeneration, the effects of mechanical loading to cellular IVD implants are still convoluted. 

Bioreactors have been established for both human and animal models in the past decades.[156,235–238] 

The ex vivo organ culture model under simulated physiological conditions was developed. This 

enabled the culture of intact human or animal IVDs in a controlled dynamic environment. IVD 

bioreactors for long-term physiological organ culture of IVDs are developed to study the 

mechanisms of degeneration as well as IVD repair and regeneration.[237] Such bioreactors have been 

modified to apply dynamic mechanical loadings to agarose constructs that contain IVD cell-laden 

thermoreversible hyaluronan-based hydrogels. The results demonstrated the reliability of such 

platforms to evaluate the efficacy of tissue engineering therapy for IVD tissue repair and 

regeneration under biomimetic conditions before the clinical trials.  
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Chapter 3   

Materials and Methods 

This chapter outlines the materials and experimental methods used throughout the thesis. It is 

structured into seven sections. Firstly, it details the procedures involved in material synthesis, 

encompassing the nucleus pulposus (NP) glue and annulus fibrosus (AF) sealant. Subsequent 

sections elaborate on the mechanical characterizations conducted in this thesis. Following this, 

detailed methods for experiments involving cell culture and bioassays are provided. Then, the 

chapter presents the methods used for biomechanical testing on intervertebral disc (IVD), followed 

by an overview of the ex vivo evaluation methodology utilizing the human IVD bioreactor. Lastly, 

it covers the statistical analysis and presents the ethics statement. 

3.1 Material synthesis 

3.1.1 NP glue 

Sodium alginate (Kimica Corporation) was used for all the experiments with NP glues and AF 

sealant. The purified alginate was obtained by sterile-filtered, frozen, and lyophilized. Calcium 

sulfate dihydrate was purchased from Sigma and sterilized by autoclaving the calcium sulfate 

dihydrate powder. The NP glue incorporated ionically crosslinked alginate hydrogel and adhesion 

primer. The coupling reagents, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) (cat. #03450) and N-hydroxysulfosuccinimide (NHS) (cat. #130672), were purchased from 

Sigma-Aldrich.  

The alginate hydrogel is synthesized by mixing sodium alginate solution with calcium 

sulfate solution. In brief, sodium alginate was dissolved in 2.25 mg L-1 glucose Dulbecco’s Modified 

Eagle’s medium (DMEM) at 3%, and calcium sulfate dihydrate was dissolved in calcium-free 

DMEM (Thermo Fisher Scientific, cat. #21068028) at 42 mM and stirred overnight. 2.25 mg L-1 

glucose DMEM was prepared from the high glucose DEME (Thermo Fisher Scientific, cat. 

#11965092) and the no glucose DMEM (Thermo Fisher Scientific, cat. #11966025). Then mix the 

CaSO4 slurries and alginate solution through syringe connectors with a volume ratio of 1/2 and 

ready for injection and application. The bridging polymers chitosan was dissolved into DI water at 

2% w/v with 0.8 % v/v acetic acid overnight. The coupling reagents of EDC and NHS were 

dissolved in chitosan solution at a final concentration of 0 to 50 mg mL-1. Then the mixture of the 
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chitosan and coupling reagents was applied to the target tissue surface (~ 0.25 µL mm-2) before 

applying alginate hydrogel. Finally, the alginate hydrogel was injected on the primed surface 

immediately after mixing and applied compression before mechanical testing for 5-20 minutes. 

3.1.2 AF sealant 

Tough adhesives (TA) are deployed to seal the AF defect. They are synthesized and shaped in the 

form of a patch or plug following a previously reported protocol.[39] In essence, an alginate-

polyacrylamide hydrogel was first formed and then received surface modification with a primer 

solution (chitosan, EDC and NHS) to bond with tissues via carbodiimide chemistry. For the 

alginate-polyacrylamide hydrogel, sodium alginate and acrylamide were first dissolved together in 

DI-water at 2% and 12%, respectively, and stirred overnight till a clear solution was obtained. This 

solution of 10 mL was then mixed with 36 μL of 2% covalent cross-linker MBAA (Sigma-Aldrich, 

cat. #M7279), 8 μL of accelerator TEMED (Sigma-Aldrich, cat. #T7024), 226 μL of 0.27 M initiator 

APS (Sigma-Aldrich, cat. #A3678), and 191 μL of 0.75 M ionic cross-linker CaSO4 slurries. For 

the AF sealant patch, the mixture was gelled inside a closed glass mold (1.5 mm thick) at room 

temperature overnight. Then a small piece of the hydrogel was punched out with a biopsy punch of 

8 mm diameter (Figure 3.1). For the AF sealant plug, the gelation occurred in a petri dish to form 

an 8 mm thickness bulk gel, and then a cone-shaped hydrogel was punched out by a biopsy punch 

of 6 mm diameter. The adhesion primer, which is the same as used in the NP glue (30mg mL-1 of 

EDC/NHS in chitosan solution), was spread uniformly around the AF defect site. Subsequently, the 

defect site was covered with the sealant patch or inserted with the sealant plug, followed by gentle 

compression for 5-10 minutes manually. 

 

Figure 3.1 Images of annulus fibrosus sealant patch and plug. Scale bar = 5 mm.  
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3.1.3 Adhesion primer  

Chitosan (Degree of deacetylation, DDA: 95%, medium and high MWs) was purchased from 

Lyphar Biotech and used for mechanical tests. For the cytocompatibility test, chitosan was dissolved 

in DI water with 0.8 % v/v acetic acid for 2 hours. The coupling reagents of EDC and NHS were 

dissolved in chitosan solution and then filtered through a 0.22 µm filter.  

3.1.4 TPU composite hydrogel sealant 

The thermoplastic polyurethane hydrogel (TPU-gel) was composed of alginate-polyacrylamide 

tough hydrogel and 3D-printed TPU mesh. The TPU mesh was 3D-printed using Creality Ender 3 

V2 (Shenzhen Creality 3D Technology Co., Ltd.) into crossed layers with 40 mm in length, 5 mm 

in width, and 3 mm in thickness for tensile modulus test samples. The thickness of each layer of 

TPU mesh is 0.2 mm, and the width of the single-printed TPU fiber is 0.4 mm. Note that the TPU 

fiber angle between adjacent fibrous layers is 30°, matching with that of collagen fibers of AF 

respecting to the transversal plane of the spine (Figure 3.2A). In addition, each two adjacent layers 

of TPU mesh have offsets. The TPU mesh density is divided into 4 types according to the volume 

ratio of the TPU material: 20%, 30%, 40%. The filling volume was tuned by adjusting the distance 

between each fiber during printing. When preparing the flat TPU-gel patch, the alginate-

polyacrylamide tough hydrogel was prepared as previously described and injected into the mold 

(40 mm in length, 5 mm in width, and 3 mm in thickness for tensile test), and the TPU was 

immediately pressed into the mold and covered with glass gelation at room temperature overnight 

(Figure3.2B). For the curved patches, a 3D-printed PLA mold was used in 1 mm thickness and 15 

mm width, with an arc length of 20 mm and curvature radius of 13mm (Figure 3.2C). The partially 

filed TPU-gel patch was synthesized with a 5 mm punched TPU mesh placed in the middle of the 

mold and pulled with alginate-polyacrylamide tough hydrogel. 

3.1.5 The congregation of rhodamine-B isothiocyanate to chitosan 

To visualize the depth of chitosan, part of the adhesion primer, into the AF, Rhodamine-B 

isothiocyanate (Cayman Chemical, cat. #20653) was conjugated to chitosan polymeric chains with 

the following steps. Briefly, 1 wt% chitosan was first dissolved in 80 mM acetic acid and sterilized 

through 0.22 µm PES filters (Thermo Fisher Scientific, cat. #13100106). Anhydrous methanol 

(Thermo Fisher Scientific, cat. # A412-1) was added to the filtered chitosan solution with a volume 

ratio of 1:1. The mixture was stirred for 3 hours at room temperature and degassed before use. 

Rhodamine B was dissolved in methanol at 2 mg mL-1. The staining solution was added to the 
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chitosan/methanol mixture drop-by-drop under stirring. The final concentration of fluorescent dyes 

in the reaction medium was controlled to give the label to D-glucosamine residue at a ratio of 1:50. 

The reaction lasted for 18 hours for rhodamine B-labeled chitosan in dark at room temperature. 

Then, 1 N NaOH solution (Sigma-Aldrich, cat. #S2770) was used to precipitate chitosan from the 

solution. The precipitates were collected and dialyzed with DI water until no fluorescent signal was 

detectable in the water. The precipitates were freeze-dried before use. 

 

Figure 3.2 Representation of the mesh-reinforced composite sealant design and fabrication process. A. 

Illustration of TPU mesh design. B. Images of the composite hydrogel sample (20% volume fraction, 30o) 

for tensile test. C. The mold utilized in the synthesis of curved composite hydrogel sealant. 

3.2 Mechanical characterization 

3.2.1 Rheological measurement 

 Strain sweep tests were performed on human NP samples or the in-situ alginate hydrogels (20 mm 

in diameter and 1 mm in thickness) on the stage of rheometer (TA Instruments, Discovery HR-2). 

A 20-mm parallel plate was used, and a gap was set at ∼1 mm. The strain swept from 0.05% to 50% 

under a constant angular rate of 10 rad/s. Time sweep tests characterized the gelation kinetics of the 

alginate hydrogel with an oscillation frequency of 1 Hz (~ 6.28 rad s-1) and strain of 0.1% for 45 

min. The viscoelasticity refers to the mechanical property of materials that exhibit both viscous 
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(fluid-like) and elastic (solid-like) behavior when subjected to deformation. The storage shear 

modulus and loss shear modulus provide a comprehensive characterization of the viscoelastic 

behavior of materials. Stress relaxation is a phenomenon observed in viscoelastic materials whereby 

the stress applied to the material decreases over time while the strain (deformation) remains constant. 

The storage modulus and shear modulus were recorded as a function of time. The stress relaxation 

profile was assessed under a step strain of 15%. The duration required to relax half of the initial 

stress defines the stress relaxation time, t1/2.  

3.2.2 Lap shear adhesion test 

For the lap shear adhesion test of NP glue, NP glue adhesion imparted by the adhesion primer was 

quantified using a modified lap shear configuration. Before testing, lap-shear specimens were 

fabricated in an acrylic mold with 3 mm thickness, 10 mm width, and 20 mm length. First, 1.5 mm 

thick, 10 mm wide, and 20 mm length of tissues of NP, inner AF (IAF), or outer AF (OAF) were 

obtained from the bovine tail in coccygeal IVD levels of cc1/2, cc2/3, cc3/4, and cc4/5. Then the 

tissues were placed in the base of the acrylic mold. Then to apply the NP glue, the bridging adhesion 

primer was dropped on the top of the tissue, followed by an injection of the alginate hydrogel into 

the primed tissues. Next, it was covered by a glass sheet and kept in a 4oC refrigerator overnight. 

Negative control samples were without the application of adhesion primer. Before testing, the 

samples were placed at room temperature for 1 hour. For the adhesive failure strength measurement, 

specimens were taken out from the mold and glued to a custom acrylic backing by Super Glue and 

then fixed on a universal testing machine (model 596; Instron, Norwood, MA, USA) with a 10 N 

load cell (1/1000th of the force capacity to an accuracy of 0.5% of reading). Then, the specimen 

was loaded to failure at a constant loading rate of 5 mm per minute. The strain stress at failure and 

the type of failure were recorded. For the adhesive energy test, a 1-mm notch was created at the 

interface between hydrogel and tissues before loading, and the critical strain corresponding to the 

ultimate stress was recorded. All data were collected on Instron software and post-processed on 

MATLAB (MathWorks, Natick, MA, USA) code. The same method was used for characterizing the 

adhesion strength and adhesion energy of the TPU-gel patch on human AF tissue. 

3.2.3 Tensile test of composite hydrogel sealant and human AF 

To measure the tensile properties (elastic modulus and tensile strength), the strips (40 mm × 50 mm 

× 3 mm) of composite hydrogel were tested with a tensile test machine (1000 lb force load cell). 

The displacement rate was 100 mm min−1. The nominal stress was obtained by dividing the force 
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by the area of the cross-section, and the nominal strain was obtained by dividing the change in 

length by the original length. The elastic modulus is extracted as the slope of the linearly fitted 

stress-strain curve at 5% strain. The tensile strength is defined by stress at highest strain. Non 

degenerated human AF tissue from four discs were used for the tests as well.  

3.2.4 Pure shear test of composite hydrogel sealant 

To measure the fracture toughness of the composite hydrogel sealant, the pure-shear test was 

performed according to previous studies.[239,240] Briefly, a pair of samples (width of 60 mm, 

thickness of 1.5 mm) were glued to rigid acrylic clamps for each test. One sample was unnotched, 

and the other one was edge-notched. The height (H) of the specimen (i.e., the distance between the 

two acrylic clamps) was 5 mm. The unnotched sample was pulled by an Instron machine (Model 

5965) with a 1 kN load cell (1/1000th of the force capacity to an accuracy of 0.5% of reading) at a 

strain rate of 2 min-1 to measure the stress-stretch (S – λ) curve. For the notched sample, a notch 

length of 8 mm was introduced to the edge of the sample by a razor blade. The notched sample was 

pulled until rupture to obtain a critical stretch (λc). The fracture energy was calculated from S – λ 

curve of the unnotched sample by 𝛤 = 𝐻 ∫ 𝑆
λ𝑐
1

𝑑λ. 

3.2.5 3-point bending test of TPU-hydrogel patch and human AF tissue 

The flexural modulus of TPU patch and AF tissue was measured by 3-point bending according to 

ASTM D790. A sample of rectangular cross-section rests on two supports (span length is 16 mm) 

and is loaded by means of a loading nose midway between the supports. The sample is 30 mm in 

length (L), 1.5 mm in thickness (d), and 3.5 mm in width (b). The specimen is deflected under 

loading at a strain rate of 0.10 mm s-1. Deflection and load will be recorded. The flexural modulus 

is calculated by EB= L3m/4bd3, where m is the slope of the tangent to the initial straight-line portion 

of the load-deflection curve.  

3.2.6 In-situ peeling test of TPU-gel patch on bovine IVD segments 

To assess the bond between the three types of composite sealant and IVD tissue, adhesion energy 

was measured using a described previously on bovine IVD segments.[241,242] Firstly, One end of a 

TPU-patch adhesive (10 mm × 1 mm × 12 mm) was bonded to the bovine IVD. In this experiment, 

the composite hydrogels were applied to seal the AF defects after injection of NP glue. The vertebrae 

were clamped in a plastic adapter attached to the test machine. Next the backing was secured to the 

load cell fixture above, and the force were recording. An acrylic backing was adhered on the 
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hydrogel with superglue. Then the free arm end (15 mm × 4 mm) was fixed by the clamp. The 

peeling test was conducted based on the 90-degree peeling device (Figure 3.3). Unidirectional 

tension was then applied to the patch, while the force and the extension were recorded. The loading 

rate was kept constant at 100 mm min-1. Adhesion energy was calculated as the plateau value of the 

ratio of the force and the width of the hydrogel[243]. 

 

Figure 3.3 Images of the set-up of in-situ peeling test on IVD. Three types of composite hydrogel sealant 

are tested on the bovine IVD segments.  

3.3 Cell culture and bioassays 

3.3.1 Human IVD tissue and cell preparation 

All the human IVD tissue and IVD cells in this study were provided by Spinal Tissue Biobank at 

McGill University. Details of the information can be found in Table 2.1. The isolation of human 

discs is followed established protocols from Spinal Tissue Biobank.[244] Briefly, after the removal 

of the muscles and ligament around the disc and vertebral, parallel axial cuts were made through 

the vertebral bodies close to the cartilage end plates using a handsaw. Discs isolated are rinsed in 

1×PBS supplemented with 100 μg mL-1 gentamicin (Thermo Fisher Scientific, cat. #15710-072) 

and 0.5 μgmL-1 fungizone (amphotericin B; Thermo Fisher Scientific, cat. #15290018) for 5 

minutes. Discs then received two 5 minutes of serial washes with Hank's Balanced Salt Solution 

(Sigma-Aldrich, cat. #H9394) supplemented with 100 μg mL-1 gentamicin and 0.5 μg mL-1 

fungizone. Discs are cultured in tissue culture medium (2.25 g/L glucose DMEM, supplied with 

0.5% gentamicin, 5% FBS (Sigma-Aldrich, cat. #12483020), 1% GlutaMAX (Thermo Fisher 

Scientific, cat. #35050-061), 50 µg mL-1 ascorbic acid) for pre-swelling for 48 hours. Then the fresh 

IVD were ready to use for the following tests. The NP or AF tissue is isolated separately for the 3D 

cytocompatibility test. The IVDs for ex vivo culture in bioreactor and MRI scanning, will be 
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processed as the same preparation before nucleotomy and repair. Besides, human cells were isolated 

from fresh non-degenerated IVD tissues from a human donor; around 1.07×106 NP cells were 

harvested from 1 g of NP tissue and used in passages 2-3.  

Table 2.1 Summary of human IVD sample information 

Experiment Age Sex at birth Condition Disc level 
Isolated and 

used form 
Frozen 

or fresh 
Replicates n 

2D 

cytocompatibility 
56 Male 

Non-

degenerated 
L2-4 & L5-S1 NP cell Fresh 

Technical replicates 

from one independent 

experiment of one donor 

3D 

cytocompatibility 
19 Male 

Non-

degenerated 
 T7-T9 

NP tissue and 

AF tissue 
Fresh 

Technical replicates 

from one independent 

experiment of one donor 

Rheology test of 

human NP  
78 Male Degenerated L2-L3 NP tissue Fresh 

Technical replicates 

from one independent 

experiment of one donor 

Ex vivo human IVD 

in bioreactor  
53 Female Degenerated L2-L3 Whole IVD Fresh 

One preliminary 

experiment without 

replicates 

MRI curvature 

calculation 

53 Female Degenerated L4-L5 Whole IVD Fresh 

Replicates of five 

different IVDs of five 

independent 

experiments from two 

donors 

62 Female Degenerated T12-L1 Whole IVD Fresh 

62 Female Degenerated L1-L2 Whole IVD Fresh 

62 Female Degenerated L2-L3 Whole IVD Fresh 

53 Female Degenerated L2-L3 Whole IVD Fresh 

TPU-gel tensile test 

31 Male 
Non-

degenerated 
L2-L3 AF tissue Frozen 

Replicates of four 

different IVDs of four 

independent 

experiments from four 

donors 

31 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

35 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

41 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

TPU-gel lap shear 

test 

31 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

Replicates of four 

different IVDs of four 

independent 

experiments from four 

donors 

35 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

41 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

61 Male Degenerated L1-L2 AF tissue Frozen 

TPU-gel bending 

test 

31 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

Replicates of five 

different IVDs of five 

independent 

experiments from five 

donors 

35 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 

41 Male 
Non-

degenerated 
L1-L2 AF tissue Frozen 
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61 Male Degenerated L1-L2 AF tissue Frozen 

31 Male 
Non-

degenerated 
T3-T4 AF tissue Frozen 

Compressive cyclic 

loading test 

61 Male Degenerated L3-L4 Whole IVD Frozen One preliminary 

experiment without 

replicates 61 Male Degenerated L1-L2 Whole IVD Frozen 

3.3.2 Cytocompatibility of NP glues  

2D cytocompatibility. To measure the cytotoxicity of the NP glues to human primary NP cells, the 

monolayer culture of cells in the extracts medium of NP glues was performed following the standard 

protocols in International Organization for Standardization (IOS) 10993-5. Briefly, the extracts of 

NP glues were prepared with a 200 mg/mL concentration in 12-well cell culture-treated polystyrene 

microplates. A mass of 200 mg of NP glue was placed in the center of the well, and 1 mL of low 

glucose (2.25g L-1) DMEM was added to cover the glue completely. The samples were incubated 

at 37oC for 24 hours. The concentration of the EDC/NHS in the primer used for NP glue is in a 

gradient of 0, 20, 30, and 50 mg mL-1. The extracts were prepared on the same day that human 

primary NP cells were seeded into 96-well microplates. After 24 hours of incubation, the extracts 

were collected into small vials and supplemented with 1% GlutaMAX, 0.5% gentamicin, and 10% 

FBS on the monolayer human primary NP cells. Cells were cultured in the normal complete DMEM 

medium for the negative control group. In the test, human primary NP monolayer cells cultured in 

the described extract medium for 24 hours were evaluated via Live/Dead assay. The negative control 

group was treated with 70% methanol for 30 minutes before the Live/Dead assay. 

3D cytocompatibility. For 3D cytocompatibility of NP glue demonstration, human MSCs 

were encapsulated in the alginate hydrogel as described in ESI†. The cell-gel samples (8 mm in 

diameter and 2 mm in thickness) were mounted onto the primed living isolated human AF/NP tissue 

(8 mm in diameter and 2 mm in thickness) to form adhesion. After that, the specimens (i.e., cell-

gel-tissue) were cultured in a tissue culture medium for five days, followed by a Live/Dead® assay 

and imaging using an inverted confocal laser scanning microscope (Zeiss LSM 800) to evaluate the 

viability of cells in NP glue and the tissues. 

3.3.3 NP cell culture in NP glues  

The NP cells were encapsulated in alginate hydrogels for in vitro experiments. Purified sodium 

alginate was dissolved in DMEM (2.25 g L-1 glucose) and mixed with NP cell suspension at a final 

density of 1 million cells per mL, matching the low cell density found in native human NP (4 million 

cells per cm3). The cell-alginate mixture was then combined with calcium sulfate (CaSO4) slurries. 
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This blend was promptly injected into a custom glass model with a 2 mm thickness and left to 

incubate at 37°C for 45 minutes for complete gelation. Subsequently, 6 mm diameter samples were 

punched out and placed in a 24-well plate for a 21-day culture period. Each well was supplemented 

with 600 μL of culture medium, which was refreshed every three days. The conditioned medium 

was collected at each time point. 

Four formulations of alginate hydrogel NP glues were examined, denoted as 1 kPa-high-

MW, 1 kPa-low-MW, 3 kPa-high-MW, and 3 kPa-low-MW, corresponding to calcium 

concentrations in the alginate hydrogels of 14 mM, 15 mM, 20 mM, and 23 mM, respectively. Here, 

"high" and "low" MWs refer to alginate molecular weights of 1500 kDa and 92 kDa, respectively. 

3.3.4 Cell viability test of NP cells encapsulated in NP glues 

For human primary NP cells encapsulated in the alginate hydrogel, on days 1, 3, 7, 14, and 21, the 

samples were put in a serum-free medium containing calcein AM and ethidium homodimer 

fluorescent dyes (Live/Dead®, Thermo Fisher Scientific, cat. #L3224), according to the 

manufacturer’s instructions. Cell viability was evaluated using an EVOS M5000 microscope. 

Twenty consecutive 10 µm sections were imaged. The image stacks were merged and saved as a 

single-color JPEG file (red and green separate), and the labeled cells were quantified through Image 

J code. The viability of cells was calculated from the proportion of green and total cells. 

3.3.5 Sulfated glycosaminoglycan quantification 

The amount of sulfated glycosaminoglycan (sGAG) synthesized by NP cells encapsulated in 

alginate hydrogel for 21 days was evaluated by the 1,9-dimethylmethylene blue (DMMB) assay.[245] 

The hydrogels containing NP cells were removed from their culture medium on day 1 or day 21. 

The conditional medium was collected over the culture period. Chondroitin sulfate (Sigma-Aldrich, 

cat. #C9819) was used to make the standard curve, and 4 M guanidine hydrochloride (CH5N3·HCl) 

was added to standard curves when quantifying sulfated GAG content released in the hydrogel. 

Reagents are added to a 96-well plate, followed by reading under a microtiter plate reader (Tecan 

M200 Infinity Pro) using the absorbance at 530 nm. The dry mass of hydrogel was measured as the 

mass of the frozen and lyophilized constructs on day 1 and day 21. Samples without dilution were 

fit in the middle of the linear range of the standard curve, and results were expressed per mg of the 

dry weight of the gel sample. 

3.3.6 Metabolic activity assay 
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Metabolic activity was measured in the NP cell-laden hydrogel samples on day 1, day 4 and day 7. 

Each of the sample in the 24 well-plate was incubated in 600 μL culture medium containing 10% 

(v/v) alamarBlue (Invitrogen, cat. #DAL1025) for 4 hours. 3 times 100 μL of each sample were 

transferred to black 96 well plates (Corning, cat. #3880) and fluorescence intensity was measured 

at excitation 540 nm, emission 585 nm (Tecan M200 Infinity Pro). 10% alamarBlue in culture 

medium was used as a blank value and was subtracted from all the sample values.  

3.3.7 Immunostaining and imaging 

For immunostaining, the hydrogel constructs were first fixed with 4% paraformaldehyde containing 

BaCl2 (Sigma-Aldrich, cat. #342920) for 60 min and washed in 1×PBS. The gels were then 

processed using standard immunochemistry procedures. Briefly, gels were washed three times in 

Dulbecco's phosphate-buffered saline (DPBS), permeabilized with DPBS containing 0.5% Triton 

X-100 (Sigma), and then blocked with a blocking buffer that contained 1% bovine serum albumin 

(BSA, Sigma), 10% Goat serum (Invitrogen), 0.3 M glycine (Thermo Fisher Scientific) and 0.1% 

Triton X-100 in DPBS. The following antibodies/reagents were used for immunostaining: mouse 

monoclonal aggrecan antibody (Abcam, cat. #3778) (1:200), rabbit polyclonal type II collagen 

antibody (Abcam, cat. #34712) (1:200), Prolong Gold antifade reagent with 4′,6-diamidino-2-

phenylindole (DAPI) (Invitrogen, Hoechst 33258) (1:1000), AF-488 Phalloidin (1:1000) to stain 

actin (Invitrogen), Goat anti-Rabbit IgG AF 647 (Invitrogen) (1:800) and Goat anti-Mouse IgG AF 

555 (Invitrogen) (1:800). The samples were imaged using a Zeiss LSM 800 confocal microscope. 

3.3.8 Confocal imaging for primer penetration depth 

The adhesion primer, which was made by conjugated chitosan, was cast over an 8 mm diameter 

punch of bovine AF tissue for 2 min. Following incubation, the extra solution was aspirated off the 

AF and applied with alginate hydrogels for 15 min or 24 hours at 4 oC. Consequently, the specimens 

were embedded in Tissue-Teck O.C.T. Compound for cryosectioning to produce 12 μm thick 

sections mounted on charged slides (Thermo Fisher Scientific, cat. #22-037-246). Sections were 

then stained with a 1:1000 dilution of 1 μg mL-1 stock solution DAPI for 5 minutes to visualize AF 

cell nuclei. Slides were imaged on a Zeiss LSM 800 confocal microscope to visualize cross-

sectional depth-of-penetration. The confocal images were imported into MATLAB, and the depth 

was analyzed.  

3.4 Biomechanical test on IVD tissue 
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3.4.1 Bovine IVD tissue preparation 

Bovine disc tissues used for the lap shear test were isolated from the bovine tail with 18 months 

provided by Oligo Medic. The bovine discs for ex vivo biomechanics tests are isolated from bovine 

tails with levels cc2/3, cc3/4, and cc4/5 from healthy and skeletally mature animals, purchased from 

a local grocery store. 

3.4.2 Bovine IVD motion segment preparation for mechanical tests 

Frozen bovine tails for biomechanical loading tests were purchased from a local grocery store. 

Spinal motion segments (i.e., vertebrae-disc-vertebrae) were isolated from the levels C2/C3, C3/4, 

and C4/C5. Facet joints, transverse processes, ligaments as well as musculature were carefully 

removed. The motion segments were potted in two Dragon Skin (Smooth-On) molds with an acrylic 

resin (DenPlus, Canada) on both ends of the segments. The cured potting materials were drilled to 

create holes for the fixture. Afterward, the potted motion segments were wrapped in PBS-soaked 

gauze and–stored at - 20oC until further use. Before testing, the potted motion segments were 

submerged in 1×PBS with protease inhibitor at 4 oC to allow full hydration overnight. On the day 

of testing, the specimens were warmed in 1×PBS at room temperature for 2 hours. 

All motion segments were randomly assigned to ‘Intact’, ‘Defect’, ‘Glue’, ‘Glue+Patch’, 

and ‘Glue+Plug’ groups. Except ‘Intact’, all the groups underwent nucleotomy following a standard 

clinical procedure. Specifically, a 3-mm biopsy punch (Integra LifeSciences) was inserted 7 mm 

deep into the posterolateral side of the AF, and the resulting plug of tissue was removed using a 

rongeur. Following the initial tissue removal, the NP was then disrupted with micro scissors, and ~ 

200 mg of fragmented NP tissue (around ~25% of NP) was removed from the IVD. For the Glue 

condition, the injured IVD was treated with NP glue alone. To do so, the adhesion primer (Chitosan, 

EDC, and NHS) of ~150 μL was first injected slowly into the NP cavity using a 3-mL syringe and 

a 20G x 1-1/2” needle (BD PrecisionGlide™, NJ) to prime the inner tissue surface. After 2 minutes, 

the extra primer solution was aspirated, followed by injection of the mixture of alginate and calcium 

sulfate to in-situ form alginate hydrogels (~150 μL). The specimens were then covered by a parafilm 

and set for 15 minutes before mechanical testing. For the groups of Glue+Patch or Glue+Plug, after 

removal of the partial NP as mentioned for Glue groups, the AF defect was treated with the adhesion 

primer and sealed with the AF patch (Glue+Patch) or inserted with the AF plug (Glue+Plug). Gentle 

compression was applied on the AF sealant for 10 minutes to enable adhesion and covered by a 

parafilm until mechanical testing. 
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3.4.3 Biomechanical test of IVD bioadhesives in IVD motion segments 

Cyclic loading tests: Changes in IVD motion segment biomechanical properties in the groups 

with/without repair after nucleotomy were characterized using axial tension-compression and stress 

relaxation tests on a testing device (model 596; Instron, Norwood, MA, USA). The test includes 

two phase steps (Figure 3.4). Specifically, in the first phase, specimens were loaded cyclically in 

force control at tensile 0.2 MPa and compressive 0.5 MPa loads for 20 cycles at 0.5 Hz.[246,247] In 

the second phase, after the same cyclic loading as the first phase, an additional stress relaxation 

tests were then performed with ramp displacement applied until the force equivalent of 0.15 MPa 

compression was achieved; after that, the constant displacement was held for 15 min. All 

biomechanical testing was performed at room temperature.  
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Figure 3.4 Workflow of the two-phase cyclic loading test process. Thawed bovine IVD segments are 

prepared, rehydrated, and subjected to initial cyclic loading. After treatments including nucleotomy with or 

without repairs, samples undergo a second phase of cyclic loading. 

 

Figure 3.5 The representative force and displacement of one cycle from the biomechanical test. The 

biomechanical parameters are defined as indicated by red lines added to the force-displacement curve, 

including range of motion, neutral zone length and stiffness, and dissipated energy. 

A MATLAB code was used to extract defined biomechanical parameters from raw force-

displacement (Figure 3.5). The parameters were determined from the average value of the last 5 

complete test cycles as described.[248] Compressive/tensile stiffness was defined as the slope of the 

force-displacement curve within 80% of the maximum/minimum displacement region. Range of 

motion (ROM) was the total displacement of the motion segment during a compression-tension 

cycle. Dissipated energy was defined as the area between loading and unloading curves in the force-

displacement response. The neutral zone (NZ) length was defined as the distance between two 

points in the loading and unloading curves at which the load was zero and the slope of the force-

displacement response in the NZ denoted the NZ stiffness. Preceding parameters were determined 

from the average value of the last 5 test cycles. In the stress relaxation test, the force-time was 

recorded, and the stress relaxation along with time was normalized to the initial stress.  
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Failure compression tests: To evaluate the herniation risks, we performed displacement-

controlled (2 mm min-1; ramp-to-failure) compressive failure tests on motion segments on a 5o 

inclined foundation to maximize stress at the repair site (Figure 3.6).[46,249] The tests were 

performed on a test instrument (ElectroPuls® E10000; Instron, Norwood, MA, USA). The stress 

was defined as the applied force normalized to IVD cross-sectional area. The load-displacement 

curves showed two types of failure mechanisms: endplate fracture or disc subsidence (a direct drop 

of force); NP extrusion (force perturbations). The extrusion failure can also be observed during the 

tests, which was defined as a 2 mm protrusion of NP or implant materials from the outer radius of 

the AF.[46] the failure strength for Intact groups was defined as the maximum stress at the point of 

endplate fracture; for the defect and repaired groups, the failure strength was defined the stress of 

NP extrusion point. 

 

Figure 3.6 Illustration of compressive failure test conducted on bovine IVD segments. Ramp-to-failure 

tests are performed at a 5° incline to maximize stress at the repair site. 

3.5 Bioadhesive evaluation on human IVD model 

3.5.1 IVD Bioreactor experiments 

To evaluate the adhesion of the bioadhesives under physiological conditions, we tested them on 

human IVD loaded with an IVD bioreactor for 28 days. The isolation of human disc and the design 

and operation of the IVD bioreactor were described in the previous studies.[244,250] Briefly, a living 

human lumbar IVD of level L2-L3 (from a donor, 53 years old, male) was isolated and then 

conditioned in a culture medium to reach equilibrium for 48 hours as described in section 3.3.1. 

Nucleotomy was performed by creating a 4 - 5 mm vertical linear incision with 3 mm depth in the 

AF at the post-lateral position of the disc with a scalpel (Figure 3.7A), followed by removal of 

0.9248 g NP tissue with pituitary and curette (Figure 3.7B). After applying the MSC-laden NP glue 

(~1 mL) (Figure 3.7C) and the AF patch (Figure 3.7D), we assembled the bioreactor with the 

repaired IVD, and filled the culture chamber with the disc culture medium. After pre-loading of 0.1 
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MPa static compression for 48 hours to reach the equilibrium status, a physiologically relevant 

cyclic compressive loading was applied to the IVD for 26 days. The daily loading pattern contains 

4 statuses: (1) 2 hours dynamic compressive loading from 0.1 – 0.6 MPa at 0.1 Hz; (2) 6 hours static 

compressive loading of 0.1 MPa; (3) 2 hours dynamic compressive loading from 0.1 – 0.6 MPa at 

0.1 Hz; (4) 14 hours static compressive loading of 0.1MPa. The medium will be changed every 7 

days. The displacement, force, and time of the mechanical data were recorded. The IVD height and 

diameters were recorded at the beginning and end of the culture.  

 

Figure 3.7 The procedure of nucleotomy and repair using bioadhesives on human IVD. Steps include 

human IVD nucleotomy (A, B), injection with NP glue (C), and repair with an AF patch (D). 

3.5.2 MRI for human IVD 

T1ρ-weighted MRI directly correlates with proteoglycan content in IVDs of intact human lumbar 

spine segments.[250] To determine the effect of cell-laden NP glue therapy on degenerate intact 

human lumbar discs, potential region of interest (ROI) in NP and AF areas were identified as 

previously described [251] and the average of the T1ρ values was calculated within the ROIs of the 

control and injected discs slices per image. Briefly, discs were sutured on one side (to mark for MRI 

positioning) and were allowed to equilibrate for 24 h in culture media pre injection. They were 

subjected to pre-T1ρ MRI scans and then cultured under dynamic loading for 28 days. Post-culture 

and after 24 h equilibration period, post-T1ρ MRI scans were acquired. All isolated human discs 

were scanned in sagittal and axial planes and images were obtained on a 7T Bruker BioSpec 70/30 

USR (Bruker Biospin, Milton, ON, Canada) with the high-performance mini-imaging kit gradient 

upgrade AVIII electronics (Bruker) and a Bruker-issued T1ρ-RARE pulse sequence, as previously 

established.[250,251] Heat maps representing signal intensity were created using the MIPAV software 

(NIH Center for Information Technology, Bethesda, MD, USA). T1ρ values were calculated and 

quantified for all the axial slices using the MIPAV software. T1ρ values of ʹbeforeʹ and ʹafterʹ scans 

of each disc were normalized to the surrounding culture medium (strongest value) using editing 

features in MIPAV software. Specific regions of interest (ROIs) were drawn around regions 
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indicating NP region of the ʹafterʹ images and superimposed onto the same region of the ʹbeforeʹ 

image. This was performed in the axial plane of slices 3-7 (out of 8) for each sample. The T1ρ 

images were manually cropped by a single user (DHR) around the perimeter of the IVDs. The 

average of the T1ρ values was calculated within the ROIs for the hydrogel alone and the cell-seeded 

hydrogels from 3-7 slices per image in the axial plane. To determine the curvature of IVD, we used 

the ImageJ tool to draw and fit a curve consistent with the external AF profile at this location. 

3.6 Statistical analysis 

All experiments with statistical analysis contained at least three replicates per condition unless 

stated otherwise. Data distributions were assumed to be normal for all parametric tests but not 

formally tested. No statistical method was used to predetermine sample size. For the statistical 

analyses between two groups, statistical significance and p values were determined using a two-

tailed Student’s t-test with unequal variance. Statistical analyses were performed with Prism 

(GraphPad) using T-test, one-way ANOVA test or two-way ANOVA test. Data were presented as 

means ± SD and statistical significance as ****P < 0.0001, ***P < 0.001, **P < 0.01, *P ≤0 .05, 

ns > 0.05. 

 

3.7 Ethics statement 

The human IVD tissue and cells were from Spinal Tissue Biobank (IRB A04-M53-08B) and the 

related tests were approved by Research Ethics Office of McGill University (A10-M113-13B). 

 



Chapter 4 Tissue-mimetic Hybrid Bioadhesives for IVD Repair 

48 

 

Chapter 4   

Tissue-mimetic Hybrid Bioadhesives for IVD Repair 

In this chapter, a hybrid bioadhesive was reported that combines an injectable glue and a tough 

sealant to simultaneously repair and regenerate intervertebral disc (IVD) post-nucleotomy. The glue 

fills the nucleus pulposus (NP) cavity while the sealant seals the annulus fibrosus (AF) defect. 

Strong adhesion is formed with the IVD tissues and survives extreme disc loading. Further, the glue 

can match native mechanically, and support the viability and matrix deposition of encapsulated cells, 

serving as a suitable cell delivery vehicle to promote NP regeneration. Besides, biomechanical tests 

with bovine IVD motion segments demonstrate the capacity of the hybrid bioadhesives to restore 

the biomechanics of bovine discs under cyclic loading and to prevent permanent herniation under 

extreme loading. This work highlights the synergy of bioadhesive and tissue-engineering 

approaches.  

4.1 Design principles of IVD-mimetic hybrid bioadhesives  

An ideal bioadhesive to treat IVD post-nucleotomy should fill the NP cavity and seal the AF defect 

concurrently. These requirements are difficult to satisfy with a single bioadhesive, since the NP 

differs from the AF mechanically, biochemically, and structurally. The heterogeneous nature of IVD 

thus necessitates a hybrid strategy to repair different parts of IVD. The hybrid strategy is manifested 

with the developed hybrid bioadhesives, which comprise two different yet integral components: AF 

sealant and NP glue (Figure 4.1). For the AF sealant, which was repurposed and customized 

bioinspired tough adhesives, consisting of tough alginate-polyacrylamide hydrogels and surface 

adhesion primer (Chitosan/EDC/NHS).[39] As reported previously, such bioadhesives achieve 

unprecedented wet adhesion performance on diverse biological tissues, including skin,[252] 

cartilage[253], and tendon.[33] This work aims to study their applicability to the IVD environment and 

the form factor (flat patch versus plug) for sealing the AF defect. While the plug design has been 

proposed to seal AF defects,[254] the patch design is hypothesized to be easier to implement and 

resistant to extrusion. Their performance will be tested given the shape and size of the AF defect 

and the loading of IVD. 
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Figure 4.1 Design and working principle of IVD hybrid bioadhesives. Annulus fibrosus (AF) defect is 

sealed using the AF sealant, while the nucleus pulposus (NP) cavity after nucleotomy is filled with NP glue. 

Figure 4.2 Rheology test on NP glue and human NP tissue. A. Shear moduli of the NP glue (blue) and 

human NP (red) as a function of oscillation strain (G’ solid dots; G’’ empty dots). B. Instantaneous gelation 

of NP glue.  

To resemble and adhere to the native NP, the NP glue comprises the same surface adhesion 

primer (Chitosan/EDC/NHS) but a viscoelastic alginate hydrogel as the matrix. The alginate 

hydrogel has been proposed to fill the NP cavity but lacks bioadhesion with IVD tissues.[32,255] Thus 

the bioadhesive agents were deployed to prime the surface of the NP cavity before the injection of 

alginate hydrogel. After removing the excess primer solution, a mixture of calcium sulfate and 

alginate precursors will be injected, which exhibits shear-thinning behavior (Figure 4.2A). The NP 

glue is formed nearly instantaneously, as evidenced by the overwhelming G’ over G’’ from the very 

beginning (Figure 4.2B). The residues of chitosan and EDC/NHS facilitate the bonding between 

the alginate matrix and the surrounding tissue. The alginate hydrogel acts as a cell carrier designed 
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to deliver and support exogenous cells for regeneration purposes. Moreover, by adjusting the 

calcium concentration, we approximated the shear storage and loss moduli of the NP glue with those 

of human NP (Figure 4.2A). The values are within the range of non-degenerated human NP reported 

in previous studies.[68,256] Together, the resulting NP glue is bioadhesive, injectable, and viscoelastic. 

Combining the NP glue and the AF sealant, the hybrid bioadhesives are proposed to repair 

and regenerate IVD post-nucleotomy. Mechanically, the bioadhesives can fill NP cavities and seal 

AF defects, as well as restore IVD biomechanics and arrest herniation concurrently. Biologically, 

the NP glue can not only deliver exogenous cells but also instruct them to deposit matrix for 

regeneration. As a result, the IVD after nucleotomy could be repaired and regenerated with our 

hybrid bioadhesives (Figure 4.3). 

 

Figure 4.3 Hybrid bioadhesive application procedure post-nucleotomy. The nucleotomy is performed 

with NP removal through the AF defect, then the adhesion primer is injected into the NP cavity. After excess 

primer removal, cell-laden glue is injected into the cavity, followed by the application of AF sealant on the 

outer AF to seal the defect.  

4.2 Strong adhesion to IVD tissues 

The modified lap-shear tests were performed to quantify the adhesion performance of the NP glue 

and the AF sealant on IVD tissues (Figure 4.4). Such tests have been widely applied to specimens, 

with and without pre-cracks introduced at the tissue-bioadhesive interface, to measure adhesion 

energy and adhesion strength, respectively. Bovine discs were used as a model system, given their 

accessibility and extensive use for IVD research, as well as recognized similarity with their human 

counterpart.[215,244,246,257] Besides the whole disc, we dissected bovine discs into NP, inner AF (IAF), 

and outer AF (OAF) in an attempt to delineate the tissue-mimetic adhesiveness. Note that the 

mechanics and biochemistry vary substantially from NP to OAF.[258] For instance, the content of 

sGAG, part of aggrecan,[259] decreases sharply from IAF to OAF.[260]  

It is hypothesized that the adhesion primer could enable the adhesion of hybrid bioadhesives 

on individual IVD substructures. The chitosan chains carrying amine groups can penetrate the IVD 

tissue and form covalent amide bonds via carbodiimide reactions with carboxylate groups of 
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proteins (IVD tissues) and alginate (the NP glue and the AF sealant). In addition, the neutralization 

of the diffusing chitosan results in a chitosan network bridging between the hydrogel and the tissue, 

contributing to bioadhesion. To visualize the interfacial processes, rhodamine-labeled chitosan[81] 

was developed and imaged to show how the adhesion primer penetrates the AF tissue over time 

(Figure 4.5). The penetration depth was measured at ~30 μm after 15-minute incubation and varied 

negligibly when the incubation time was prolonged up to 24 hours. The finding agrees well with 

our previous measurements, indicating that the primer agents are spatially confined at the interface, 

and thus unlikely to impact deeper tissues.  

 

Figure 4.4 Characterization of adhesion properties of NP glue via modified lap shear test. Variances in 

failure modes are observed between groups with and without primer application. 

 

Figure 4.5 The adhesion primer penetration after applying the NP glue. The observed penetration 

thickness of the adhesion primer within the interface measures approximately 30 μm, with no significant 

difference noted between 15 minutes and 24 hours.  

To study the effect of the adhesion primer on IVD adhesion, the NP glue and substructures 

of bovine IVD (NP, IAF, and OAF) were tested. When examining the interfacial fracture behavior, 

we observed the cohesive failure of the NP glue, indicating a stronger interface than the hydrogel 
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matrix. The cohesion was evidenced by the pre-crack kinking into the glue matrix, leaving a rough 

fracture surface (Figure 4.4). In contrast, without the adhesion primer, the alginate hydrogel alone 

detached readily from the tissue, leading to an adhesive failure and a smooth fracture surface. 

Figure 4.6A shows the stress-displacement curves of modified lap-shear tests. The maximum stress 

(i.e., adhesion strength) is significantly improved (P_Alg/NP = 0.013, P_Alg/IAF = 0.0001, 

P_Alg/OAF = 0.0159 by two-way ANOVA tests) with the aid of the primer (Figure 4.6B). The 

same conclusion is drawn by comparing the adhesion energy (i.e., the energy needed to detach the 

adhesive from the tissue) with and without the primer (P_Alg/NP < 0.0001, P_Alg/IAF = 0.0864, 

P_Alg/OAF < 0.0001 by two-way ANOVA tests) (Figure 4.6C). The results demonstrate the 

effectiveness of adhesion primer for IVD-mimetic adhesion.  

 

Figure 4.6 Lap-shear test of NP glue on sub-tissue of bovine IVD. A. Stress and displacement from lap-

shear tests. The alginate hydrogel plus adhesion primer presents significantly higher adhesion strength (B) 

and adhesion energy (C) to bovine IVD tissues than no-primer groups (****P < 0.0001, ***P < 0.001, **P 

< 0.01 and *P < 0.05 by two-way ANOVA tests) 

Next, the adhesion performance on the transverse surface of the whole IVD was 

characterized. The adhesion between the NP glue and the AF sealant was also characterized to 

examine the cohesion between the two components of hybrid bioadhesives. Figure 4.7A confirms 

the formation of adhesion in all three conditions. The sealant-IVD adhesion sustains considerable 

stress and strain due to the tough and stretchable matrix of the AF sealant (Figure 4.7A-B). The 

adhesion energy between the sealant and the IVD was measured at ~159 J m-2 (Figure 4.7C), 

exceeding the values measured between commercially available bioadhesives and biological 

tissues.[39,253] 
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Figure 4.7 Lap-shear test of NP glue and AF sealant whole bovine IVD. A. Representative curves of stress 

and displacement for the glue and sealant adherent on whole IVD, as well as the glue/sealant adhesion. (B) 

and (C) show the corresponding adhesion strength and adhesion energy. 

4.3 Biomechanical performance under physiological cyclic loading 

After confirming the strong adhesion of hybrid bioadhesives within the IVD niche, effects on the 

biomechanics of IVD under physiological cyclic loading conditions were studied. An ex vivo model 

of bovine disc motion segments was used, receiving nucleotomy representative of standard clinical 

treatment. The specimens contain endplates and parts of vertebrates to recapitulate the physiological 

stress distribution in the disc. A two-phase cyclic loading protocol[248] was adopted, accounting for 

variances of disc samples and physiological relevance; as such, this ex vivo model was chosen over 

in vivo animal models because the loading pattern of human discs is different from those of 

animals.[261] Specifically, an initially intact specimen was preloaded and loaded cyclically between 

tensile (0.2 MPa) and compressive (0.5 MPa) stresses for 20 cycles at 0.5 Hz (1st phase); the same 

specimen, after receiving the nucleotomy and treatment,[26] was loaded again with the same loading 

profile (2nd phase) (Figure 4.8).[248] The compressive stress represents the stress magnitudes during 

physiological loading on the human spine when relaxed standing (0.5 MPa).[262–264] The first few 

loading cycles preconditioned the disc, eliminating potential effects of cycle number and load 

history.[265] A comparison between the two phases of the same specimen, intact and repaired, 

informs the repair outcome of a specific treatment condition.  
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Figure 4.8 Loading pattern of two-phase cyclic loading for biomechanical evaluation. Nucleotomy and 

repair are performed between two phases on the disc. 

 

Figure 4.9 The biomechanical parameter of bovine IVD repaired with hybrid bioadhesives. 

Representative force-displacement curve (A) of the last five loading cycles of Phase #2, informing ROM (B), 

NZ length (C), and dissipated energy (D), normalized with the corresponding data from Phase #1. (p> 0.05 

for ns, ***P < 0.001, **P < 0.01 and *P < 0.05 compared with values of Intact group by one-way ANOVA tests).  

Five conditions were evaluated: the glue alone (Glue), the glue plus the sealant plug 

(Glue+Plug), and the glue plus the sealant patch (Glue+Patch), along with intact and defect (non-

repaired) samples for comparison. Figure 4.9A illustrates a representative force-displacement curve 

in the last cycle of the group (Glue+Patch), where key biomechanical readouts such as ROM, NZ 

length, and dissipated energy are extracted. It was confirmed that the defect samples after partial 
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nucleotomy increase significantly in ROM and NZ length (p = 0.0040 for ROM and p = 0.0312 for 

NZ length by one-way ANOVA tests) in a good agreement with prior works, validating the 

developed model and testing methods.[262] The results showed the repaired specimens better 

resemble the intact conditions (Figure 4.9B-D). When examining the discs under loading, it was 

found that the extrusion of NP and glue in the defect and glue alone conditions, but not in the 

conditions in relation with the AF sealant. These results indicate that hybrid bioadhesives can help 

restore the biomechanics of disc motion segments and mitigate disc re-herniation under 

physiological cyclic loading.  

Next, the viscoelastic properties of the segments by performing stress relaxation tests at the 

end of the 2nd phase were evaluated (Figure 4.8). The viscoelastic behavior, associated with the 

hydration level and swelling pressure in NP, plays a vital role in the load-bearing mechanism.[266] 

The stress relaxation curves show the defect disc relaxes considerably less stress, indicating 

compromised viscoelasticity (Figure 4.10A). In comparison, the disc repaired with Glue+Patch is 

found to relax more stress, a good indication of restored viscoelasticity (Figure 4.10B). By combing 

NP glue and AF patch, our hybrid strategy outperforms other treatments in restoring the disc 

biomechanics. 

 

Figure 4.10 Stress relaxation behaviour of the bovine IVD repaired with hybrid bioadhesives. A. 

Representative stress relaxation curves. B. Normalized stress relaxation. 

4.4 Capacity to improve failure strength and prevent re-herniation 

To assess the response of repaired discs under extreme loading, ramp-to-failure tests were 

performed, that is, compression loading with a constant speed until the specimens to the failure 

point. The bottom of motion segment specimens is inclined by an angle of 5o at the post-lateral site 

to promote herniation specifically. It is worth noting that the combination of heavy loads and 
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inclination represents an extreme scenario to probe the failure behavior of our hybrid bioadhesives. 

Representative force-displacement curves of Glue+Patch (blue curve) and Intact (grey curve) 

groups are plotted in Figure 4.11A, showing two modes of motion segment failure - extrusion and 

subsidence. The failure events are further examined with video screenshot (Figure 4.11B), 

confirming that intact specimens fail only by subsidence, whereas all post-nucleotomy specimens 

exhibit both failure modes. Since the specimens after nucleotomy are predisposed to extrusion, the 

failure strengths (stress to extrusion) of the defect and repair cohort are below that of the intact 

specimen (Figure 4.11C-D), indicating the need of future optimization. Nevertheless, the failure 

strength of the Glue+Patch condition (8.2 ± 4.7 MPa) is closer to that of intact control (22.2 ± 4.8 

MPa), compared to the defect control (3.2 ± 1.7 MPa), indicating enhanced repair outcomes. 

Noteworthy, the obtained failure strength is well above the physiological upper bound of intradiscal 

pressure (2.3 MPa).[263] 

 

Figure 4.11 The compressive failure test on bovine IVD repaired with hybrid bioadhesives. A. 

Representative load-displacement curves of the conditions of Defect (grey) and Glue+Patch (blue). B. 

Images of bovine IVD after extreme loading. C. Comparison of failure strength in all conditions. D. Images 
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of the cross-sections of IVD after the failure test. Scale bar = 10 mm. ***P < 0.001 and **P < 0.01 compared 

with values of Intact group by one-way ANOVA tests). 

Another advantage of the treatment with glue and patch is found by examining the extruded 

substance. Similar to the NP of the defect specimen extruding out of the disc, the NP glue and AF 

plug are displaced and extruded due to the extreme loading. The phenomenon is accompanied by 

the debonding of the AF plug from the AF defect. To this end, the form factor of the AF sealant is 

critical, as the sealant patch withstands the extreme loading and remains adherent to the AF. Thanks 

to the robust adhesion, the extruded substance can be held by the sealant patch and, remarkably, 

pushed back with slight pressure applied manually (Figure 4.12A). The pressure present in the disc 

space from the surrounding muscle and ligament might serve the same purpose.[267,268]  

 

Figure 4.12 Herniation recovery with the Glue+Patch treatment. A. The AF patch holds the NP glue after 

extreme compressive failure test and the herniation can be recovered by gently pressing the extrusion part 

back to the disc (scale bar = 10 mm). B. Nonrecoverable herniation under cyclic and extreme loading shows 

that the treatment with Glue + Patch can prevent permanent extrusion. 

Unlike extreme loading data in Figure 4.11A, the biomechanical data of low-strain cyclic 

loadings shows smooth and undisturbed curves of displacement-time and force-time (Figure 4.13). 

This further indicates that there was no NP extrusion or failure throughout the test. The incidences 

of nonrecoverable extrusion of tested conditions under cyclic and extreme loading are summarized 

in Figure 4.12B. The difference between the patch and plug designs can be attributed to the different 

stress fields of the sealant: the plug-AF interface is subjected to Poisson’s effect and much larger 

shear stress than that experienced by the AF patch. Together with the preceding results, it can be 

concluded that the treatment with the combination of the glue and the sealant patch is optimal for 

IVD repair. 
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Figure 4.13 Representative raw data of the complete cyclic loading pattern for Glue+Patch sample.  

A-C: Phase #1 is for pre-repair. D-F: Phase #2 is for post-repair.  
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4.5 Compatibility with native and delivered cells 

After proving the repair capacity of hybrid bioadhesives, biocompatibility and regenerative capacity 

were studied. To demonstrate their cytocompatibility with human primary NP cells, the conditioned 

culture medium with the NP glue (alginate hydrogel + adhesion primer) was then used to culture 

monolayer human primary NP cells for 24 hours (Figure 4.14A). On average, the viability is 98% 

for all groups with ingredient concentrations of EDC/NHS (0-50 mg mL-1) (Figure 4.14B-C). The 

result supports that the NP glue is cytocompatible at or below their working concentrations (30 mg 

mL-1 of EDC/NHS in 2% chitosan).  

 

Figure 4.14 2D cytocompatibility test of NP glue. A. Evaluation of cytotoxicity of NP glues in 2D culture. 

B. The NP cell viability is up to 98% over all concentrations of EDC/NHS. C. Fluorescence images of 

Live/Dead assay on 2D cells. 

To further test the biocompatibility at tissue levels, a 3D culture model with human disc 

tissues was developed, where the NP glue was applied to human NP and AF tissues separately 

(Figure 4.15A). Meanwhile, to test the feasibility of cell delivery, MSCs were encapsulated with 

NP glue. The MSC is proposed for IVD regeneration because of its accessibility and differentiation 

toward NP-like cells. The cell-laden NP glue and the IVD tissues were cultured with tissue culture 

mediums for five days. Examination of the native cells within IVD tissues reveals high viability 

and no discernible effect of the adhesion primer (Figure 4.15B). The viability of cells in the tissue 

from its surface (0 μm) to its 20 μm and 40 μm depths are all comparable and not significantly 
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different from the control groups (tissue only, without NP glues). Also, comparable viability was 

found with MSCs encapsulated within NP glues applied to the tissue. The viability of MSCs in the 

NP glue from the interface to the depth of 40 μm is not significantly different from the control 

groups (without primer), further assuring the cytocompatibility of the adhesion primer (Figure 

4.15C). As a result, it is concluded that the cytocompatibility of NP glue is in part attributed to the 

small amount and spatial confinement of the adhesion primer presented at ~20 μm depth in the 

tissues. 

 

Figure 4.15 3D cytocompatibility test of NP glue. A. 3D culture of cell-laden glues on human IVD tissues. 

B. Viability of MSCs encapsulated in the glue or IVD cells in native tissues on day 5. C. Confocal imaging 
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of Live/Dead assay of MSCs in NP glue. P > 0.05 for ns by one-way ANOVA tests compared with control 

(CTL)CTL group. 

4.6 Regenerative capacity with delivered cells 

To further demonstrate the regenerative capacity of our bioadhesives, the mechanics of the NP glue 

were fine-tuned to promote the activities of encapsulated cells. The feasibility of this approach is 

attributed to the design of the NP glue, decoupling the hydrogel matrix, and the adhesion primer 

spatially confined at the interface. To this end, the focus was the viscoelasticity of the NP glue, 

motivated by the recent works showing a viscoelastic matrix upregulates the matrix deposition of 

chondrocytes.[52,269] Given the viscoelasticity of the native NP, it was hypothesized that engineering 

the viscoelastic properties of NP glue could promote the activities and function of NP cells.  

 

Figure 4.16 Viscoelasticity of NP glue is characterized by rheology tests. The storage shear modulus, 

stress relaxation pattern, and the stress relaxation time are shown in (A), (B), and (C). (n ≥ 3, ****P< 0.0001, 

*** P < 0.001, and *P < 0.05 by one-way ANOVA tests). 

To vary the viscoelasticity of the hydrogel, the MW of alginate and the input of calcium 

crosslinkers were both tuned. Two levels of storage modulus at 1 kPa and 3 kPa were obtained and 

which were measured with rheological tests (Figure 4.16A). Note that the stiffness is within the 

range of non-degenerated human NP.[68] For the same storage modulus, the deployment of low-Mw 

alginate can substantially expedite the stress relaxation (Figure 4.16B). The time to relax half of 

the peak stress, t1/2, reflects the viscoelastic property of the matrix (Figure 4.16C). Compared to 

the high Mw condition (~900 s), the stress relaxation time (~10 s) of the NP glue containing low 

Mw alginate is closer to that of human NP tissues (~1 s).[68,270] To further reduce the relaxation time 

to match with NP tissues, reported strategies include conjugating alginate with PEG.[52] The series 

of hydrogels were used to culture human primary NP cells for 21 days.  
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Viability assays confirmed high viability of the primary NP cells within the hydrogels with 

different viscoelastic properties throughout the extended culture period (Figure 4.17A-B). To 

further reveal the activity and function of encapsulated NP cells, their metabolic activity and matrix 

deposition were characterized as a function of the viscoelastic properties of the NP glue. As collagen 

type II and aggrecan are the characteristic components of the NP environment, their production by 

the encapsulated cells is the key indicator of the regenerative potential of the hybrid bioadhesives. 

These results imply that the viscoelasticity (stress relaxing property) prevails the shear modulus in 

upregulating the metabolism and matrix deposition. This effect is significant on Day 7, when the 

metabolic levels of the Low-Mw conditions exceed those of High-Mw conditions (Figure 4.17C).  

 

Figure 4.17 Viability and metabolic activity evaluation of NP glue. NP glues were shown to fully support 

the viability (A and B) and metabolic activity (C) of human primary NP cells (P > 0.05 for ns, **P < 0.01, 

and *P < 0.05 by two-way ANOVA tests). 

Confocal imaging reveals the deposition of collagen type II and aggrecan by the 

encapsulated cells on Day 21 (Figure 4.18A). The cells within the NP glue remain circular, similar 

to the native NP cells. To quantify the aggrecan production, the DMMB assay was performed to 

measure sGAG, the main subcomponent of aggrecan in NP,[259] present within the glue and in the 

culture medium (Figure 4.18B). Interestingly, under at Low-Mw conditions (1kPa or 3kPa), the 

most of sGAGs were detected from the culture medium but not in the hydrogel. This may be because 

the lower-Mw alginate builds up a relatively loose polymer network with large meshes; so that the 

sGAG secreted from cells leaks through the network into the medium. The ECM release to the 

medium is attributed to the in vitro culture (no constraint) and possibly the fact that the sGAG is 

smaller than the mesh of the hydrogel network. The retention of sGAG is favored in NP cavity due 

to the containment of the surrounding tissues in vivo, the limited mass exchange,[271,272] and the 

electrostatic interaction between the chitosan-based adhesion primer and the negatively charged 
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sGAG.[273] After considering the total sGAG amounts from both the NP glue and the culture medium, 

it was found that the fast-relaxing NP glues (1 kPa or 3 kPa hydrogel composed of lower Mw 

alginate) led to more sGAG production than the slow-relaxing counterparts (Figure 4.18B). The 

finding is consistent with the prior work with chondrocytes.[52,269] This study showcases the 

feasibility and efficacy of finely tuning the hydrogel mechanics, decoupled from the bioadhesion 

consideration, to promote cellular activities for IVD regeneration. 

 

Figure 4.18 Matrix deposition of primary NP cells in NP glue. The matrix deposition in 21 days is detected 

by the immunostaining images (A) and the sGAG content in gel or in the media is quantified using DMMB 

assay (B) (*P < 0.05 by T-tests). 

4.7 Preliminary ex vivo validation on human disc model under bioreactor 

Further study with ex vivo whole human disc culture with bioreactors deserves exploration to fully 

recapitulate the biomechanical loading characteristic of humans for further clinical translation 

purposes.[244,274,275] Based on this purpose, a preliminary experiment of ex vivo culture of living 

human IVD model was included. The IVD repaired with the hybrid bioadhesives was cultured in a 

bioreactor that had been previously developed.[274,275] Previous experiments were conducted on 

bovine IVDs. Before starting the bioreactor culture, a preliminary mechanical loading on frozen 

human IVD with nucleotomy and repaired was conducted to confirm that the hybrid bioadhesives 

are capable of preventing herniation under physiological cyclic compressive loading range (0.1MPa 

– 0.5MPa, 0.1Hz, 20 cycles). The mechanical loading results show that the repaired group sustained 

the physiological loading without NP/implant extrusion, while the NP tissue was extruded out from 

the AF defect of the non-repaired group in the first loading cycle (Figure 4.19A). The raw data of 

force and displacement also indicated that the non-repaired group was extruded, reflected by the 

disturbing the curve in the first cycle (Figure 4.19B).  
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Figure 4.19 Compressive cyclic loading test on human IVD repaired with hybrid bioadhesives. Digital 

images of repaired and non-repaired human IVDs under compressive loading (A) (scale bar = 5 mm) and 

the raw data of force-displacement curve (B). 

Next, a preliminary experiment of ex vivo culture of living human IVD model was included. 

The IVD repaired with the hybrid bioadhesives was cultured in a bioreactor that had been previously 

developed.[274,275] After nucleotomy on the IVD, The IVD sample was repaired with Glue+Patch 

bioadhesives before loaded on the bioreactor (Figure 4.20A). Figure 4.20B shows the setup of the 

culture chamber in the bioreactor with culture medium. At the end point of the culture, the medium 

was removed from the culture chamber (Figure 4.20C). After culture for 28 days in the bioreactor 

under physiological compressive loadings, no herniation was detected, and the AF patch still 

adhered to the defect sites (Figure 4.20D).  

 

Figure 4.20 Digital images of the bioreactor setup for evaluating bioadhesives on human IVD. The 

process involved initial repair of the disc using hybrid bioadhesives post-nucleotomy (A), followed by a 

four-week culture in the bioreactor under cyclic compressive loading simulating physiological conditions 

(B-C). Notably, no glue extrusion or patch detachment occurred at the conclusion of the culture period (D). 

The loading data was recorded, and the representative loading pattern of stress and 

displacement was shown in Figure 4.21A-B. During the ex vivo culture, no extrusion or detachment 
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of bioadhesives was observed in the purifying medium and dynamic loading environment. The 

biomechanical parameters of the stiffness (Figure 4.21C), range of motion (Figure 4.21D), and 

dissipated energy (Figure 4.21E) were extracted from the dynamic loading for each day. These 

values indicate that the repaired IVD can withstand a load that simulates human physiological 

conditions for 4 weeks and maintains relatively stable mechanical properties. 

 

Figure 4.21 Biomechanical evaluation of bioadhesives on human IVD ex vivo model in bioreactor. 

Representative loading pattern of stress (A) and displacement (B). Biomechanical parameters of the stiffness 

(C), range of motion (D), and dissipated energy (E) are extracted from the dynamic loading for each day.  

To evaluate tissue regeneration ability, pre- and post-culture MRI imaging was performed. 

Normalized T1ρ intensity, an indicator of regeneration in terms of hydration and proteoglycan 

content, in the NP region was increased by 1.58-fold following the culture in the repaired discs 

compared with their respective pre-culture data (Figure 4.22). The results from the ex vivo human 

IVD model proved the excellent efficacy of our bioadhesive system for IVD repair and regeneration. 

Further validation using other pre-clinical models and clinical trials is underway. We envision the 
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proposed material system will synergize the bioadhesive and tissue-engineering approaches to 

better repair IVD and can motivate the design of implants for repairing a broader range of tissues. 

 

Figure 4.22 MRI imaging of disc pre- and post- culture. The T1ρ scale represent the level of hydration 

which indicate the regeneration. 

To sum up, I developed a hybrid bioadhesive for IVD repair and regeneration and examined 

their adhesion to IVD tissue and subsequent biomechanical properties. Modified lap-shear tests 

evaluated the adhesion of the bioadhesives to different IVD substrates and showed a significant 

increase in adhesion with the use of an adhesion primer. The adhesive primer enhanced the adhesion 

strength and energy. Biomechanical testing under physiologic loading confirmed that the repaired 

discs were similar to intact discs, mitigated re-herniation and restored viscoelastic properties. 

Failure compression testing showed that the bioadhesive-treated discs had enhanced failure 

strengths that approached intact levels. Notably, the AF sealant successfully prevented permanent 

extrusion under extreme loading, contributing to herniation recovery. Besides, this study 

demonstrated the cytocompatibility and regenerative potential of the bioadhesive, demonstrating its 

ability to support cell viability, metabolic activity, and matrix deposition. The preliminary 

experiments on human IVD bioreactor demonstrated the potential of clinical transformation of these 

strategy for repair and regeneration IVD tissues. The reported material exemplifies the synergy of 

bioadhesive and tissue-engineering strategies and the potential of tissue-mimetic bioadhesives. This 
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work is expected to open new possibilities in bioadhesives, regenerative medicine, mechanobiology, 

cartilage repair, wound management, and beyond. 
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Chapter 5   

Composite Hydrogel Sealant for AF Repair 

Despite the validated efficacy of the hybrid bioadhesive strategy in preventing post-nucleotomy 

disc protrusion under physiological compression, bulging of the annulus fibrosus (AF) patch was 

observed during cyclic loading and compressive failure tests though remained adhered to the disc. 

Although the extent of the deformation was far below the stretch limit of the hydrogels, it still posed 

risk to unexpected disc protrusion under extreme compressions. This large deformation of the AF 

patch was hypothesized to stem from the low modulus of the hydrogel implemented in the current 

strategy compared to native AF tissues. To this end, this chapter aims to further improve the 

bioadhesive strategy with emphasis on enhancing the mechanical performances of the AF patches. 

A composite design featuring a thermoplastic polyurethane (TPU) mesh-reinforced hydrogel patch 

is developed to enhance the mechanical robustness of the bioadhesive sealant. Attributes pertaining 

to the fiber angle and volume fraction of the TPU mesh design is tailored to match the mechanical 

performances of native AF. To validate the design, tensile modulus, flexural modulus, and fracture 

toughness of the TPU mesh-reinforced AF patch are characterized. To ensure secure sealing of the 

optimized composite bioadhesive, the adhesion performance of the composite sealant to AF tissues 

is evaluated. With the established TPU mesh design and validated adhesion performance, we 

innovate the bulk geometrical design of the composite bioadhesive sealant is innovated, and their 

adhesion performance and biomechanical recovery behavior in-situ within an IVD model are 

investigated.  

5.1 Composite hydrogel sealant design 

Hydrogel AF sealant require further refinement to mimic the tissue specific structure and match the 

mechanical properties of natural AF tissue. Native AF has a complex structure and is a layered 

fibrocartilaginous tissue composed of 15 – 25 concentric rings or layers with a pattern of highly 

oriented, parallel type I collagen fiber bundles oriented 30° – 45° to the vertical axis angular 

arrangement, and the angles of fiber bundles in successive layers are opposite (Figure 5.1A).[276] 

This unique structure allows the AF to withstand greater loads under physiological loads.  
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In order to achieve the design principle of recapturing the special hierarchical angle-ply 

structure of AF tissue, we propose to introduce 3D-printed multilayer mesh material to simulate the 

directional fiber in AF, compositing hydrogel bioadhesives as mesh-reinforced AF sealant. 3D-

printed mesh is designed with the same angle as the native AF fiber, that is, 30° from the disc axis 

(Figure 5.1B). 60° mesh will be used as a control in the subsequent mechanical validation. Here, 

TPU has been selected as the meshing material integrated into the current composite bioadhesive 

design, due to its elasticity, adjustable physicochemical properties, and compatibility with 

polymer.[277,278] 

Another design principle is to match the mechanical properties of the AF tissue. 

Theoretically, the composite's stiffness increases with a higher volume fraction of TPU. Hence, the 

optimization of volume fraction (VTPU) of TPU will be performed to achieve the desired modulus 

(Figure 5.1C). Importantly, the anisotropy of the AF tissue can result in different tensile behaviours 

observed from different angles when performing tensile tests. Study indicates that the moduli for 

human AF tissue along the radial, axial, and circumferential directions were reported to be 0.14 ± 

0.05 MPa, 0.42 ± 0.11 MPa, and 2.70 ± 2.33 MPa, respectively.[279] The TPU mesh design 

specifically incorporates TPU fibers aligned at 30°, mimicking the collagen fiber configuration 

present in the circumferential direction of AF tissue. Therefore, the benchmark for mechanical 

properties relies on the AF tensile modulus tested specifically along the circumferential direction. 

In this design, the 3D-printed multilayer TPU mesh with the original alginate-

polyacrylamide hydrogel is investigated. Several key outcomes are anticipated: (1) Structurally, the 

multilayer mesh with directional alignment aims to replicate the complex architecture of natural AF. 

(2) Mechanically, the mesh-reinforced sealant enhances the modulus, and the optimization of TPU 

fraction is expected to achieve the desired mechanical properties, including tensile modulus, 

flexural modulus, and fracture toughness. (3) The presence of the hydrogel fraction is intended to 

maintain strong adhesion at the tissue interface. This biomimetic mesh-reinforced composite sealant 

could potentially mitigate implant deformation and address re-herniation issues associated with 

post-nucleotomy.  
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Figure 5.1 Schematic of composite hydrogel bioadhesive application and design. A. Illustration of the 

composite hydrogel bioadhesive for repair AF defects shows a fiber angle-layer structure similar to native 

AF. B. TPU fiber angle design and the representative 3D-printed TPU mesh (scale bar = 10 mm). C. 

Illustration of the TPU volume fraction design shows the TPU fiber dimensions design of 40% volume 

fraction from CAD drawing. 

5.2 TPU mesh optimization 

The optimization process for the TPU mesh of the composite sealant drew inspiration from the 

collagen fiber alignment of the AF, specifically focusing on a 30° angle in the circumferential 

direction. To validate the impact of this angle on enhancing the tensile modulus of the composite 

sealant, a control group featuring a 60° TPU alignment was established, mimicking the axial 

direction of the AF's fiber structure and standing perpendicular to the circumferential orientation. 

The evaluation of the tensile response involved pure TPU samples corresponding to both 30° and 

60° alignments, with a TPU volume fraction set at 100%. Figure 5.2A illustrates the representative 

tissue-strain curves of 30°-100% and 60°-100% groups. The findings reveal a substantial difference 
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in the tested tensile modulus, indicating a significantly higher modulus for the 100% TPU sample 

aligned at 30° compared to its 60° counterpart (Figure 5.2B). This confirms that not only does the 

30° TPU mesh replicate the AF's structure, but it also augments the material's modulus. Further 

exploration involved testing composite hydrogel sealants, with one set having 20% volume fraction 

with alignment at 30° and another 23% volume fraction with alignment at 60°. The data obtained 

show a significant difference in modulus, with the former being significantly higher than the latter. 

This demonstrates that even with a smaller TPU volume fraction, the 30° TPU composite sealant 

surpasses its 60° counterpart in terms of modulus. This reaffirms that the 30° alignment stands as 

the optimal angle, elevating the modulus of the composite hydrogel sealant design. In addition, the 

results for tensile strength do not differ significantly between the 30° and 60° groups (Figure 5.2C). 

This implies that the angle of the TPU has no significant effect on tensile strength of composite 

sealant. 

 

Figure 5.2 Tensile test of composite hydrogel with TPU angle and volume fraction optimization. A. 

Representative stress-strain curve of composite hydrogel with 30o and 60o TPU. The tensile modulus (B) and 

strength (C) of the TPU-composite hydrogel with different angles (n = 4, ** P < 0.01, *P < 0.05, and P > 

0.05 for ns by T-tests). D. Representative stress-strain curve of human AF tissue in circumferential direction 

and the 30-degree TPU composite hydrogel with volume fraction of 20%, 30%, and 40%. The tensile 
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modulus (E) and strength (F) of the AF tissue and composite hydrogel with different volume fraction (n ≥ 

4, ****P < 0.0001, **P < 0.01, and P > 0.05 for ns, compared to AF group by one-way ANOVA tests). 

Furthermore, to match the tensile behaviour of native human AF tissue, the tensile modulus 

and strength of composite hydrogels with TPU volume fractions of 20%, 30%, and 40% were 

measured via a tensile test. The tensile test of human AF tissue in circumferential of disc was also 

included as a benchmark for comparison. Figure 5.2D shows representative stress-strain curves for 

composite hydrogel sealant and human AF. The results showed that all composite hydrogels were 

able to withstand strains much higher than the target tissue. Examining the small-strain responses, 

we found the 30 o TPU composite hydrogel at 40% volume (3.24 ± 0.35 MPa) nearly matches the 

AF tissue (2.59 ± 0.92 MPa) in terms of tensile modulus (Figure 5.2E). The composite hydrogel 

became more compliant with decreasing TPU volume fraction, with the modulus of 1.51 ± 0.16 

MPa for 30% and 0.52 ± 0.12 MPa for 20%. A similar trend was also observed in tensile strength 

measurements (Figure 5.2F). Notably, the 40% TPU volume exhibits the highest failure strength 

(3.29 ± 0.65 MPa) among the tested groups, surpassing even the strength of AF tissue (1.57 ± 0.49 

MPa). The AF tensile modulus and the tensile strength measured in these experiments are close to 

the data reported in the previous literature, thus verifying the accuracy of these experiments. The 

dashed lines in Figure 5.2E and Figure 5.2F represent the tensile modulus (2.7 MPa) and strength 

(1.25 MPa) of circumferential AF reported in the literature.[279,280] 

The overall tensile test results show that the composite hydrogel of TPU with 30o and 40% 

volume fraction can meet the requirements of modulus and strength at the same time. Therefore, 

this TPU mesh configuration will be used for subsequent mechanical testing and further geometric 

optimization. 

5.3 Flexural modulus  

Aside from tension, AF is subjected to other complex mechanical loadings. Under physiological 

disc loading conditions, the NP tissue is enclosed by and exerts hydrostatic pressures on the AF 

tissue, leading to a resultant bending load on the AF tissue. Similar loading is also expected by the 

composite hydrogel sealant after repair. To evaluate the resilience to such loadings, it is important 

to assess the flexural modulus of the composite hydrogel and compare it with native AF tissues. To 

assess the flexural modulus, 3-point bending tests were performed on both the composite hydrogel 

(30o and 40%) and AF tissues for comparison (Figure 5.3A). As the tensile modulus of composite 
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hydrogel is close to that of AF, we also expect a good agreement in flexural modulus. Indeed, the 

flexural modulus of the composite hydrogel (1.97 ± 0.35 MPa) and human AF tissue (2.09 ± 1.38 

MPa) demonstrated no significant differences, as shown in Figure 5.3B. The close match in flexural 

moduli suggests a mechanical equivalence in their bending behavior, assuring the mechanical 

robustness of the mesh-reinforced composite hydrogel design and the resemblance to recapitulate 

the native biomechanical function of AF. Notably, this work is the first to identify the significance 

of flexural modulus as a mechanical property index in the assessment of AF and AF repair materials. 

The measured values serve as a benchmark for future investigations on the mechanical response of 

AF tissues as well as designs and improvements of bioadhesives in disc repair. 

 

Figure 5.3 Flexural modulus assessment of composite hydrogel and AF via 3-point bending test. A. 

Visual representation of the 3-point bending test conducted on composite hydrogel and native human AF 

tissue (scale bar = 10 mm). B. Comparable flexural modulus values between composite hydrogel and AF 

tissue. (n ≥ 4, P > 0.05 for ns by T-tests). 

5.4 Fracture toughness  

Degeneration of the IVD deteriorates the mechanical performances of the bulk AF tissues and 

creates fissures in them. The combination of these two factors undermines the load-bearing 

capability of AF against the exerted complex loadings and increases the risks of AF tearing. Tearing 

of AF aggravates the biomechanical function of the IVD and may lead to further complications such 

as disc herniation, spinal stenosis, and spondylolisthesis.[281] Therefore, to effectively repair 

damaged IVDs, it is crucial to design sealant that possess high resistance to crack extension, which 

can be quantified by fracture toughness.  

Here, pure shear tests were performed to characterize the fracture toughness of the 

composite hydrogel. TPU meshes with optimized volume fraction of 40% with fiber orientation at 

30o were implemented. As shown in Figure 5.4A, both notched and unnotched samples can be 
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stretched to more than 8.5 and 3.5 times their original length. During stretch, no delamination was 

observed between the stiff TPU mesh and the soft tough hydrogel matrix, underlining the successful 

merging of the two material constitutes. The high stretchability of the composite hydrogel far 

exceeds the deformation expected in native AF tissues under either physiological or pathological 

conditions, signifying the mechanical robustness of our composite hydrogel strategy. Thanks to the 

tough hydrogel matrix and TPU mesh design, the notched hydrogel composite sample successfully 

blunted the induced crack and exhibited extensive energy dissipation capability. To quantify this, 

Figure 5.4B displayed the stress-stretch characteristics of both the notched and the unnotched 

sample, and the fracture toughness was obtained. Remarkably, the composite hydrogel showed a 

high fracture toughness of 47.90 ± 1.60 kJ m-2, demonstrating a 3-time enhancement compared to 

the tough hydrogel sealant in our previous design (~16 kJ m-2).[282] Although no studies have 

reported the fracture toughness of human AF, to the best of the author's knowledge, some reported 

the fracture toughness of ovine AF tissue, ranging from 10 to 90 kJ m-2.[283] The agreement of our 

results to the literature suggests the resemblance of fracture toughness of the hydrogel composite to 

that of AF tissue.  

 

Figure 5.4 Fracture toughness evaluation in composite hydrogel via pure shear testing. A. Visual 

representation of the pure shear test conducted on unnotched (a) and notched (b) composite hydrogel samples 

(scale bar = 5 mm). B. Stress and stretch data from the pure shear test, yielding a fracture toughness value 

of 47.90±1.60 kJ m-2. The solid blue line and dotted orange line represent the unnotched and notched sample 

respectively. 

5.5 Adhesion performance 

Although the adhesion surfaces of the improved hydrogel sealant remain unchanged, stiffening of 

the bulk material might undermine the adhesion performances of the sealants to the AF tissues. 

Modified lap shear tests were conducted on both composite hydrogel and non-composite hydrogel 

sealant to assess the adhesion performances (Figure 5.5A). As expected, the composite adhesive 



Chapter 5 Composite Hydrogel Sealant for AF Repair 

75 

 

exhibited lower adhesion strength (37.79 ± 4.04 kPa), compared to the non-composite counterpart 

(62.78 ± 18.24 kPa) (Figure 5.5B). However, as both sealants displayed cohesive failure in the 

tough hydrogel matrix, the adhesion energy was found to be comparable, with values of 0.92 ± 0.13 

kJ m-2 for the composite hydrogel sealant and 1.0 ± 0.18 kJ m-2 for the non-composite group (Figure 

5.5C). The results confirmed the adverse effect of a stiffened adhesive matrix on the adhesion 

strength performances. Due to the relatively low interfacial toughness between the stiff TPU mesh 

and the soft hydrogel matrix, the capacity of energy dissipation at the interface of the composite 

sealant and the AF tissues was dominated by the hydrogel matrix. As such, the resulting adhesion 

energy was independent of the inclusion of the TPU mesh, whereas the adhesion energy, showed 

similar values between the composite and non-composite groups. Nevertheless, the adhesion 

performances of the composite hydrogel were still high enough to ensure secure bonding of it to the 

AF tissues during repair. 

 

Figure 5.5 Adhesion tests of the composite hydrogel sealant. A. Lap-shear test images of composite or 

non-composite hydrogel sealant applied on human AF tissue (Scale bar = 10 mm). (B) and (C) show the 

adhesion strength and energy between both sealants on AF respectively (n ≥ 4, *p < 0.05 and ns > 0.05, by 

T-tests). 

5.6 Geometric design  

Previous sections focus on optimizations of the material properties of the composite hydrogel by 

tailoring the TPU mesh designs. In this section, the composite sealant was further improved by 

through geometric design. Two design parameters were considered: the curvature of the bulk 

composite hydrogel and the shape of the embedded TPU mesh. 
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The curvature of the bulk composite hydrogel sealant was first modified. The overall 

cylindrical shape of the IVDs renders the curved outer AF surfaces. Adhesion of flat sealants to 

curved AF surfaces require application of excessive compression and pose risks for detachment due 

to the generated residual stress. The situation is more critical given the high flexural stiffness of 

TPU composite sealant compared to pure hydrogel sealants. Creating curved sealants with 

curvatures matching that of the AF could ease the adhesive placement process and minimize the 

residue stress at the interface afterwards. The curvature information of the human IVDs was 

obtained from MRI scanning, as presented in Figure 5.6A. Curvature of the posterolateral position 

in the IVDs was specifically chosen and measured due to its ubiquity for acute herniation [284]. 

Analysis of five human disc samples yielded an average radius of curvature of 12.74 ± 1.46 mm 

(Table 5.1). To this end, the curved composite hydrogel sealants were designed with a 13 mm radius 

of curvature. 

 

Figure 5.6 Geometric optimization of composite hydrogel bioadhesive. A. Human IVD curvature 

measurement from MRI scanning. B. Three designs of the composite hydrogel patch: a) flat with fully TPU 

filled; b) curved with fully TPU filled; c) curved with partially TPU filled. 

Next, the overall size and shape of the embedded TPU mesh in the composite hydrogel 

sealant were refined. As studied in previous sections, despite the stiffness augmentation effect, the 

TPU mesh inevitably attenuated the adhesion strength of the composite hydrogel sealant to the AF 

tissues. It is hypothesized that a partial TPU mesh sealant could effectively enhance the stiffness at 

the targeted defect site while minimally diminish the adhesion performances. A design with a 

circular TPU mesh of 5-mm-diameter embedded at the center of the composite hydrogel sealant 

was embodied. The partial TPU mesh will be positioned to overlap and cover the AF defect created 

by the 3-mm-diameter biopsy punch. This “band-aid” design combines a portion of the TPU mesh 
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material to precisely match the size and shape of the AF defect, preventing the injected NP glue 

from causing excessive deformation on the sealant. In the meantime, the substantially reduced TPU 

mesh size renders the bulk composite hydrogel low stiffness that is comparable to the non-

composite hydrogels, making it easy to apply on curved AF tissue and restoring tough and strong 

adhesions. With the established two design considerations, three patch designs results: a flat full-

TPU-meshed patch, a curved full-TPU-meshed patch, and a curved partial-TPU-meshed patch 

(Figure 5.6B). 

Table 5.1 Radius of curvature of the lateral-postural site of human IVD 

Sample Donor – level Radius of curvature from MRI (mm) 

1 Donor 1 L2L3 15.17 

2 Donor 1 L4L5 13.48 

3 Donor 2 T12L1 10.97 

4 Donor 2 L1L2 11.97 

5 Donor 2 L2L3 12.09 

 

5.7 In-situ peeling adhesion evaluation 

Next, an in-site peeling test was performed aiming at evaluating the adhesion performance of 

sealants with different design geometries on curved bovine IVD segments. The in-situ peeling setup 

recapitulated the adhesion scenario of the composite hydrogel sealant and took geometric factors of 

the adherends into consideration. The experiment results showed that the mean adhesion energy 

values for the three types of sealants were 274 ± 92 J m-2, 161 ± 49 J m-2, and 220 ± 70 J m-2 for the 

flat-full, curve-full, and curve-partial groups, respectively (Figure 5.7B). There was no statistically 

significant difference between the three groups, indicating that the geometry has less influence on 

the in-situ adhesion performance. The result could be attributed to the large variation among 

biomaterials, leading to the wide range of variation. In addition, due to the small number of samples 

tested, the results of statistical analysis did not present significant differences. A previous study 

using the same method tested in-situ peeling between non-composite hydrogel sealants and bovine 

IVDs, which resulted in the adhesion energy of 239 ± 49 J m-2.[242] This is similar to the results of 

this thesis, especially for the curved partial sealant group, suggesting that all three designs are 
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capable of achieving high adhesion energies, thus ensuring the formation of secure AF repair on 

curved IVD surface. 

To validate the geometric design, the adhesion performances of the proposed composite 

sealant on curved IVD tissue surfaces were investigated. To assess this, we performed an in-situ 

peeling test on bovine IVD segments. There was no significant difference in in-situ disc adhesion 

among the three groups, which was comparable to the results previously reported, indicating that 

the TPU-enhanced patch was still able to form a strong adhesion in-situ to the disc. This can be 

reasonably explained by the fact that the adhesion properties are mainly dependent on the covalent 

bonds formed between the hydrogel and the tissue surface, and the TPU does not have a dominant 

effect on the in-situ adhesion property.  

 

Figure 5.7 In-situ peeling test for assessing the adhesion of composite hydrogel sealants. A. Images 

depicting the in-situ peeling test assessing the adhesion of TPU-gel patches on bovine IVD tissue. B. The 

tested adhesion energy results. Scale bar = 10 mm. n = 3, P > 0.05 for ns by one-way ANOVA tests. 

5.8 Biomechanical recovery assessment 

To further evaluate the efficacy of the geometric design of the composite hydrogel sealants, axial 

cyclic loading tests were performed on bovine IVD motion segments after repair using the same 

method as described in Chapter 4 (Figure 4.8). Biomechanical parameters, such as ROM, NZ length, 

and NZ stiffness were extracted from the force and displacement data and used to assess the 

performances of the sealants (Figure 5.8A). Firstly, the ROM result showed that three repaired 

groups had no significant difference with intact control, while the defect control (negative control) 

had significant difference with intact control (Figure 5.8B). This suggests that the repaired strategy 
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with the composite hydrogel sealants is better at restoring the ROM of the disc compared to the 

defect group. Next, similar results can be found in the NZ length (Figure 5.8C), where three 

repaired groups showed comparable with the intact group. Within these three repaired groups, the 

curve-part-TPU sealant group notably stands out, displaying significant differences compared to 

the defect control. This result suggests an improvement can be achieved with the curved and 

partially TPU-designed approach. Lastly, the NZ stiffness of the flat-full-TPU sealant and curve-

part-TPU sealant are compared to intact group indicating the recovery in these two types of designs 

(Figure 5.8D). However, the curve-full group did not restore the NZ stiffness and showed a 

significant difference compared to the intact control.  

 

Figure 5.8 Biomechanical assessment on bovine IVD after repaired with composite hydrogel sealant.  

Biomechanical assessment on bovine IVD after repaired with patches were performed and the parameters 

were extracted from the cyclic loading curves (A), including range of motion (B), NZ length (C) and stiffness 

(D). The dashed lines are the results of the non-composite hydrogel patch group from Chapter 4, are 1.03, 

0.97, and 0.99 respectively. n ≥ 4, **P < 0.01, *P < 0.05, and P > 0.05 for ns by one-way ANOVA tests. 

Capacity to improve failure strength and prevent re-herniation was evaluated through the 

ramp-to-failure compressive loading test as described previously.[285] Representative curves of load 

and displacement were shown in Figure 5.9A, and the failure strength was recorded among the 
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groups (Figure 5.9B). Notably, the failure strength in the curve-partial group (9.80 ± 6.58 MPa) is 

the highest among the repaired groups with flat-full sealant (6.03 ± 5.59 MPa) and curve-full sealant 

(4.92 ± 4.36 MPa) and also far larger than the defect control (3.23 ± 2.07 MPa). Moreover, the 

curve-partial group does not show statistically difference from the intact control (22.19 ± 5.86 MPa). 

Images after the failure test show that the NP glue (blue color) was still present in the injected disc. 

The composite hydrogel AF sealant remained tightly adhered to the tissue, although in some area 

there was debonding leading to failure, as indicated by the red arrows in Figure 5.9C. 

 

Figure 5.9 Failure strength of the bovine disc motion segments with repair of composite sealant under 

compressive loading. A. the representative raw data of load and displacement of 3 types of composite 

sealants. The curve-part design of the composite sealant presents higher failure strength than other groups 

(B). The curved-part group exceeds the failure strength of the non-composite hydrogel sealant (8.23 MPa). 

C. Images of the bovine disc after failure loading tests in the front view and the transversely cutting views 

(Scale bar = 5 mm). n ≥ 4, **P < 0.01, *P < 0.05, and ns P > 0.05 by one-way ANOVA tests. 

In summary, this work presents the development of composite hydrogel sealants for AF 

repair, focusing on their design refinement, TPU mesh optimization, mechanical properties, 

adhesion properties, geometrical enhancement, in-situ adhesion assessment, and biomechanical 
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recovery assessment. Through careful tuning of the TPU volume fraction and fiber angle, this study 

yielded a composite hydrogel sealant that closely resembles the natural AF structurally and 

mechanically, showing excellent fracture toughness and promising flexural modulus alignment. 

Despite a slight reduction in bond strength due to hardening, the composite exhibits comparable 

adhesive energy, ensuring a strong bond during the repair process. Geometric design innovations, 

including curved sealant and partial TPU mesh configurations, revealed the potential effectiveness 

of high adhesion energy and biomechanical restoration, addressing previous limitations and paving 

the way for more robust AF repair bioadhesive strategies.



Chapter 6 Discussion 

82 

 

Chapter 6   

Discussions 

This thesis proposed hydrogel bioadhesives strategies for intervertebral disc (IVD) repair. The 

strategies enable strong adhesion formation, recover biomechanical functions, deliver cells, and 

prevent re-herniation. They have expanded the material repertoire for IVD treatments and suggested 

the potential of clinical translation in the biomedical applications associated with load-bearing 

biological tissues. However, there remain a few limitations of the proposed technologies, which 

demand further optimization and improvement. These issues are discussed herein in the following 

categories: the development of tissue-mimetic hybrid bioadhesives, adhesion performance within 

IVD niche, biomechanical recovery performance, cytocompatibility and cell-delivery capacity, ex 

vivo validation for clinical translation, mesh-reinforced composite hydrogel sealant, and future 

works. This thesis provides essential proof of concept data supporting the use of regenerative 

bioadhesives with cell therapy for disc regeneration and repair. 

6.1 Development of tissue-mimetic hybrid bioadhesives 

This study developed and validated tissue-mimetic hybrid bioadhesives, which were customized 

for the repair and regeneration of IVD after nucleotomy. The hybrid bioadhesive consisted of an 

injectable alginate hydrogel for filling the nucleus pulposus (NP) and an alginate-polyacrylamide 

double network hydrogel for sealing the annulus fibrosus (AF). In previous studies, alginate 

hydrogels have been developed for NP repair by delivery of cells,[255,286] but in this thesis, this is 

the first time that the effect of viscoelasticity on encapsulated human NP cells has been investigated. 

These results offer a possibility to further enhance the regenerative capacity by fine-tuning the 

viscosity of hydrogel. Alginate-polyacrylamide double network hydrogels are known for their tough 

tissue adhesion and have been used for tendon and skin repair.[39,253] In this study, this material was 

used for the first time to repair IVD tissue, specifically targeting AF tissue. This adaptation extends 

the application of bioadhesives to IVD repair, expanding their potential in different medical fields. 

Different from previously reported bioadhesives, the developed material combines an injectable and 

cell-compatible NP glue and a pre-formed mechanically tough AF sealant. The former resembles 

the NP mechanically and biologically, allowing for delivering exogenous cells to fill and regenerate 

the NP cavity. The latter serves as a mechanically optimized barrier to seal the AF defects and secure 



Chapter 6 Discussion 

83 

 

the NP glue in place, even under the stress of extreme mechanical loadings on the IVD. The synergy 

of the two components renders the hybrid bioadhesives with excellent biomechanical performance.  

When studying the form factor of AF sealant, we found that the debonding and extrusion 

associated with the plug design, but not with the patch design. The phenomena can be attributed to 

the Poisson’s effect under compression, that is, a substantial expansion in the transverse direction. 

In this regard, the patch attached to the AF wall is parallel with the loading direction and thus 

experiences much less mechanical loading (or energy release rate) to drive debonding between the 

bioadhesives and the IVD. Previous adhesive designs overlooked the heterogeneity of native AF 

and NP tissues, which resulted in inadequate recovery in biomechanical properties despite 

formation of relatively strong adhesion between the tissue and material.  

This work exemplifies tissue-mimetic bioadhesives, accounting for the unique mechanics 

and repair needs for the IVD niche after nucleotomy. Specifically, this work is the first to 

demonstrate the applicability of the adhesion primer and hydrogels to different substructures of the 

IVD and benchmark the adhesion and sealing performance of these materials under physiological 

and extreme loading conditions relevant to IVD. The IVD-mimetic bioadhesive distinct from other 

bioadhesive systems designed for general surgical procedures and wound management. According 

to the unique structure of IVD, the needs for NP filling and AF sealing is decoupled. Essentially, 

the NP glue resembles the NP in viscoelasticity and cell compatibility; the AF sealant excels in 

adhesion and toughness. As such, the hybrid strategy simultaneously satisfies the requirements of 

repair and regeneration.  

6.2 Adhesion performance within IVD niche 

Regarding adhesion performance, hybrid bioadhesives function as designed within the IVD niche. 

The combination of NP glue plus AF sealant patch achieved the best repair outcomes in restoring 

biomechanics and avoiding re-herniation post-nucleotomy. The modified lap-shear tests using 

samples with and without pre-cracks characterized the adhesion strength and adhesion energy of 

NP glue and AF sealant on different regions of IVD, including NP, inner and outer AF. The 

comprehensive adhesion characterizations confirmed the effectiveness of the adhesion primer. The 

implementation of primer significantly enhanced adhesion performance of the NP glue (~ 4 kPa, 

Figure 4.6) compared to pristine alginate hydrogels in prior works and achieved strong adhesion of 

the hydrogel AF sealant with the AF (~ 62.78 kPa, Figure 5.5). Comparing these results with other 
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studies using bioadhesive hydrogels for AF repair, this approach yielded higher lap-shear adhesion 

strengths than riboflavin-crosslinked collagen,[287] FibGen,[288] and oxidized-methacrylate-modified 

GAG.[46] Although the modest adhesion energy of the NP glue is bound by the toughness of the 

alginate hydrogel matrix, the biomechanics studies and post-test examination confirmed the 

retention of NP glue within the NP cavity with the aid of the AF sealant. Since NP glue can carry 

cells into the NP cavity to promote regeneration, fixing NP glue at the injection site is of great 

significance for precise repair and resident cells of the target tissue. From this point of view, the 

adhesion achieved in this work can not only structurally repair the tissue, but also improve the 

therapeutic accuracy of delivered cells. It is worth noting that the full enclosure of the glue by the 

AF and the sealant mitigates the need to further toughen the NP glue for even higher mechanical 

performance; also, toughening the alginate hydrogel often involves toxic reagents and harsh 

reaction conditions. This is in accordance with the design principle of tissue-mimetic bioadhesives, 

considering the specific tissue environment.  

6.3 Biomechanical performance  

The repair outcome of hybrid bioadhesives was successfully validated with an ex vivo model using 

bovine spinal motion segments. Considering the accessibility and costs of collecting the human 

discs, we primarily used bovine discs to assess the repair performance of the hybrid bioadhesives 

strategy under physiological loading and extreme loading conditions. The ex vivo model 

demonstrated that the hybrid bioadhesive prevented re-herniation under axial cyclic loadings and 

partially restored the biomechanical parameters in the bovine disc model. Specifically, in the 

biomechanical evaluation results in section 4.3 (Figure 4.9B, C), the ROM and NZ length in the 

repair group reached values closer to those in the intact group (positive control). ROM represents 

the flexibility of the motion segment, describing the normal range of the motion segments. NZ 

length represents the region of displacement or deformation where the IVD exhibits a more elastic 

response, it also indicates the stability of the discs under loading. The recovery of those two key 

parameters implies that the applied adhesive repair fills the cavity and is anchored in the tissue 

through adhesive bonding compared to the defect group. Thus, the preservation of IVD integrity 

facilitates the restoration of typical motion behavior. This result highlights the critical role of AF 

sealant and its design in restoring IVD biomechanics. 
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The compression failure test showed that the Glue+Patch condition excelled among three 

repair conditions in terms of failure strength and herniation inhabitation. The other two conditions 

were found to have the NP (for Glue) and the AF sealant (for Glue+Plug) extruded from the AF 

defect, a phenomenon also reported in recent works.[46,289,290] Previous studies have proposed a two-

part approach using biomaterials to repair AF after removal of the NP. An injectable interpenetrating 

network hydrogel and modified glycosaminoglycans were used to bond the hydrogel to the AF 

tissue. While this cell-compatible method showed improved tissue adhesion, testing on bovine discs 

with nucleotomy showed lower repair strength (~ 4 MPa) than the non-repaired group (~ 5 MPa),[46] 

suggesting its inferior effectiveness compared to current clinical standards. In this thesis, the repair 

of a bovine disc with the Glue+Patch strategy demonstrated compressive failure strength of 8.2 ± 

4.7 MPa, exceeding previously reported values and was almost 3 times higher than that of the defect 

control group (3.2 ± 1.7 MPa). This is a significant advance in herniation prevention. However, 

although the Glue+Patch group was significantly better than the other repaired groups, its strength 

was still lower than intact IVD (22.2 ± 4.8 MPa). Addressing this challenge requires further studies 

in the future, such as further increasing the adhesion properties of materials and tissues.  

6.4 Cytocompatibility and cell-delivery capacity 

Regarding the cytocompatibility and cell-delivery capacity, the hybrid bioadhesives were shown to 

be biocompatible and bio-instructive via mechanotransduction. The 2D cell culture and 3D tissue 

were combined to demonstrate that the NP glue induced no cytotoxicity against native cells (NP 

and AF cells), as well as exogenous cells (NP cells and MSCs). Also, our study demonstrated that 

the encapsulated NP cells exhibited high viability and metabolic activities while depositing collagen 

(type II) and aggrecan. Importantly, we showed, for the first time, that the NP-mimetic viscoelastic 

condition (soft and fast stress relaxation) promoted the matrix deposition of encapsulated NP cells. 

These results substantiate the potential of cell-laden NP glue in regenerating NP tissues. To further 

augment ECM synthesis, one could leverage the delivery of GFs and other therapeutics, as well as 

functionalization with ligand proteins to regulate the phenotype of encapsulated NP cells or stem 

cells. For example, laminin ligands have been shown to promote the sGAG production of human 

NP cells.[291,292] For stem cells, other factors such as GFs and wnt5a mimetic ligands could be 

included in the NP glue to promote ECM production and to guide the differentiation toward NP 

phenotype.[293] The stem cell delivery capacity is an important attribute, as MSCs have been proven 

to mediate IVD repair and functional recovery in degenerate ovine IVDs.[294,295] Further combined 
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with scaffold, cell delivery MSCs-hydrogel delivery therapy has been widely studied in cartilage 

tissue repair.[296–298] Notably, the developed tissue-mimetic bioadhesives not only show the stem 

cell delivery capacity, but the strong local adhesion to the tissue surface also provides improved cell 

retention, which distinguishes from existing hydrogel scaffolds in the demanding environment of 

the IVD. This innovation can potentially improve IVD tissue engineering efficacy. 

6.5 Ex vivo validation for clinical translation potential 

Discs from large animal models have been widely used in ex vivo studies for investigating the 

biomechanics of NP/AF implants.[289,290] In this study, a bovine IVD ex vivo model was used to 

simulate a standard nucleotomy by forming a 3-mm biopsy punch in the AF and removing 

approximately 20% of the NP, similar to what had been observed clinically in severe herniation and 

aggressive nucleotomy.[247,299] The biomechanical damage formed in this model represented an AF 

defect, and the performance of the hybrid bioadhesive in this model highlighted its superior 

adhesive and biomechanical repair performances. However, animal models cannot fully mimic the 

biomechanical conditions of human lumbar IVD[261] due to their intrinsic discrepancies in disc size, 

geometry, biomechanical properties, composition, metabolism, and cells.[257,300,301] Therefore, it is 

worth exploring the use of bioreactors for the study of isolated whole human IVD cultures to fully 

mimic the biomechanical loading characteristics of humans for further use for clinical translational 

purposes.[244,274,275] With this purpose in mind, Section 5.8 incorporated preliminary experiments 

with ex vivo culture of living human IVD models. IVDs repaired with hybrid bioadhesives were 

cultured in a previously developed bioreactor. After 28 days of incubation under physiologic 

compressive loading, no protrusion was observed, and the AF patch remained adherent to the defect 

site. In addition, MRI evaluation showed an increase in T1ρ intensity in the NP region, suggesting 

a trend toward regeneration of the NP after repair with NP adhesive during incubation.  

To develop hydrogel therapy, previous studies used injections of hydrogel and cells through 

a small needle.[302] The injected hydrogel filled cracks and fissures in the human IVD. Subsequent 

incubation in a bioreactor was observed to restore disc height and MRI results showed disc 

regeneration. However, these studies have a limited reflection of the nucleotomy situation because 

pinhole injections only create small AF defects with a low risk of reherniation. In contrast, standard 

treatment of severe degeneration actually leads to the formation of cavities within the disc, 

increasing the risk of reherniation. Thus, to fully simulate the situation of AF defects, our study is 
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the first to use an ex vivo model of human IVD nucleotomy. Over the 28-day incubation period, no 

significant fluctuations in the biomechanical properties of the ROM (~0.5 mm) and stiffness (~2000 

N/mm) of the repaired disc segment were observed (Figure 4.21), demonstrating the high stability 

of the bioadhesive. In addition, the results were comparable to previously reported values of ROM 

(0.2 – 0.6 mm) and stiffness (1500 – 2000 N/mm) of human intact IVD under the same loading and 

incubation conditions.[302] The agreements of the biomechanical properties of the repaired and 

native discs further suggested the potential of the hybrid bioadhesive to repair the discs to their 

normal state. 

6.6 Mesh-reinforced composite hydrogel sealant 

Composite scaffolds have been used for AF repair in the literature. A previous study developed a 

composite scaffold resembling the AF structure, combining HA-based hydrogel and Poly (L-lactic 

acid) (PLLA) fibers via electrospinning. While promising for mimicking AF and aiding cell growth, 

its mechanical properties and adhesion performance remain unexplored for assessing AF repair.[303] 

Another study explored various approaches like FibGen, poly (trimethylene carbonate) (PTMC) 

scaffolds for cell delivery, and polyurethane membranes to prevent herniation. However, combining 

scaffolds with FibGen only partially restored biomechanics, and even reinforced with polyurethane 

membranes, it struggled to prevent herniation effectively.[246]  

In Chapter 5, we developed a 3D-printed TPU-reinforced composite hydrogel sealant that 

not only achieved natural AF mechanical properties but also demonstrated superior adhesion 

performance and herniation prevention compared to previous composite repair strategies. The 

composite design differed from our initial design of the bioadhesive with pure hydrogel Glue+Patch. 

The enhanced composite sealants exhibit higher stiffness and strength, as also demonstrated in other 

applications of tissue-engineered biomaterials.[221,304] By incorporating a hydrogel with a 3D-

printed scaffold mesh, the modulus of the composite material was significantly enhanced (3.24 ± 

0.35 MPa), aligning closely with that of the AF tissue (2.59 ± 0.92 MPa). In the case of disc repairs, 

the enhanced patch demonstrated reduced deformation when subjected to pressure, reducing the 

risks of compressing the peripheral nerves and causing pain. Moreover, apart from the modulus 

improvement, the mesh-reinforced composite sealant exhibits a high fracture toughness (47.90 ± 

1.60 kJ m-2), surpassing that of the previous hydrogel sealant (~16 kJ m-2) by 3 times.[282] 

Additionally, this fracture toughness aligns with values of AF reported in existing literature (10 to 



Chapter 6 Discussion 

88 

 

90 kJ m-2),[283] indicating that the developed composite sealant effectively attains a comparable level 

of fracture toughness to that of AF tissue. 

The overall geometry of the composite hydrogel sealant played a significant role in the 

materials design. One main consideration was the curvature of the AF, since strong adhesion of the 

sealant necessitate conformal contact with the outer AF tissue, where the defect site resides. 

Additionally, the TPU-mesh distribution was also considered because the mesh-reinforced stiffer 

patch compromised adhesion properties. Therefore, a curved partial-TPU-mesh design was 

proposed in the study. Interestingly, the compression failure test showed promising results: curve-

partial group achieving the highest levels of failure strength (9.80 ± 6.58 MPa) among others, a 

level statistically comparable to that of the intact group (22.19 ± 5.86 MPa). This is attributed to the 

strong adhesion maintained between the original hydrogel and the tissue in the surrounding part of 

the sealant patch, while the TPU reinforcement in the centre part provides sufficient stiffness 

support. This result shows that curved partial-TPU sealant can be a promising AF repair design that 

further improves the repair outcomes. A previous study using the same method tested in-situ peeling 

between non-composite hydrogel sealants and bovine IVDs, which resulted in the adhesion energy 

of 239 ± 49 J m-2.[242] This is similar to the results of this thesis, especially for the curved partial 

sealant group (220 ± 70 J m-2), suggesting that all three designs are capable of achieving high 

adhesion strengths, thus ensuring the formation of secure AF repair on curved IVD surface.  

6.7 Limitations and future works 

The regenerative bioadhesives developed in this study have demonstrated advances in restoring 

biomechanical function, preventing re-herniation, and supporting stem cell-driven regeneration. 

However, despite these encouraging outcomes, several limitations exist in the current work, 

prompting avenues for future research. 

First the interactions between the NP glue and native cells remain unexplored. While the 

cytocompatibility study offered insights into cellular behavior, it fell short in elucidating endogenous 

cell recruitment and tissue remodeling processes. Addressing this gap necessitates focused research on 

mechanotransduction pathway study between these cells and the NP glue to facilitate a comprehensive 

understanding of their interplay. Second, a potential modification for the NP glue involves incorporating 

a macroporous structure. The current alginate hydrogel used for cell encapsulation has a polymer 

network with an average mesh size of less than 100 nm,[286] hindering cell growth and reducing tissue 
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formation. Introducing macropores (100 μm - 300 μm) within the hydrogel could alleviate these 

limitations by facilitating improved mass transport of nutrients and waste products, providing space for 

cell proliferation and migration, enabling ECM deposition, and enhancing cell attachment. Various 

methods have been developed to control structure/pore size and morphology in hydrogel scaffolds, 

including salt templating, gas forming, bicontinuous emulsion templating, cryogelation, electrospinning, 

and 3D printing.[80] To further refine the NP, another critical focus lies in studying its degradation 

kinetics to synchronize with tissue regeneration. It is pivotal to achieve an ideal degradation rate that 

can align with the formation of newly deposited ECM. Understanding and controlling this degradation-

regeneration interplay will optimize the efficacy of NP glue in supporting integrated tissue regeneration. 

Regarding the design of the mesh-reinforced composite hydrogel sealant, its limited TPU mesh 

pattern design and the evaluation using only 40% of the TPU volume ratio underscore areas for 

enhancement. Future research should explore diverse configurations for the 3D-printed mesh, including 

varying angles, shape, gap sizes, and diverse layouts. Employing finite element method studies can 

provide an in-depth understanding of the impact of TPU mesh variations on adhesion strength and the 

modulus of the composite sealant, allowing for optimization while maintaining optimal adhesion 

properties. Furthermore, the current design of the composite sealant overlooked regenerative functions. 

Subsequent investigations will focus on studying the effects of the composite hydrogel sealant on native 

cell behaviors and inflammatory response. The results would broaden understanding of how the patch 

interacts with and influences native cellular processes, thereby uncovering its regenerative potential. 

The anatomical variations between human and bovine IVD segments are noteworthy, 

encompassing differences in size, shape, composition, as well as the distribution and density of cells, 

and collagen fiber arrangement, all impacting biomechanical properties and functional behavior. 

Additionally, functional dissimilarities arise from variations in biomechanical loading conditions and 

environmental factors. Human IVDs undergo unique mechanical stresses and loading patterns 

associated with upright posture and bipedal locomotion, contrasting with the loading conditions 

experienced by quadrupedal bovines, which can affect tissue adaptation, degenerative processes, and 

treatment responses. Consequently, when translating research findings between species, it is essential 

to recognize the limitations and challenges involved in extrapolating results from bovine IVD models 

to human conditions, despite the advantages such as availability, cost-effectiveness, and similarity in 

basic anatomy that bovine models offer. 

Moving towards broader applications, future directions involve evaluating the performance of the 

bioadhesive strategy in more complex environments by utilizing animal models and human IVD ex vivo 
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cultures. In vivo studies with large animal models are crucial for understanding immune responses, 

degradation rates, regenerative potential, and herniation inhibition associated with the hybrid 

bioadhesives. Validating the integration of the developed NP glue and AF patch with neighboring tissues 

within these models stands significant. Although the use of rat tail IVD models presents a convenient 

and efficient starting point for implantation and analysis due to their accessibility,[221,303] more 

comprehensive studies using larger animal models such as ovine are still necessary.[216] These larger 

animals offer advantages in studying the size and loading conditions. Additionally, evaluating the long-

term resilience of the developed bioadhesives against complex mechanical loading post-implantation is 

imperative for clinical translation. Furthermore, the expension of studies on a larger number of human 

IVDs in the bioreactor is critical for increasing confidence in conclusions drawn from human IVD 

culture experiments. This expansion will lead to more statistically validated observations, thus 

enhancing the reliability of clinical translation and potential application of the findings. 
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Chapter 7   

Concluding Remarks 

The research objectives outlined in this study have been successfully achieved. The outcome of this 

thesis advances the development and validation of regenerative bioadhesives for intervertebral disc 

(IVD) repair. Through meticulous material engineering and comprehensive functional validation, 

this study addressed critical challenges in developing biomaterials for enhanced IVD repair and 

regeneration. 

The first objective of this thesis aimed to develop viscoelastic hydrogels specifically for 

nucleus pulposus (NP) regeneration. Fine-tuning of the alginate hydrogel successfully replicated 

the viscoelastic properties inherent in native NP tissue. Rheological characterization of these 

hydrogels revealed a notable decoupling between modulus and stress relaxation time. This critical 

distinction facilitated the creation of hydrogels that displayed stress relaxation behavior more 

closely resembling that of the native NP tissue. Encapsulation of human primary NP cells within 

these engineered hydrogel systems for 3D in vitro culture yielded promising results. Hydrogels 

exhibiting faster relaxation behavior showcased substantially higher metabolic activity. 

Additionally, immuno-staining and imaging techniques confirmed the secretion of key ECM 

components, specifically aggrecan and collagen II, within these hydrogels. Moreover, the 

engineered viscoelasticity of the NP glue significantly upregulated the deposition of sGAG, a vital 

marker for enhanced matrix production, thereby laying a solid foundation for improved NP 

regeneration. These outcomes underscore the intricate interplay between hydrogel viscoelasticity 

and cellular behavior, showcasing their pivotal role in enhancing the regenerative capacity of the 

NP tissue.  

The second research objective was to develop a biomimetic adhesive strategy for AF repair. 

A composite hydrogel sealant featuring TPU meshes and the alginate-polyacrylamide tough 

hydrogel was developed. This work focused on optimizing the TPU mesh, enhancing mechanical 

and adhesion properties, and addressing AF defect through geometric innovations. Fine-tuning of 

the mesh volume fraction and fiber angles resulted in a composite hydrogel sealant with structural 

and mechanical properties that closely resembled those of natural AF. The mesh mimicked the 

angle-ply laminate structure of natural AF while matching the tensile modulus of AF tissue. The 

optimized composite hydrogel sealant exhibited fracture toughness and flexural modulus that was 



Chapter 7 Concluding Remarks 

92 

 

comparable to those of AF. In addition, careful geometric designs, including curved sealant and 

partial TPU mesh configurations, revealed the potential effectiveness for higher adhesion energy 

and better biomechanical restoration. Our design addressed previous limitations and enlightened 

the design paths for more robust AF repair bioadhesive strategies. 

The third objective focused on evaluating the efficacy of the hybrid bioadhesive strategy 

combining the developed NP glue and AF sealant. By filling the disc cavity with NP glue and sealing 

the defect with AF sealant, the hybrid bioadhesive could simultaneously repair and regenerate the 

disc. Biomechanical testing of bovine IVD motion segments showed that the hybrid bioadhesive 

achieved a significant enhancement in the ability to withstand loads compared to unrepaired 

specimens and successfully prevented extrusion of NP under physiologic stress. The efficacy of this 

hybrid bioadhesive strategy was further validated with a ex vivo organ culture study by incubating 

human IVD for 28 days under a dynamic loading bioreactor. The repaired disc was able to withstand 

physiologic loading for more than four weeks without herniation, as verified by the resulting 

stiffness, range of motion, and dissipated energy parameters. Furthermore, we validated the 

potential of the bioadhesion system in promoting disc regeneration through normalized T1ρ 

intensity analysis of MRI of the disc. These results confirm the effectiveness of our hybrid 

bioadhesive system in disc repair and regeneration.  

The findings of this thesis advanced IVD repair and hold promises for translation into the 

clinic. The outcomes are expected to open new frontiers for the use of regenerative bioadhesives in 

enhancing IVD repair, provide a solid foundation for future research and innovation, and make 

broader impacts in regenerative medicine and tissue engineering. 
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