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ABSTRACT 
 

Innervation is a vital physiological process enabling communication between bodily functions 

and the central nerve system (CNS).  It is expected that innervation plays an important role in 

tissue regeneration. However, there is a significant knowledge gap on the innervative capacity of 

synthetic biomaterials for the purposes for skeletal tissue engineering. This study aimed to 

investigate the innervation potential and improvement of the regenerative capacity of a 

biomaterial composed of hydroxyapatite/aragonite (HAA). Three main objectives were explored: 

1) To assess whether HAA exhibits toxicity with HUMSCs and ReNcells through Alamar Blue 

assays and live cell imaging, 2) To determine the capacity of HAA to support neuronal growth and 

proliferation, and 3) To investigate the potential of HAA to enhance bone regeneration in an in 

vivo femoral-defect rat model. Following material preparation and characterization, HAA was 

tested in vitro using a co-culture of ReNcells and HUMSC where cell morphology, proliferation, 

and differentiation were monitored. HAA scaffolds were implanted into in vivo models, where 

they promoted bone regeneration by increasing bone callus formation, quantified via microCT 

scanning. The results indicate that HAA is non-toxic towards the co-culture. Through 

immunofluorescence and live cell imaging, we observed that ReNcells within the co-cultured 

showed consistent growth and proliferation through the first 7 days and successfully 

differentiated into matured neurons by day 14. The addition of HAA to the in vivo model showed 

a significant reduction in fracture gap width relative to the untreated. In conclusion, these 

findings demonstrate the potential to produce an innervative biomaterial for skeletal tissue 

engineering, offering a promising approach for skeletal tissue regeneration. Future research 

should aim to optimize cell deposition onto HAA by refining the fabrication methods to produce 

more uniform scaffold structures, applying techniques to quantify neuronal differentiation 

markers will also be essential to further clarify HAA’s innervative capacity. 
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1. INTRODUCTION 
 

Bone is a dynamic, mineralized connective tissue that is essential for structural support, 

protection of soft tissues, movement, and mineral homeostasis (Florencio-Silva et al., 

2015). Its mechanical strength arises from a highly organized composite structure that 

consists of an inorganic phase, primarily hydroxyapatite (HA) [Ca₁₀(PO₄)₆(OH)₂], which 

provides compressive strength, and an organic matrix dominated by type I collagen, 

which relays flexibility and tensile resistance (Schlesinger et al., 2019). This extracellular 

matrix (ECM) houses a coordinated network of bone cells that regulate growth, 

remodelling, and repair. Osteoprogenitor cells, derived from mesenchymal stem cells 

(MSCs), serve as precursors that differentiate into osteoblasts, the bone-forming cells 

responsible for synthesizing and mineralizing new matrix (Clines, 2010). As osteoblasts 

become embedded within the bone matrix they secrete, some differentiate into 

osteocytes, the most abundant bone cells. These mature cells reside within lacunae, or 

cavities within bone, and form an interconnected network via canaliculi, where they 

function as mechanosensors that detect mechanical strain and orchestrate bone 

remodelling by regulating both osteoblast and osteoclast activity (Florencio-Silva et al., 

2015). Osteoclasts, on the other hand, originate from hematopoietic stem cells and are 

responsible for bone resorption. These multinucleated cells degrade mineralized bone 

matrix and facilitate turnover, which enables the release of calcium and phosphate into 

circulation (Boyce et al., 2009). The coordinated actions of these cells are critical for 

maintaining skeletal integrity and ensuring the bone retains its capacity to respond to 

mechanical stress, microdamage, and metabolic demands throughout life (Feng & 

McDonald, 2011).  

Bone defects are a common public health issue worldwide and pose a serious 

socioeconomic burden (Court-Brown & Caesar, 2006; Polinder et al., 2016; Wu et al., 

2021). Most bone defects or injuries can be repaired via natural bone regeneration and 

remodelling, the continuous process of old bone resorption and new bone formation, 

which allows for normal fracture healing (Gorter et al., 2021). However, bone defects 

arise from a variety of causes which can be broadly categorized into traumatic, 

pathological, and congenital origins (Blokhuis, 2017; Nauth et al., 2018). Trauma is a 
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leading cause of bone defects and can often result in fractures that extend beyond the 

bone’s natural capacity for repair. In extreme cases of trauma, segmental bone loss, 

where large portions of bone are destroyed or removed which poses a significant 

challenge for reconstruction and healing (Adamczyk et al., 2020). Disorders that weaken 

the structural integrity of bone also contribute to defects, the biggest incidence of this is 

in osteoporosis. Characterized by low bone mass and microarchitectural deterioration 

of bone tissue, osteoporosis leads to reduced bone strength and increased risk of low-

energy fractures, this is particularly observed in the elderly population (Gorter et al., 

2021; Lupsa & Insogna, 2015). Similarly, primary or metastatic bone tumours can also 

lead to the erosion of bone tissue and significantly increase its fragility, which means that 

surgical intervention for bone resection and reconstruction is often required (Bădilă et 

al., 2021; Rajani & Gibbs, 2012). Infections such as osteomyelitis can also compromise 

bone integrity, resulting in localized defects that are difficult to heal without intervention 

(Weber et al., 2022). Bone defects can also stem from congenital conditions such as 

osteogenesis imperfecta. These defects are present from birth and may impair normal 

bone growth, function, and resorption which leads to a lifelong need for medical 

intervention (Deguchi et al., 2021). 

Severe bone damage, such as non-union fractures, are a significant challenge in 

orthopaedic medicine. Non-union fractures occur when broken bones fail to heal within 

the expected timeframe and are often associated with underlying health conditions. 

These injuries can lead to chronic pain, reduced mobility, and long-term disability, which 

imposes a substantial socioeconomic burden (GBD 2019, 2021). In such event, the use 

of bone grafts becomes essential to support healing. Bone grafts provide a framework for 

regeneration through osteoconduction, osteoinduction, and osteogenesis, facilitating 

the restoration of structural integrity and function; osteoconduction refers to the graft’s 

ability to serve as a scaffold for new bone growth, osteoinduction involves the 

recruitment and differentiation of progenitor cells into osteoblasts through signalling 

molecules, and osteogenesis refers to the formation of new bone by viable cells present 

within the graft itself (Albrektsson & Johansson, 2001). There has been a rising demand 

for bone grafts due to factors such as the aging population, increased rates of trauma, 

and advancements in surgical oncology (Zhao et al., 2021). These have highlighted 
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limitations in traditional materials, such as the limited availability of autografts and 

ethical concerns surrounding the use of allografts and xenografts. This unmet demand 

and need highlights the importance of developing alternative grafting solutions that can 

address the complex biological and mechanical challenges posed by severe bone 

injuries. 

Autologous bone grafts involve harvesting bone tissue from the patient’s own body and 

are widely regarded as the “gold standard” in bone grafting due to their compatibility and 

biological functionality (Schmidt, 2021). Typically sourced from sites such as the iliac 

crest, autografts contain the essential elements required for effective bone healing: 

osteogenic cells, osteoinductive factors, and an osteoconductive matrix (Miron et al., 

2011; Pokharel et al., 2022). These properties make autografts uniquely suited for 

promoting bone regeneration in a variety of clinical contexts, from trauma to 

reconstructive surgeries. The primary advantage of autografts lies in their 

biocompatibility. As the graft material is derived from the patient, the risk of immune 

rejection is effectively eliminated, thus ensuring a higher success rate in integration and 

healing (Schmidt, 2021). Furthermore, autografts possess inherent osteogenic potential, 

which means they directly contribute live osteoblasts and progenitor cells that actively 

form new bone tissue (Miron et al., 2011). In addition to osteogenesis, autografts provide 

a natural scaffold for new bone growth (osteoconduction) and release biochemical 

signals that stimulate the differentiation of progenitor cells into osteoblasts 

(osteoinduction). These combined properties make autografts a superior choice in 

complex cases, such as non-union fractures or critical-sized defects. Despite their 

effectiveness, autografts are not without limitations. A major drawback is the morbidity 

associated with the donor site. Harvesting bone often results in significant pain, risk of 

infection, hematoma formation, and even long-term functional impairment at the site of 

extraction (Shin & Tornetta, 2016). The quantity of bone that can be harvested is limited, 

particularly in cases where a large bone graft volume is required, such as trauma-derived 

non-union fractures. This limitation is further worsened in patients with pre-existing 

conditions such as osteoporosis, where the quality of the natural bone is compromised. 

Finally, the need for an additional surgical procedure increases operative time, 
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healthcare costs, and the risk of complications, making autografts a less feasible option 

for certain patient populations (Schmidt, 2021). 

Xenografts and allografts provide valuable alternatives, especially in cases where 

autograft tissue is insufficient or unavailable. These grafts offer a broader pool of 

material sources but come with their own set of advantages and challenges. Xenografts 

involve the use of bone tissue derived from animals, typically bovine or porcine sources, 

which is processed to reduce antigenicity and prevent immune rejection (Li et al., 2024; 

Sun et al., 2019). These grafts provide a readily available, cost-effective alternative to 

autografts and are often used in dental and orthopaedic procedures. The primary benefit 

of xenografts is their availability as animal-derived bone is often more abundant than 

human-sourced grafts, which makes xenografts a practical option for when large 

quantities of graft material are required (Ferraz, 2023). Xenografts also do not require a 

secondary surgical site for harvesting, which eliminates donor site morbidity and 

reduces operative time. The lower cost compared to autografts and allografts also 

makes xenografts an appealing choice for many patients and healthcare systems (Li et 

al., 2024). The main limitation with xenografts is the potential for immune rejection. 

Despite extensive processing to remove antigens, xenografts may still elicit an immune 

response in the human recipient, leading to graft resorption or failure. There is also the 

risk of transmitting animal-borne diseases, which, although rare, can have serious 

implications (Sun et al., 2019). In addition, while xenografts can provide a scaffold for 

bone healing, they lack osteogenic potential, meaning they do not directly contribute to 

new bone formation unless enhanced with osteogenic factors (Oguić et al., 2023). 

Another common alternative to bone autographs is allografts, which are primarily 

sourced from human cadavers. They can be processed as fresh, frozen, or demineralized 

bone matrix (DBM) to preserve their structural integrity and enhance their osteoinductive 

properties (Steijvers et al., 2022). Allografts are often used in orthopaedic, spinal, and 

dental surgeries. Allografts offer several benefits over xenografts, most notably their 

biological similarity to human bone, as this reduces the likelihood of immune rejection 

relative to xenografts, particularly when the graft is matched to the recipient’s tissue type 

(Lomas et al., 2013). Allografts can also provide osteoinductive properties, especially 

when processed into a DBM form, which helps stimulate new bone formation. Allografts 
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eliminate the need for a second surgical site, reducing the patient’s overall surgical 

burden. Despite their advantages, allografts are not without challenges. One of the 

primary concerns is the risk of disease transmission, particularly when grafts are not 

thoroughly screened or processed. Although the risk is low due to stringent protocols, it 

remains a potential issue. Another limitation is the variability in quality, as the osteogenic 

potential of allografts can be affected by the age of the donor, the processing method, 

and the storage conditions (Betz, 2002; Steijvers et al., 2022).  

 

1.1. Skeletal tissue engineering 
 

Synthetic bone allografts have emerged as a promising alternative to traditional grafting 

strategies, offering a solution to the limitations associated with autografts, allografts, 

and xenografts. These engineered constructs are designed to closely mimic the 

structural, mechanical, and biological properties of native bone while providing 

customizable and scalable options for a wide range of clinical applications. For 

maximum therapeutic efficacy, an ideal synthetic graft must satisfy a set of requirements 

that align with that of natural bone tissue. Biocompatibility is essential to prevent 

immune rejection and cytotoxicity and to establish an environment that supports cellular 

attachment, proliferation, and differentiation. In addition to mechanical and structural 

demands, the graft must exhibit osteoconductivity, osteoinductivity, and osteogenesis, 

the process by which osteoblasts synthesize and deposit the ECM of bone (Albrektsson 

& Johansson, 2001). 

Equally as important is biodegradability or resorbability, the scaffold should degrade at 

a rate proportional to new bone formation to avoid the persistence of foreign material, 

while also providing temporary mechanical support. The graft must possess sufficient 

mechanical strength to bear physiological loads, especially in load-bearing sites, and 

should match the elastic modulus of native bone to prevent stress shielding. A porous 

microarchitecture is vital for facilitating tissue ingrowth, nutrient and waste exchange, 

and vascularization, which is necessary for sustaining metabolic activity within the 

regenerating tissue (Steijvers et al., 2022). In recent years, the role of innervation in bone 

regeneration is being acknowledged; grafts that support or promote neural integration 
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may enhance regulatory signalling, bone remodelling, and sensory feedback, all of which 

contribute to long-term graft success and skeletal homeostasis As such, the 

development of synthetic bone allografts involves the intricate balance of mechanical 

design, biomolecular functionality, and cellular compatibility to replicate the dynamic 

environment of natural bone as closely as possible. 

It is important to recognize that the porous structure of natural bone tissue is inherently 

non-uniform and highly irregular. To date, no mathematical model has been able to fully 

describe the complex porous architecture of bone (Kim et al., 2022). While the 

microscopic arrangement of pores appears random, the macroscopic orientation of 

trabecular bone aligns with principal stress trajectories, allowing the skeleton to 

efficiently withstand mechanical loading (Oftadeh et al., 2015). Beyond mechanical 

support, this intricate porous network plays a vital biological role by providing a 

favourable environment for cell infiltration, migration, and vascularization (Kusumbe et 

al., 2014). The distribution of capillaries throughout bone is essential for the delivery of 

oxygen and nutrients and the removal of metabolic waste, processes that are central to 

bone health and regeneration. Vascular channels, including Haversian systems, are 

formed through this vascular invasion and remodelling process (Moreira et al., 2019). 

The porous matrix acts as a channel for the diffusion and transport of bioactive 

molecules that are critical in regulating cellular activities such as differentiation, 

proliferation, and matrix deposition; these include bone morphogenetic proteins (BMPs), 

insulin-like growth factors (IGFs), biphosphates (BPs), and components of the ECM (Cui 

et al., 2019; Oliveira et al., 2021). In the context of scaffold design, mimicking this porous 

architecture is essential not only for mechanical function but also for providing an 

optimal interface for cell adhesion, tissue ingrowth, neurogenesis, and angiogenesis 

(Panseri et al., 2021). Therefore, a well-designed porous surface should enhance 

scaffold integration by facilitating direct cellular interaction and support the dynamic 

processes required for bone regeneration. 

To address these complex requirements, researchers have increasingly turned to 

composite biomaterials and scaffold-based approaches. These scaffolds are designed 

to provide a three-dimensional (3D) porous framework that mimics the natural bone 

environment, thereby enhancing cell infiltration, vascularization, and nutrient diffusion. 
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The porosity of the materials is particularly important as most of the mammalian bone is 

inherently porous. This architecture reduces weight and facilitates cellular activity and 

blood vessel penetration, but it also imposes a trade-off with mechanical integrity. Thus, 

optimizing porosity is essential for balancing biological performance and mechanical 

stability (Qi et al., 2023; Wang et al., 2022). The design and fabrication of 3D scaffolds 

with optimal porosity and geometry have been revolutionized by computational and 

imaging technologies. Computer-Aided Design (CAD) software, along with Computed 

Tomography (CT)-based image analysis, allows for patient-specific modelling and 

precise fabrication of scaffold architecture (Zopf et al., 2014). Furthermore, advanced 

modelling techniques such as Triply Periodic Minimal Surface (TPMS) designs and 

topology optimization (TO) approaches enable the generation of complex, biomimetic 

internal structures that mimic the anisotropic and hierarchical nature of native bone 

(Dong & Zhao, 2021; Smit et al., 2021). These methods improve the mechanical 

performance of porous scaffolds while preserving high surface area and interconnected 

porosity for biological function, however, each method presents specific challenges. For 

instance, CT-based designs depend heavily on high-resolution imaging and accurate 

patient-specific data which can introduce variability; TPMS and TO approaches are 

powerful for optimizing mechanical and biological performance, though they often 

require significant computation resources, and may be constrained by current 

fabrication capabilities, particularly when translating complex geometries into physical 

scaffolds depending on the material used (Dong & Zhao, 2021; Ngo et al., 2018). 

A variety of materials have been explored for bone tissue engineering, including metals, 

ceramics, polymers, and bioactive glass, each with distinct advantages suited to specific 

clinical needs. Titanium and its alloys are widely used in orthopaedic implants due to 

their high mechanical strength, corrosion resistance, and long-term stability. Upon 

implantation, titanium forms a thin, biologically inert oxide layer that reduces immune 

response. Its elastic modulus is lower than other metals like stainless steel, providing a 

closer but still higher match to cortical bone and reducing the risk of stress shielding 

(Chouirfa et al., 2019; Yılmaz et al., 2018). Advances in surface modification have 

improved titanium’s resistance to bacterial adhesion and biofilm formation, enhancing 

infection control. However, titanium’s stiffness can still negatively affect bone 
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remodelling in load-bearing situations. Furthermore, corrosion and wear of titanium 

implants may release alloy particles and ions into surrounding tissues, provoking 

inflammatory reactions that can cause bone loss and potentially lead to failure of 

osseointegration (Kim et al., 2019). Other metals used in bone tissue engineering include 

stainless steel and cobalt-chromium alloys. Stainless steel offers high strength and 

corrosion resistance but has a higher elastic modulus than titanium, increasing the risk 

of stress shielding. Cobalt-chromium alloys provide excellent wear resistance and 

mechanical durability. However, both metals may provoke significant inflammatory 

responses and have less favorable biocompatibility relative to titanium, which may limit 

their usage and effectiveness in certain applications (Chouirfa et al., 2019). Other metals 

like iron, magnesium, and zinc are gaining attention for their resorbable nature and ability 

to promote bone formation (Chen et al., 2022). Metals are increasingly alloyed to achieve 

an optimal balance of mechanical strength, osteogenic potential, and controlled 

resorbability, making them versatile options for bone tissue engineering applications 

(Herber et al., 2021). 

Polymers such as polyethylene (PE), poly(lactic acid) (PLA), and poly(glycolic acid) (PGA) 

have been extensively explored for biomedical applications, particularly in bone tissue 

engineering (Fraile-Martínez et al., 2021). These materials are attractive due to their 

biocompatibility, biodegradation rates, and adaptability to various fabrication 

techniques. PGA has shown promise as a scaffold material for bone, cartilage, and tooth 

regeneration, owing to its mechanical properties, which are relatively comparable to 

those of natural bone. It supports essential cellular activities such as adhesion, 

proliferation, migration, and differentiation, promoting efficient tissue regeneration. 

However, one of the key limitations of using polymers alone is that regenerated tissues 

following severe damage often lack the full structural and functional continuity of the 

original tissue. To overcome this, polymers are frequently combined with other 

materials, such as ceramics like HA, to create composites that enhance mechanical 

strength and biological performance (Nguyen et al., 2022; Yeo et al., 2021). Additionally, 

polymers are highly compatible with advanced fabrication strategies such as 

electrospinning, solution mixing, melt extrusion, latex technology, and in situ synthesis 

(Zagho et al., 2018). Among these, 3D printing stands out as a major advantage, allowing 
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to produce highly customizable scaffolds with controlled porosity and architecture, 

which is critical for guiding cell behaviour and ensuring tissue integration.  

Finally, ceramics are a widely used class of materials in skeletal tissue engineering. 

Ceramics are typically defined as solid compounds made either from two or more non-

metallic elements or from a metallic element combined with one or more nonmetals 

(Boccaccini, 2005). Since bone tissue is naturally rich in calcium phosphate, many 

ceramic materials used are designed to mimic that composition. 

HA is a crystalline form of calcium phosphate that closely resembles the mineral 

component of natural bone, comprising roughly two-thirds of the inorganic bone matrix 

(Mondal et al., 2023). Stoichiometric HA consists primarily of calcium and phosphorus 

in a Ca/P molar ratio of 1.67, which has been shown to be the most effective for 

promoting bone regeneration (Firdaus Hussin et al., 2012). This similarity to bone makes 

HA an attractive material for bone implants, it offers excellent biocompatibility and 

strong osteoconductive properties. In addition, another advantage HA has over the 

previously detailed materials is its high compressive strength, with a Young’s modulus 

that can exceed 100 GPa in its dense form; however, it should be noted that this strength 

diminishes predictably as porosity increases, which is a common trade-off in scaffold 

design (Osuchukwu et al., 2023). Interestingly, HA has also demonstrated 

osteoinductive potential in vivo in primates, though the underlying mechanism for this is 

still not fully understood. Some researchers have speculated that this may involve the 

adsorption of osteoinductive molecules onto its surface following implantation 

(Ripamonti, 1996). Despite these advantages, HA’s inherent brittleness and extremely 

slow biodegradation rate limit its use as a standalone implant material, especially in 

applications requiring dynamic mechanical loading or complete scaffold resorption 

(Campana et al., 2014). 

 

To address these limitations, supplementing HA with CaCO3 has emerged as a promising 

strategy. This enhances the biodegradability of the material, which allows for faster 

resorption and replacement by natural bone. In addition, calcium carbonate’s ability to 

neutralize acidic environments can create a more favourable pH for cellular activity, 
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further supporting bone regeneration. This combination improves the material’s 

mechanical and biological properties, bridging the gap between bioactivity and 

functionality in dynamic physiological environments. 

β-tricalcium phosphate (β-TCP), its amorphous derivatives, and CaCO3 are all 

significantly more biodegradable than hydroxyapatite. However, these materials can be 

resorbed by the body within a matter of weeks which makes them unsuitable as the 

primary structural component of a scaffold, particularly in terms of load-bearing or long-

term applications (Campana et al., 2014; Monchau et al., 2013). Due to this rapid 

degradation, there are risks that affect their mechanical stability before sufficient new 

bone tissue can form. However, by incorporating HA to CaCO3, it is possible to balance 

out the limitations of using each material independently as HA contributes mechanical 

strength and biocompatibility, while calcium carbonate enhances resorbability. A 

particularly effective form of this combination is seen in hydroxyapatite-aragonite (HAA), 

in which the CaCO₃ is present in its aragonite crystalline polymorph, a naturally occurring 

form of CaCO₃ with an orthorhombic crystal structure that contributes to its bioactivity. 

(Shi et al., 2020). Aragonite has been shown to support bone regeneration through its 

bioactivity and rapid remodelling capacity, thus making HAA a promising biomaterial that 

balances advantageous properties like osteoconductivity, mechanical strength, and 

controlled biodegradation (Lucas et al., 2001; Shi et al., 2020; Steijvers et al., 2025). 

HAA scaffolds can be produced using a variety of approaches depending on the intended 

application. For powder-based formats, particularly when combined with polymers, the 

materials can be prepared by mixing commercially available HA and CaCO₃ powders in 

the desired ratio. Alternatively, CaCO₃ can be partially converted to HA through 

hydrothermal treatment in the presence of a phosphate source, which allows for a more 

precise control over the ratio between the components (Jinawath et al., 2002; Yoshimura 

et al., 2004). This method has been applied to naturally occurring coral structures due to 

their trabecular bone-like architecture, though the use of coral is not viable for large-

scale production due to their status as endangered species. For clinical applications, it 

is important for synthetic bone scaffolds to be ethically sourced and able to be scaled 

according to demand (Ni & Ratner, 2003).  
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A typical HAA scaffold cement can be produced from a combination of tetracalcium 

phosphate (TTCP), calcium hydrogen phosphate (CaHPO₄), and CaCO₃. TTCP and 

CaHPO₄ react in a 1:1 molar ratio to form HA, while CaCO₃ is added according to the 

desired HA to CC ratio. This mixture can be processed into a cement well suited for 

extrusion-based 3D printing or solvent casting, both are cost-effective technique that 

allows for precise control over scaffold architecture, including pore size. Gelatine is also 

introduced in the formulation as a suspending agent, giving the cement a paste-like 

consistency that facilitates homogeneous mixing and printability. It also stabilizes the 

structure through crosslinking, which helps maintain the shape and integrity of the 

printed scaffold before the chemical setting reaction occurs (Shi et al., 2020; Steijvers et 

al., 2025; Xia et al., 2018) 

MSCs are multipotent progenitor cells capable of differentiating into several cell 

lineages, including osteoblasts, chondrocytes, adipocytes, and neural-like cells. In 

addition to their differentiation potential, they play an active role in modulating the local 

microenvironment through the secretion of cytokines, growth factors, and components 

of the ECM (Arvidson et al., 2011). This paracrine activity can support angiogenesis, 

recruit host progenitor cells, and stimulate the repair and regeneration of damaged 

tissue (Watt et al., 2013). These properties allow MSCs to contribute to bone healing even 

in the absence of full differentiation. Another important feature of MSCs is their low 

immunogenic profile. They express only low levels of major histocompatibility complex 

(MHC) class I molecules and lack expression of MHC class II, which reduces the 

likelihood of triggering an immune response after transplantation (Machado et al., 2013). 

This allows for greater flexibility in therapeutic applications, including allogeneic cell 

delivery. Furthermore, MSCs exhibit intrinsic homing capabilities that enable them to 

migrate towards sites of tissue injury or inflammation, where they can contribute to 

localised repair in response to biochemical signalling cues (Yuan et al., 2022). When 

MSCs are integrated into a 3D scaffold such as HAA, the combination offers both 

structural and biological support for tissue regeneration. The HAA scaffold provides 

mechanical stability and spatial organisation, while also mimicking key aspects of the 

native bone matrix. In turn, MSCs populate this matrix and respond to its cues by 

initiating osteogenic pathways, secreting pro-regenerative factors, and interacting with 
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host cells in vivo (Jamshidi-adegani et al., 2024). By embedding MSCs directly within the 

scaffold during fabrication or post-printing, the engineered construct becomes not only 

a passive support for bone regrowth, but also an active participant in the healing process. 

 

1.2. The nervous system in bone regeneration 
 

The central nervous system (CNS) plays a pivotal role in maintaining skeletal integrity and 

facilitating bone regeneration. This regulation is primarily mediated through 

hypothalamic centres that integrate various physiological signals and modulate 

peripheral bone remodelling processes (Lv et al., 2022; Shi & Chen, 2024; Xiao et al., 

2023). The hypothalamus, a critical brain region involved in energy homeostasis, appetite 

control, and hormonal regulation, communicates with bone tissue via neuroendocrine 

and autonomic pathways, which influence both osteoblast and osteoclast activity 

(Horsnell & Baldock, 2016; Khor & Baldock, 2012).  

Neuropeptide Y (NPY) plays a significant role in energy balance, appetite regulation, and 

stress response. NPY exerts its effects through a family of G-protein-coupled receptors, 

notably Y1 and Y2 receptors, which are differentially expressed in central and peripheral 

tissues, including bone (Chen & Zhang, 2022; Shi & Baldock, 2012). Central NPY 

signalling, particularly via hypothalamic Y2 receptors, has been shown to inhibit bone 

formation. Baldock et al. (2002) demonstrated that Y2 receptor knockout mice exhibited 

increased osteoblast activity and doubled bone trabecular volume due to increased 

trabecular number and thickness, which suggests that Y2 receptor activation may 

suppress bone anabolic processes. Further studies revealed that targeted deletion of Y2 

receptors in the arcuate nucleus of the hypothalamus led to a significant increase in 

bone mass (Allison et al., 2006; Qi et al., 2016; Wee et al., 2019). Peripheral NPY can also 

inhibit bone formation via Y1 receptor signalling on osteoblasts and bone marrow 

stromal cells (Igwe et al., 2009; Lee et al., 2015). For instance, Igwe et al. (2009) found 

that mouse calvarial osteoblasts treated with exogenous NPY showed reduced levels of 

intracellular cyclic AMP (cAMP) and osteoblast differentiation markers such as 

osteocalcin and bone sialoprotein (BSP). These results indicate an inhibitory effect of 

NPY on bone formation, as this pathway is mediated through Y1 receptors. Moreover, 



23 
 

mice with osteoblast-specific deletion of Y1 receptors exhibited increased bone mass, 

which highlights the inhibitory role of peripheral NPY-Y1 signalling on bone formation 

(Lee et al., 2010). In contrast, some studies suggest that peripheral NPY can promote 

osteoblast proliferation and differentiation under certain conditions, highlighting its 

anabolic potential in bone regulation. (Franquinho et al., 2010; Ma et al., 2013).  

Central NPY normally inhibits bone formation via Y2 receptors signalling in the 

hypothalamus. However, under chronic stress conditions, increased hypothalamic NPY 

expression may serve a protective function by limiting stress-induced bone loss by 

modulating a corticotropin-releasing factor and sympathetic norepinephrine (NE) 

release. Baldock et al. (2014) demonstrated that mice lacking Y2 receptors specifically 

in arcuate neurons exhibited exaggerated bone loss relative to wild-type controls. In 

global Y2 receptor-deficient mice, stress-induced cancellous bone loss was threefold 

greater than in wild-type counterparts, associated with reductions in mineral apposition 

rate (Baldock et al., 2014; Elefteriou, 2018).  

Neuromedin U (NMU) is a neuropeptide expressed in the hypothalamus and peripheral 

tissues, involved in regulating energy balance and stress responses. (De Prins et al., 

2020) NMU has been implicated in bone metabolism, with studies showing that NMU-

deficient mice exhibit increased bone formation and mass, and that it more pronounced 

in male mice than female mice. (Born-Evers et al., 2023; Sato et al., 2007) Central 

administration of NMU decreases bone formation, suggesting that hypothalamic NMU 

negatively regulates bone anabolic processes. The mechanism involves NMU-mediated 

activation of the sympathetic nervous system, leading to increased β2-adrenergic 

receptor signalling in osteoblasts and subsequent suppression of bone formation. 

(Gianfagna et al., 2013). Cocaine- and amphetamine-regulated transcript (CART) is 

another example of a neuropeptide expressed in hypothalamic neurons, known primarily 

for its role in regulating appetite and energy homeostasis. However, increasing evidence 

suggests CART also plays a significant role in bone metabolism. Specifically, CART has 

been shown to act as a central inhibitor of bone resorption by suppressing osteoclast 

differentiation. This effect is particularly evident in models of melanocortin 4 receptor 

(MC4R) deficiency, where both mice and humans exhibit elevated hypothalamic CART 

expression, reduced markers of bone resorption, and increased bone mass. Ahn et al. 
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(2006) suggest that partial deletion of the CART gene in these models is sufficient to 

restore normal bone resorption, without altering the metabolic disturbances associated 

with MC4R inactivation. These findings suggest that CART’s influence on bone 

remodelling operates independently of its effects on energy balance, pointing to a 

distinct central neural pathway through which CART regulates skeletal homeostasis (Ahn 

et al., 2006; Idelevich et al., 2020) 

 Semaphorin 3A (Sema3A), first characterized as an axonal guidance cue during neural 

development has emerged as a unique local regulator of bone remodelling owing to its 

dual actions on osteoclasts and osteoblasts. (Ferretti et al., 2022; K. Wu et al., 2023) 

Expressed in both the central nervous system and bone tissue, Sema3A signals primarily 

through neuropilin-1 and PlexinA1 receptors, which are present on osteoclast precursors 

and osteoblast lineage cells. Upon binding to Nrp1 on osteoclast precursors, Sema3A 

suppresses RANKL-induced differentiation by inhibiting immunoreceptor tyrosine-based 

activation motif (ITAM)-mediated signalling and downstream RhoA activation, thereby 

reducing bone resorption. (El-Masri et al., 2024; Toyofuku et al., 2005; K. Wu et al., 2023) 

Simultaneously, Sema3A–Nrp1 engagement in mesenchymal progenitors stimulates the 

canonical Wnt/β-catenin pathway, thus enhancing osteoblast differentiation and 

inhibiting adipocyte lineage commitment which are reportedly steps in new bone 

formation. (El-Masri et al., 2024) A study conducted by Hayashi et al. (2012) provided in 

vivo confirmation of these mechanisms. Through systemic administration of 

recombinant Sema3A, wild-type mice significantly increased both trabecular and 

cortical bone mass as well as the trabecular number and thickness. On the other hand, 

Sema3a-deficient mice, or mice bearing a targeted disruption of the Sema3A-binding 

domain in Nrp1, showcased an osteopenia phenotype characterized by reduced bone 

formation and elevated resorption. The intravenous Sema3A delivery accelerated bone 

regeneration following injury. These findings establish Sema3A as a critical local 

modulator of bone remodelling and highlight its therapeutic potential for conditions such 

as osteoporosis and impaired fracture healing. (El-Masri et al., 2024; Hayashi et al., 2012) 

The role of serotonin in bone physiology is complex and dependent on its site of 

production. CNS-derived serotonin, which is synthesized in the brainstem's raphe nuclei 

via tryptophan hydroxylase 2 (Tph2), acts as a positive regulator of bone formation 
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through its actions on the hypothalamus and downstream pathways. (Ducy & Karsenty, 

2010; Sharan & Yadav, 2014; Shi & Chen, 2024) . 

Leptin, an adipocyte-derived hormone that communicates energy status to the CNS, 

further exemplifies how hypothalamic regulation integrates systemic physiology with 

skeletal tissue regeneration. The effect of leptin on bone is primarily mediated by 

hypothalamic centres, particularly the ventromedial hypothalamus, which regulates 

sympathetic nervous system (SNS) output. Elevated leptin levels stimulate sympathetic 

tone, activating β2-adrenergic receptors (β2ARs) on osteoblasts and inhibiting their 

bone-forming activity. (Motyl & Rosen, 2012; Reid et al., 2018) A study by Bertoni et al. 

(2009) found that maternal administration of high‐dose leptin during mid‐gestation 

accelerates the formation and growth of primary ossification centres in foetal long 

bones. Newborn mice from leptin‐treated mothers exhibited significantly larger and 

longer endochondral and intramembranous ossification regions than their control 

counterparts. These findings suggest that peripheral leptin can promote both 

chondrocyte and osteoblast proliferation and differentiation during early bone 

histogenesis, therefore, leptin may act as a direct growth factor for cartilage and bone, 

enhancing both endochondral and periosteal bone formation.  

Bone tissue engineering has advanced significantly by combining biomaterials, 

osteoinductive/conductive factors, and scaffold design to best stimulate bone 

regeneration. However, an essential but overlooked component in these regenerative 

strategies is innervation, the presence and functional integration of nerve fibres within 

bone tissue. The nervous system influences bone remodelling through sensory and 

sympathetic pathways, modulating osteoblast and osteoclast activity, angiogenesis, 

and immune responses. (Chen et al., 2024; Shi & Chen, 2024) Despite this biological 

importance, most current bone tissue engineering approaches have neglected 

biomaterial innervation, leaving behind a significant gap in translational potential. 
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1.3. Enhancing the innervative capacity of synthetic bone allografts 

 

The skeletal system is highly innervated and intricately regulated by the nervous system. 

Sensory and autonomic nerve fibres permeate bone tissue, particularly within the 

periosteum, bone marrow, and cortical regions, where they play a continuous role in 

bone development, remodelling, and repair through life. Despite the recognized 

importance of vascularization in bone healing, the role of innervation has often been 

overlooked in the design of synthetic bone allografts. Current biomaterials, while 

successful in mimicking the structural and mechanical properties of bone, frequently 

lack the capacity to support nerve ingrowth and integration. This deficiency can lead to 

impaired remodelling, delayed healing, and increased risk of chronic pain or sensory 

dysfunction. In addition, the interplay between nerves and blood vessels is critical for 

effective bone regeneration. Nerves not only influence vascularization but also modulate 

the local immune environment, further highlighting their multifaceted role in bone 

healing. Therefore, incorporating innervative properties into synthetic bone allografts is 

essential for achieving complete and functional bone regeneration. 

Biochemical enhancement strategies aimed at improving the innervative potential of 

synthetic bone allografts frequently involve the incorporation of neurotrophic factors 

such as NGF, due to its established roles in both neural regeneration and bone repair. 

Foundational developmental evidence by (Tomlinson et al., 2016) demonstrated that 

NGF directly contributes to sensory innervation during skeletal development, which in 

turn promotes vascularization and osteoprogenitor maturation. In mouse models, TrkA-

positive axons were observed adjacent to perichondrial bone surfaces during primary 

ossification, corresponding with localized NGF expression. Genetic inactivation of TrkA 

signalling in TrkA(F592A) mice resulted in reduced innervation, impaired vascular 

invasion of ossification centres, decreased numbers of osterix (Osx)-expressing 

osteoprogenitors, and overall reduced femoral length and volume. Similarly, conditional 

deletion of NGF in collagen type II alpha 1 chain (Col2a1)-expressing osteochondral 

progenitors phenocopied these defects, confirming that endogenous NGF signalling is 

essential for coordinated innervation and bone development. 
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Building on this, J. Xu et al. (2022) identified a critical role for NGF–p75 signalling in adult 

bone repair. In a cranial bone injury model, NGF was shown to act through the p75 

neurotrophin receptor on mesenchymal osteogenic precursors, promoting their 

migration into the defect site. Mice lacking NGF in myeloid cells or p75 in Pdgfra⁺ 

progenitor cells exhibited delayed bone healing due to impaired precursor recruitment. 

Although the study did not assess nerve regeneration directly, it emphasized that NGF-

mediated signalling is essential for orchestrating the early cellular events in bone repair. 

Ji et al. (2024) furthered these findings by addressing the therapeutic limitations 

associated with NGF overexpression. Inflammatory bone environments were shown to 

trigger pyroptosis in NGF-overexpressing bone marrow MSCs via the p75NTR pathway, 

compromising cell survival. To counteract this, the researchers co-delivered 

necrosulfonamide (NSA), a pyroptosis inhibitor, within an allogeneic scaffold. In a rat 

femoral condylar defect model, this composite system significantly suppressed 

pyroptosis and enhanced osteogenesis, demonstrating that the co-modulation of 

inflammatory responses is necessary for effective NGF-based interventions. 

Ye and Gong (2020) developed a titanium-based scaffold coated with a composite of 

NGF, chondroitin sulphate, and HA, aiming to simultaneously promote both osteogenic 

and neurogenic differentiation. The 65 μm porous coating provided sustained release of 

bioactive NGF. When bone marrow MSCs were seeded onto the scaffold, there was 

significant upregulation of both osteogenic and neuronal gene markers, including those 

related to bone morphogenetic proteins and neural differentiation pathways, as 

confirmed by RT-qPCR and protein expression analysis. This study offers direct in vitro 

evidence of dual lineage commitment supported by a neurotrophin-functionalized 

synthetic scaffold. Recent advances have also integrated NGF with exosome-based 

delivery systems to enhance the ability of exosomes to carry neurotrophic signals in a 

sustained and targeted manner. This strategy was explored by Lian et al. (2024) by 

stimulating MSCs with NGF to produce NGF-enhanced exosomes, engineering a vesicle 

population enriched with neuro-promotive properties. These enhanced exosomes 

significantly improved neuronal function and neurotrophic signalling in vitro, while also 

enhancing the osteogenic activity of bone-forming cells. Bioinformatic analysis 

attributed these effects to NGF-induced miRNA cargo that activated MAPK and PI3K-Akt 
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signalling pathways. When delivered via a 3D-printed hierarchical porous scaffold, the 

exosomes facilitated sustained bioavailability and promoted robust neovascularization 

and innervated bone regeneration in a rat femoral defect model. This study not only 

underscores the potential of NGF as a biochemical modulator of innervation but also 

positions MSC-derived exosomes as a versatile platform for targeted delivery of neuro-

regenerative signals in scaffold-based bone repair. However, despite the development 

of advanced delivery platforms, a major limitation of exosome-based strategies in bone 

and nerve regeneration remains their limited stability and retention at the target site. This 

presents a significant barrier to achieving sustained therapeutic effects and poses a 

challenge for clinical translation (Lian et al., 2024; Youseflee et al., 2022). 

Brain-derived neurotrophic factor (BDNF), released in response to nerve injury, plays a 

critical role in promoting the natural healing of injured nerves and has been increasingly 

recognized for its influence on bone regeneration. Ida-Yonemochi et al. (2017) 

demonstrated that in vitro, BDNF enhanced osteocalcin mRNA expression in MC3T3-E1 

osteoblast-lineage cells, indicating promoted differentiation, though it did not affect 

proliferation or migration. The In vivo application of BDNF to mandibular corticotomy 

sites in rats resulted in increased osteopontin-positive new bone formation and 

sustained bone remodelling involving TrkB-positive osteoblasts and osteocytes, 

highlighting its role in bone maturation and changes following peripheral nerve injury. 

Supporting these findings, Park et al. (2024) reported that BDNF significantly elevated 

alkaline phosphatase (ALP) activity, calcium deposition, and osteoblast differentiation 

markers both in vitro and in their mouse model. Further studies have also confirmed that 

BDNF enhances osteogenesis and neurogenesis of human bone marrow stem cells, 

suggesting that its osteogenic effects may be mediated indirectly through increased 

neurogenesis. 

Despite their potent neurotrophic and osteoinductive activity, NGFs face significant 

translational barriers due to their short half-life, in vivo instability, and requirement for 

supraphysiological. While encapsulation strategies (e.g., PLGA microspheres or 

emulsion electrospinning) aim to extend release kinetics, these systems can exhibit 

burst release profiles or uneven distribution. Moreover, unlike growth factors such as 

BMP-2 that are more established in bone tissue engineering, NGF delivery introduces 
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additional risks, including hyperalgesia, heterotopic ossification, and even 

tumorigenesis when delivered at high doses. These adverse effects highlight the 

importance of tight dosage control and context-specific release kinetics, which many 

current delivery systems are yet to achieve reliably (Carragee et al., 2013; Subbiah & 

Guldberg, 2019). To maintain effective local concentrations, supraphysiological doses 

of NGF are often required, which in turn can give rise to serious adverse outcomes; for 

instance, high‐dose NGF delivery has been associated with abnormal nerve sprouting 

and neuroma formation, which leads to hyperalgesia. In addition excessive NGF 

exposure can also cause heterotopic ossification in non‐skeletal tissues, promote 

undesired immune responses, and has even been implicated in promoting 

tumorigenesis under certain conditions (Safari et al., 2021; Subbiah & Guldberg, 2019). 

Substance P (SP) is a neuropeptide involved in pain transmission and neurogenic 

inflammation, but it has also emerged as a key modulator of bone regeneration. Evidence 

from a study conducted by Li et al. (2010) in fracture healing mouse models showed that 

SP-positive nerve fibres infiltrate the fracture callus during early regeneration, peaking 

around day 21 in regions of active bone formation and cortical bridging. Notably in 

angulated fractures, this peak occurs earlier on the mechanically loaded side and is 

delayed on the unloaded side, which suggests that SP activity may be sensitive to 

biomechanical cues. During the remodelling phase, SP fibres diminished in areas 

undergoing successful healing but remained in unloaded regions where bone resorption 

predominated. This is supported by Ding et al. (2010), who demonstrated that mice with 

osteoporotic bone loss exhibited impaired fracture healing alongside significantly 

reduced SP levels at the fracture site. Similarly, Hofman et al. (2019) showed that 

pharmacological inhibition of SP signalling through selective blockade of its neurokinin-

1 receptor (NK1-R) suppressed the expression of osteogenic genes such as osteocalcin 

and collagen types I and II, also significantly reducing the biomechanical strength of the 

healing bone at both 6 weeks and 3 months post-fracture.  

During fracture healing, NPY levels rise significantly, with serum concentrations peaking 

around the 8th week post-injury, coinciding with active callus formation and remodelling. 

Tang et al. (2017) demonstrated that inhibition of NPY and CGRP impairs fracture healing 

and suppresses phosphorylated extracellular signal-regulated kinase (ERK) signalling, a 
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pathway that is essential for osteoblast proliferation and differentiation. They also 

observed a substantial accumulation of NPY-positive macrophages at the injury site, 

bringing attention to the neuroimmune crosstalk in the regenerative process of bone. 

Sousa et al. (2020) investigated the effects of disrupting the NPY-Y1 receptor (Y1R) 

signalling pathway and found that Y1R knockout (Y1R⁻/⁻) mice displayed a high bone 

mass phenotype accompanied by enhanced ECM matrix quality. Specifically, Y1R⁻/⁻ 

bones had more densely packed collagen fibres, accelerated deposition of both mineral 

and organic components, and overall enhanced mechanical strength without 

pathological changes in collagen crosslinking or mineral crystallinity. Similarly, L. Ye et 

al. (2021) demonstrated that implantation of biodegradable magnesium nails into 

critical-size femoral defects significantly enhanced both bone and blood vessel 

formation in a rat distraction osteogenesis model. The magnesium-induced repair was 

accompanied by a marked upregulation of CGRP expression in the newly formed bone. 

Mechanistically, CGRP promoted endothelial cell migration and angiogenic activity via a 

CGRP–FAK–VEGFA axis. Inhibitors of this pathway abrogated the beneficial effects of 

magnesium, thus revealing a direct link between sensory nerve activity, CGRP signalling, 

and vascularized bone regeneration. 

Adhesion peptides have gained increasing interest for their roles in enhancing bone 

regeneration and, potentially, nerve regeneration. RGD (Arg-Gly-Asp) is an adhesion 

peptide resent in extracellular matrix proteins like fibronectin, is a well-established 

ligand for integrin receptors on the cell surface. These integrins are comprised of α and β 

subunits and play a critical role in mediating cell-ECM interactions necessary for tissue 

repair; specifically, the α5β1 and αvβ3 integrins have been shown to contribute to bone 

and cartilage regeneration (Yang et al., 2021). α5β1 facilitates MSC migration to injury 

sites and promotes osteogenic differentiation in vitro while αvβ3 has been implicated in 

pathological bone resorption (Hamidouche et al., 2009; Martino et al., 2009). In vivo 

studies have demonstrated that αvβ3 overexpression is associated with increased bone 

destruction, whereas pharmacological inhibition of this integrin attenuates osteolysis 

(Kwakwa & Sterling, 2017; McCabe et al., 2007).  

RGD-functionalised biomaterials such as PCL, hydrogels, phosphate-based 

composites, and metal alloys have been widely explored to enhance scaffold 



31 
 

biocompatibility and support cellular adhesion and differentiation in skeletal tissue 

engineering (Alipour et al., 2020; Dard et al., 2000; Jäger et al., 2013; Lin et al., 2019; Yang 

et al., 2021). While most current applications are not neuro-specific, there is some 

evidence that suggests that RGD may also contribute to neural cell attachment and 

axonal regeneration (Ahmed & Jayakumar, 2003). However, the extent to which these 

findings translate into functional innervation within engineered synthetic bone allografts 

remains unclear. As such, the use of adhesion peptides like RGD represents a promising 

but still exploratory strategy that require further investigation to determine their full 

potential. 

 

Table 1. Summary of biochemical strategies to enhance bone regeneration and innervation 

Strategy Agent Mechanism Limitation 

Neurotrophins NGF, BDNF Activate Trk signalling 
Short half-life, dose 

sensitivity 

Neuropeptides SP, NPY, CGRP 

Enhance 

osteogenesis via NK-

1, CGRP-R 

Stability, delivery 

method 

Exosomes MSC secretome 
miRNA-driven 

crosstalk 

Stability, delivery 

method 

Adhesion Peptides RGD 
Promote neural 

adhesion 
Not neuro-specific 

 

Surface functionalization with ECM proteins such as laminin or fibronectin has been 

shown to enhance neurite outgrowth and Schwann cell adhesion by providing integrin-

binding domains. In addition, physical modifications such as aligned microgrooves or 

electrospun nanofibers can guide directional axon extension, while tailoring the 

mechanical stiffness of the scaffold to match the native nerve and bone interface can 

support both osteogenesis and neurogenesis. More advanced approaches involve the 

use of conductive or piezoelectric materials that convert mechanical stimuli into 

electrical signals, further enhancing cell communication and neural activity. 
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Piezoelectric scaffolds can generate endogenous electrical stimuli in response to 

mechanical loading. While their capacity to mimic the natural electroactive environment 

of bone has been well-documented, the full extent of their role in promoting innervation, 

particularly within bone defects in vivo, remains an evolving area of study. A 

characterization study carried out by Karanth et al. (2023) focused primarily on utilizing 

piezoelectric scaffolds for bone regeneration. In this study, 3D-printed PLLA scaffolds 

were fabricated via fused deposition modelling and shown to generate an electric 

potential (~25 mV) under cyclic loading. The scaffolds exhibited a compressive modulus 

comparable to that of natural trabecular bone and supported osteoblast-like cell 

proliferation following fibrinogen coating, demonstrating both mechanical and 

cytocompatibility benchmarks essential for craniofacial bone repair. While this study 

highlighted the retention of piezoelectric properties post-fabrication and confirmed the 

material’s regenerative compatibility, it did not investigate any neural components, thus 

leaving the potential for innervation enhancement via this mechanism largely 

speculative in the bone context. In contrast, a more nerve-focused study by (Ma et al., 

2023) developed a multi-channel nerve guidance conduit that integrating both 

piezoelectric and conductive properties to actively support peripheral nerve 

regeneration. This conduit combined a porous silk fibroin cryogel with a piezoelectric 

outer layer that enabled delivery of spontaneous electrical cue. This electroactive 

scaffold significantly enhanced Schwann cell proliferation, maturation, and myelination, 

while also promoting neuronal differentiation and axon regeneration in PC12 cells in 

vitro. Additional, in vivo, application in a rat sciatic nerve defect model confirmed the 

scaffold’s ability to achieve functional nerve repair comparable to that of autografts. 

Although this study robustly demonstrated the value of electrical stimulation in 

peripheral nerve repair, its translational applicability to bone-innervative contexts 

remains uncertain, as the microenvironment and regeneration dynamics in neural 

tissues differ substantially from those in osseous defects. 

Furthering these findings, Zhao et al. (2025) introduced a bilayer piezoelectric scaffold 

that mimicked both the bone matrix and periosteum. The periosteum-like outer layer, 

which comprised of a double network hydrogel embedded with sintered whitlockite 

nanoparticles, provided viscoelasticity and piezoelectric responsiveness, while the inner 
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chitosan–hydroxyapatite scaffold supported bone-like porosity and mineralization. 

When stimulated with low-intensity pulsed ultrasound to activate the piezoelectric 

effect, this bilayer construct was reported to enhance osteogenesis, angiogenesis, and 

notably, neurogenesis; thus demonstrating that the scaffold capable of supporting 

neurovascularized bone regeneration. However, while promising, such studies remain 

limited in number, and the mechanisms underlying the electrical modulation of nerve in-

growth are still not fully understood. For instance, it is unclear how the frequency or 

duration of piezoelectric stimulation correlate with neural differentiation pathways or 

axonal guidance in bone-specific contexts. (Pinho et al., 2023; Rajabi et al., 2015) 

ReNcell VM are immortalized human neural progenitor cells derived from the ventral 

mesencephalon of the brain. They are widely recognized for their rapid proliferation and 

multipotent capacity to differentiate into key neural lineages, including neurons, 

astrocytes, and oligodendrocytes (Song et al., 2019). These characteristics make them a 

valuable in vitro model for investigating neural behaviour in tissue engineering contexts. 

Although originally developed for studying neural development and regeneration, 

ReNcell VM cells have increasingly been explored for their potential use in 3D culture 

systems and scaffold environments relevant to regenerative medicine. Recent studies 

have demonstrated that ReNcell VM cells can maintain robust proliferation in three-

dimensional hydrogel scaffolds, such as PuraMatrix, with doubling times comparable to 

those observed in traditional two-dimensional culture systems (Ma & Suh, 2019). Ortinau 

et al. (2010) found that laminin supplementation within these hydrogels significantly 

influenced cellular organization. Higher concentrations of laminin (0.5%) promoted the 

formation of compact, flattened cellular aggregates, whereas lower concentrations 

(0.15%) facilitated more dispersed and extended growth patterns, suggesting that 

laminin can modulate the architectural development of neural progenitors in a scaffold 

environment. This highlights the importance of extracellular matrix components in 

shaping the spatial and structural integration of neural cells within engineered platforms. 

The maintenance of ReNcell VM cells in a proliferative, undifferentiated state depends 

critically on the presence of epidermal growth factor (EGF) and basic fibroblast growth 

factor (bFGF) in the culture medium. As shown by Nierode et al. (2016), the removal of 

these mitogens induces spontaneous differentiation into mature neural phenotypes. 
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This allows for temporal control over differentiation, which makes this cell line highly 

suitable for studies that require monitoring of both proliferation and lineage commitment 

in response to biomaterial properties. 

In addition to laminin, Matrigel has been widely used as a supportive extracellular matrix 

for neural precursor cultures. Uemura et al. (2010)  demonstrated that Matrigel enhances 

both the survival and neuronal differentiation of neural precursor cells, and later work by 

Nierode et al. (2018) confirmed that ReNcell VM cells can adhere, proliferate, and 

differentiate effectively on Matrigel-coated substrates. While these materials are 

typically used in developmental neurobiology, their capacity to support neural progenitor 

growth and differentiation provides a framework for assessing the neurocompatibility of 

synthetic biomaterials. Although these studies were not designed with biomaterial 

innervation in mind, their findings form an important foundation for future work exploring 

how neural progenitor cells behave on engineered surfaces. In the context of synthetic 

bone allografts, where re-establishing neural connectivity may enhance the success and 

effective of a bone graft integration, pain modulation, and even bone regeneration. 

Therefore, incorporating ReNcell VM cells into osteogenic scaffold studies offers a 

valuable approach to preliminarily evaluate the innervative potential of novel materials 

like HAA, thus setting the stage for future investigations into scaffold-guided neural 

regeneration in bone tissue engineering. 

Another promising strategy involves the co-culture of neural support cells with 

osteogenic cells. Schwann cells have been combined with MSCs in three-dimensional 

scaffolds to enhance neuro-osteogenic crosstalk. Wu et al. (2020) demonstrated that a 

3D bioprinted scaffold composed of gelatine/alginate hydrogel with embedded Schwann 

cells promotes enhanced expression of key neurotrophic factors relative to traditional 

2D cultures. The Schwann cells remained viable, adhered well, and continued to express 

neural markers after implantation, indicating that the 3D scaffold provided a supportive 

environment for neural cell function. Zhang et al. (2021) reached a similar conclusion as 

their study highlighted the beneficial effects of integrating neural stem cells (NSCs) into 

3D bioprinted bone constructs. The inclusion of neural cells enhanced osteogenic 

differentiation of human bone marrow MSCs, demonstrated by elevated expression of 

osteogenic markers such as osteopontin (OPN) and BMP-2, as well as increased ALP 
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secretion. Bai et al. (2024) demonstrated that co-culturing NSCs with bone MSCs within 

low-modulus gelatine methacrylate hydrogel scaffolds significantly enhanced neural 

regeneration in spinal cord injury mouse models. Compared to high-modulus scaffolds, 

the low-modulus system showed enhancement of various advantageous characteristics 

such as cell viability, proliferation, migration, and neuronal differentiation. In vivo, the 

NSC/bone MSC co-culture implants promoted motor function recovery, reduced spinal 

cord cavity formation, and stimulated neuron regeneration. These findings support the 

therapeutic potential of co-culturing neural and osteogenic-related stem cells within 

biomaterial scaffolds to improve neural tissue repair.  

Recent advances in the functionalization of HA-based biomaterials highlight promising 

strategies to simultaneously promote bone regeneration and innervation, addressing a 

critical knowledge gap in bone tissue engineering. Fitzpatrick et al. (2021) demonstrated 

that 3D-printed silk-HA scaffolds incorporating osteoinductive, pro-angiogenic factors, 

specifically BMP-2 and NGF, can synergistically enhance osteoblastic differentiation 

and neural stem cell proliferation in vitro. This suggests that the integration of these 

morphogens creates a conducive microenvironment for coupled osteogenesis and 

neural support. Complementing these findings, J. Ye et al. (2021) also provided in vivo 

evidence that HA coatings functionalized with NGF and chondroitin sulphate on titanium 

implants significantly improve early osseointegration and peri-implant nerve fibre 

formation in a canine mandibular model. Their results revealed increased expression of 

genes related to both osteogenesis and neurogenesis, as well as enhanced mechanical 

fixation. Further expanding on this concept, Liu et al. (2021) engineered a nanocellulose-

reinforced HA membrane capable of directing mesenchymal stem cells toward 

osteogenic, neuronal, and endothelial lineages simultaneously, thereby generating a 

bioactive osteoid tissue in vitro. Subsequent in vivo heterotopic implantation 

demonstrated rapid vascularized and innervated bone formation, evidencing the 

scaffold’s potential as a multi-lineage differentiation platform for neurovascularized 

bone regeneration. Collectively, these studies emphasize the emerging potential of HA-

based scaffolds to not only restore bone mass but also reestablish the neural networks 

critical for functional skeletal tissue regeneration. However, despite these promising 

results, challenges remain. The complexity of recapitulating native bone’s neurovascular 
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niche means that long-term in vivo integration, precise control over neural ingrowth, and 

standardized approaches for multi-lineage stem cell differentiation require further work 

(Shi et al., 2022). Furthermore, many of studies have focused on early-stage markers and 

functional outcomes without extensive mechanistic insight into how the 

physicochemical properties of HA influence nerve growth and signalling pathways. 

Future research must therefore address these limitations by combining advanced 

biomaterial design with in-depth biological evaluation to unlock the full regenerative and 

innervative capacity of HA-based bone substitutes. 

 

1.4. Research aims and objectives 
 

Despite substantial advances in biomaterials for bone regeneration, the capacity of 

synthetic bone allografts to support neural integration remains poorly understood, 

particularly with HAA. Despite these materials having been widely studied for their 

osteoconductive properties, their potential to support innervation, which is a critical 

component of functional bone healing, remains as a significant and underexplored 

knowledge gap. Innervation is increasingly recognized as essential not only for bone 

development and remodelling, but also for orchestrating the cellular and vascular 

dynamics required for complete success of bone regeneration. There is an expanding 

body of research focused on electrically active scaffolds, bioactive coatings, and co-

culture systems that encourage both nerve regeneration and bone repair. However, few 

studies have directly evaluated HA-based materials in this dual context of osteogenesis 

and innervation, particularly in combination with co-culture systems. 

As such, there is a pressing need to investigate whether HAA can be optimized to support 

neural cell growth, axonal extension, and functional integration, alongside its 

established osteogenic performance. This study addresses that gap by exploring the in 

vitro response of neural and mesenchymal stem cells to functionalized HAA scaffolds, 

contributing to the foundational knowledge needed to design next-generation 

biomaterials capable of supporting neuro-osteogenic tissue regeneration. The aim of this 

study is to optimize the innervation potential of HAA scaffolds and evaluate their 
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feasibility for supporting in vitro neuro-osteogenic integration, with the long-term goal of 

advancing biomaterial strategies for complex tissue regeneration. 

The first objective is to investigate the in vitro response of ReNCells to HAA scaffolds. The 

second objective is to evaluate the effects of functionalized HAA in co-culture models of 

ReNcell neural progenitor cells and human umbilical cord-derived MSCs (HUMSCs) to 

assess proliferation and interaction. The third objective is to analyse key biomarkers of 

osteogenesis and innervation using immunofluorescence and imaging techniques to 

characterize how the scaffold environment influences lineage-specific differentiation 

and tissue-specific signalling. And finally, to identify and validate optimized HAA scaffold 

conditions with dual osteogenic and neurogenic support and test their performance 

either in bone explant cultures or through collaboration with in vivo research groups. 

2. MATERIALS AND METHODS 
 

2.1 Material preparation and characterization 

2.1.1 HAA scaffold preparation 
 

To produce HAA scaffolds, tetracalcium phosphate (TTCP, Matexcel, China) and 

Emprove Essential CaHPO₄ (Sigma-Aldrich, USA) were mixed in a 1:1 molar ratio. This 

mixture was then combined with CaCO₃ (Sigma-Aldrich, USA) in a 1:1 weight ratio. The 

powders were ground using a mortar and pestle for five minutes to ensure a 

homogeneous mixture before introducing 10% EMPROVE Essential Gelatin powder 

(Sigma-Aldrich, USA) in water was added to form a paste. The paste was poured into 

cylindrical silicone moulds and left to dry at room temperature. Once fully dry, the 

material was removed from the moulds, and a drill was used to bore holes into the 

scaffolds. The material was then cut into cylindrical shapes with a diameter of 5 mm and 

a height of 3 mm. To ensure the HA-forming reaction was complete and to stabilize the 

scaffolds, they were submerged in 0.1% glutaraldehyde (Sigma-Aldrich, UK) for 24 hours 

to crosslink the material and prevent dissolution. The scaffolds were then washed 

thoroughly with water and soaked in phosphate-buffered saline (PBS, Gibco, UK) at 37°C 

for an additional 24 hours. After soaking, the scaffolds were air-dried at room 
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temperature or at 37°C and subsequently sterilized via autoclaving before being used for 

tissue culture experiments. 

2.1.2 FTIR spectroscopy 

FTIR spectroscopy was conducted to determine the concentrations of compounds 

present in the scaffolds at different stages of preparation. The individual starting 

powders, including CaCO₃, TTCP, and CaHPO₄, were first analyzed. Additionally, the 

prepared HAA scaffolds were tested at various stages: untreated (as prepared), after 

crosslinking in 0.1% glutaraldehyde for 24 hours, and following soaking in PBS for 24 

hours. For each analysis, the scaffolds were crushed into a fine powder by mortar and 

pestle. Spectra were recorded using a Perkin Elmer Spectrum 100 FTIR 

spectrophotometer (PerkinElmer, Connecticut, USA). 

2.1.3 Mechanical testing 

The compressive strength of the HAA scaffolds were evaluated mechanical testing 

was performed using a Tinius Olsen H25KS universal testing machine (Tinius Olsen 

Limited, Surrey, UK). This analysis aimed to assess the mechanical integrity of the 

scaffolds and to determine whether crosslinking and PBS treatment enhanced their 

strength. Scaffolds were tested in two conditions: untreated (as prepared) and treated 

(post-crosslinking in 0.1% glutaraldehyde and soaking in PBS for 24 hours). Individual 

cylindrical samples were placed between the compression plates of the testing 

machine, and a compressive load was applied at a constant rate until the scaffold 

cracked or fractured. The maximum load each scaffold could withstand before failure 

was recorded, and the compressive strength values were analyzed to compare the 

mechanical performance of untreated versus treated scaffolds. 

 

2.2 in vitro work 

2.2.1 HUMSC isolation 

Human umbilical cord samples were provided by Singleton Hospital, Swansea with 

informed consent of anonymous donors; the research ethics was approved by the 

South West Wales Research Ethics Committee (REC 11/WA/0040). The umbilical 

cords were transported in PBS (Gibco, UK) and processed upon arrival. The veins and 

artery were removed, and the cord tissue was finely chopped to a paste-like 
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consistency. The paste was spread onto T25 culture flasks and incubated at 37°C for 

10 minutes to enhance surface adherence. Following incubation, 0.5 mL of fetal 

bovine serum (FBS, Gibco, UK) was added to each flask prior to an overnight 

incubation at 37°C. 

The following day, 1.5 mL of culture medium (1:1 DMEM:F12 (Gibco, UK) 

supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco, UK)) was added 

to each flask, with the volume increased to 5 mL after one additional day. The medium 

was replaced every 2–3 days. 

HUMSCs began adhering to the flask surface after approximately one week. When 

cells reached ~50% confluence, subculturing was performed. Cells were washed with 

PBS (Gibco, UK), detached using 0.25% Trypsin-EDTA (Gibco, UK), and the Trypsin-

EDTA was neutralized with an equal volume of the culture medium. Detached cells 

were centrifuged at 1200 rpm for 5 minutes (Eppendorf 5810 R, Eppendorf, Hamburg, 

Germany), then either reseeded in new flasks, cryopreserved in FBS with 10% 

dimethyl sulfoxide (DMSO, Sigma-Aldrich, UK) for future use, or immediately used in 

experiments. 

 

2.2.2 HUMSC/ReNCell co-culture 

The ReNcell® VM human neural progenitor cell line (Merk-Millipore, UK) was cultured 

and maintained under specific conditions following the manufacturer’s protocol. 

Differentiation media (ADM) was prepared Advanced DMEM/F12 (Gibco, UK), 1% 

penicillin-streptomycin, 4 mM glutamine, 1× B27 supplement (Gibco, UK), 50 µg/mL 

gentamicin (Gibco, UK), and 10 U/mL heparin (Sigma, UK). The solution was sterile-

filtered (0.22 µm) and stored at 4°C. Proliferation media (APM) was prepared by 

supplementing ADM with 20 ng/mL bFGF (Peprotech, UK) and 20 ng/mL EGF 

(Peprotech, UK). 

The ReNcells required coated flasks for attachment. Laminin-coated flasks were 

prepared by adding 20 µg/mL laminin (AMSbio, UK) to DMEM/F12 (Gibco, UK). 

Matrigel-coated flasks were prepared using DMEM/F12 supplemented with Matrigel 

(Corning, UK) diluted 1:100 (v/v). Both coating solutions were incubated at 37°C with 
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5% CO₂ for 24 hours. Prior to cell seeding, the flasks were washed with sterile PBS and 

fresh APM was added. Cryopreserved cells were thawed and seeded into coated 

flasks containing APM. Cultures were incubated at 37°C with 5% CO₂, and media 

changes were performed every 3–4 days. Cells were monitored daily to check 

proliferation and morphology. 

A co-culture of HUMSC and ReNcells were established in 48-well plates (Corning, 

UK). HUMSCs were seeded at a density of approximately 2,000 cells/mm² in 48-well 

plates, either uncoated or coated with laminin or Matrigel as previously described. 

The cells were maintained in HUMSC culture medium for one week to allow for 

adherence and proliferation. After one week, ReNcells were seeded directly onto the 

HUMSC layer at a density of approximately 2,000 cells/mm². The culture medium was 

replaced with APM to support ReNcell growth, and the co-cultures were incubated at 

37°C with 5% CO₂. Media changes were performed every 2-3 days, and cultures were 

monitored daily for cell morphology and growth. 

 

2.2.3. Alamar Blue assay 
 

The Alamar Blue assay (Invitrogen, USA) was used to evaluate cell viability and metabolic 

activity over a 7-day period in three experimental groups: HUMSC monocultures, ReNcell 

monocultures, and HUMSC/ReNcell co-cultures. For each group, three conditions were 

assessed: (1) cells cultured on standard tissue culture plastic, (2) cells seeded directly 

onto HAA scaffold material, and (3) HAA scaffold alone without cells, which served as a 

negative control. The assay was conducted at 1, 4, and 7 days post-seeding. At each time 

point, the culture medium in each well was replaced with fresh medium containing 10% 

Alamar Blue reagent. Plates were returned to the incubator (37°C, 5% CO₂) for 4 hours. 

Once a visible colour change was observed, 100–200 µl of the medium was transferred 

from each well to a new 96-well plate for analysis. Absorbance was measured at 570 nm 

using a microplate reader (BMG Labtech, Germany), and values were normalised to the 

untreated control wells to evaluate relative viability. In addition, a supplementary 

experiment was performed to evaluate whether different coatings affected ReNcell 

viability on the HAA scaffold. ReNcells were seeded onto HAA scaffolds pre-treated with 

either laminin or Matrigel, and their metabolic activity was assessed using the same 
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Alamar Blue protocol described above. Culture medium was refreshed every three days 

throughout the assay period. All conditions were performed in triplicate, and average 

values were used for analysis. 

 

2.2.4. Immunofluorescence 
 

Immunofluorescence was performed to evaluate the differentiation of ReNcells into 

neurons when co-cultured with HUMSCs in uncoated 48-well plates. At the experimental 

endpoint, the media was removed, and cells were fixed with 10% formalin (300 µL/well) 

for 15 minutes at room temperature (RT). After fixation, cells were washed twice with PBS 

and permeabilized with 0.15% PBS-Triton X-100 (PBST) for 15 minutes at RT. Following 

permeabilization, cells were blocked with 5% normal goat serum (NGS [Sigma], UK) in 

PBST for 1 hour at RT. Primary antibodies were prepared in PBST and incubated with the 

samples overnight at 4°C in a covered container. The primary antibodies used were β3-

Tubulin (D71G9) XP® Rabbit mAb (Cell Signalling Technology, UK) at a 1:400 dilution and 

Anti-GFAP Rabbit pAb (Abcam) at a 1:1000 dilution. PBS was used in place of primary 

antibodies for negative controls. After primary antibody incubation, cells were washed 

twice with PBS and incubated with the secondary antibody, Goat Anti-Rabbit Alexa 

Fluor™ 488 (ThermoScientific, UK), at a 1:500 dilution in PBST for 1 hour at RT in a covered 

container. Cells were then washed twice with PBS, followed by incubation with Hoechst 

33342 (Invitrogen, UK) at a 1:5000 dilution in PBS for 5 minutes at RT. 

 

2.2.5. Live cell imaging 
 

Live cell imaging was conducted to evaluate the interactions, spatial arrangement, and 

proliferation of HUMSCs and ReNcells in monoculture and co-culture on HAA discs. 

HUMSCs were labeled with DiD (red fluorescence), and ReNcells were labelled with DiO 

(green fluorescence) using the Invitrogen Vybrant™ Multicolor Cell-Labeling Kit (DiO, DiI, 

DiD Solutions), following the manufacturer’s instructions for staining cells in 

suspension. 
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For HUMSC and ReNcell monoculture experiments, cells were seeded at a density of 

20,000 cells per well in a 48-well plate. To ensure accurate cell placement onto the HAA 

discs, the cells were suspended in 80 µL of their respective media (culture medium for 

HUMSC, and APM for ReNcells) and carefully pipetted directly onto the surface of the 

discs (laminin-coated HAA for ReNcell monoculture). After 30 minutes of incubation to 

allow for attachment, an additional 300 µL of culture medium was gently added along the 

well walls to fully submerge the discs and ensure minimum disruption to the seeded 

cells. The plates were then returned to a 37°C, 5% CO₂ incubator, and medium was 

replenished every 2–3 days to maintain optimal cell viability and growth. 

For co-culture experiments, HUMSCs were seeded first. DiD-labelled HUMSCs were 

suspended in culture medium and seeded onto the HAA discs at a density of 20,000 cells 

per well in 48-well plates. The cells were allowed to grow undisturbed for seven days to 

establish a monolayer of approximately 80% confluence, with culture medium 

replenished every 2–3 days to support healthy proliferation. Following this, ReNcells 

were stained with DiO while in suspension and seeded at the same density of 20,000 

cells per well. To promote accurate placement, the cells were suspended in 80 µL of 

medium and pipetted carefully onto the DiD-labelled, HUMSC-covered HAA discs. With 

the introduction of DiO-labelled ReNcells, every well was replenished with APM which 

was replenished every 2-3 days to account for the high cell density of the co-culture. 

To visualize nuclei and assess cell viability, Hoechst 33342 (Invitrogen, USA) was used 

as a nuclear counterstain. The dye was diluted 1:2000 in culture medium and added to 

each well at the respective time points, prior to imaging. Cells were incubated with 

Hoechst for 10 minutes at room temperature. Following staining, the medium was 

aspirated, and the HAA discs were carefully removed and inverted with the use of lab-

grade tweezers so that the cell-seeded surface faced the glass bottom of a 96-well 

fluorescence imaging plate. Fluorescence imaging was performed at days 1, 4, 7, and 14 

using confocal microscopy to evaluate the distribution, attachment, and interactions of 

the fluorescently labelled cells across the HAA scaffold. Images captured the 

progression of cell proliferation and morphology in both monoculture and co-culture 

conditions. The DiD and DiO dyes served as lipophilic tracers to specifically label live 
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cells, while Hoechst 33342 (DAPI) provided a nuclear counterstain for additional 

visualization of cell localization. 

 

2.2.6. Confocal microscopy 
 

Confocal microscopy was conducted using a Zeiss LSM710 imaging system (Carl Zeiss, 

Germany), with imaging controlled through ZEISS ZEN software (version 3.10). This 

technique was utilized to capture images of immunofluorescence-stained co-culture 

samples, as well as for live cell imaging of both HUMSC and ReNcell monocultures, and 

the co-culture. 

 

2.2.7. Scanning Electron Microscopy 
 

Samples prepared for SEM were initially fixed in 4% glutaraldehyde (Sigma-Aldrich) and 

subsequently dehydrated through an ethanol series: 40%, 70%, 80%, 90%, 95%, and 

100%, with each step lasting one hour. Following ethanol dehydration, samples were 

submerged in a 50:50 ethanol/hexamethyldisilane solution, then moved to 100% 

hexamethyldisilane for two consecutive soaks. The final immersion in 100% 

hexamethyldisilane was followed by overnight evaporation to ensure thorough drying. 

Dried samples were finally coated with chromium using a Quorum Q150T ES sputter-

coater to enhance conductivity (Quorum Technologies Ltd, Sussex, UK). Imaging was 

performed on a Hitachi S-4800 scanning electron microscope (Hitachi High-Tech 

Corporation, Tokyo, Japan).  

2.3. in-vivo work 
 

2.3.1. In vivo model preparation 

The in vivo implantation was performed at Huazhong University (Wuhan, China) 

(Research Ethics Approval; IACUC#3294). A total of 6 Sprague-Dawley (SD) rats aged 8-

weeks old (weighing 290–320 g) were randomly divided into 2 groups, a treatment group 

(HAA implant) and a control group (no HAA implant). Following grouping, an ear punch 
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was performed for identification and record-keeping purposes. The rats were housed in 

the animal experimental facility where cages were cleaned every 3 days, food and water 

was provided on a scheduled basis and their activity was monitored. 

 

2.3.2. Implantation 

The rats were anesthetized using an RWD Isoflurane R580 gas anaesthesia machine, with 

a flow rate of 3 L/min isoflurane and 0.5 L/min oxygen. Following induction, the rats were 

placed on the surgical table, where anaesthesia was maintained via a mask at the same 

flow rates. A triangular notch was made on the left ear for identification. The fur around 

the thigh was shaved and further removed using Nair Hair Remover Lotion, followed by 

disinfection with medical alcohol. 

A longitudinal incision of approximately 3.5 cm was made along the lateral side of the 

thigh, and the quadriceps muscle was bluntly separated and retracted to expose the 

femur. A 3 cm mini locking compression plate (LCP) was fixed to the anterolateral femur 

using four 5 mm screws, ensuring that the two central plate holes remained unoccupied. 

A 2 mm defect was then created between these two central holes using a saw. In the 

treatment group the defect was filled with a paste-like HAA material, which allowed for 

precise placement within the defect site and easy handling during surgery, whereas the 

remaining 3 rats in the control group received no implant. 

Following implantation, the muscle was sutured using a surgical bent needle, and the 

skin was closed with sutures. To prevent dehydration, 10 mL of saline was administered 

subcutaneously. The rats were monitored in an experimental cage until full recovery from 

anaesthesia, ensuring normal limb function before being returned to the animal housing 

facility. The rats were sacrificed 14 days, 28 days, and 56 days following the surgical 

procedure by humane euthanasia via cervical dislocation. The experimental limb was 

dissected, with skin and fur removed while preserving muscle, and subsequently fixed in 

4% formaldehyde in PBS for further fixation and further analysis. 
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2.3.3. Micro-CT 
 

After fixation, each left tibia was individually wrapped in parafilm and scanned using a 

SkyScan 1176 X-ray microtomography system (Bruker MicroCT, Kontich, Belgium). 

Scanning was conducted at 58 kV and 431 µA, with a pixel resolution of 9 µm, a rotation 

step of 0.3°, and a high-resolution exposure time of 1,000 ms. Following scanning, the 

specimens were unwrapped and placed back into 10% formalin for storage at 4°C. The 

resulting micro-CT data were used to generate three-dimensional models and perform 

quantitative assessments of new bone formation 

 

2.3.4. Bone imaging 
 

Fixed bone samples were embedded in London Resin Gold (Agar Scientific) containing 

1% w/v benzoyl peroxide (Agar Scientific, UK) as per the manufacturer’s protocol. Each 

bone sample was secured to a metal plate using four screws per sample to ensure 

stability during the embedding process. Aluminium foil was used to correctly position the 

samples within the resin blocks, which were then cured at room temperature. The cured 

blocks were sanded using 600- and 1200-grit sandpaper and polished to 6- and 3-micron 

finishes. 

Micro-CT imaging was performed to analyse two key parameters. Firstly, fracture width 

was assessed in both control samples and the experimental group implanted with HAA 

scaffolds. Measurements were taken at three distinct locations along the fracture site, 

and the average of these triplicate measurements was calculated to track changes in 

fracture width across time points of 14-, 28-, and 56-days following implantation. 

Secondly, HAA biomaterial volume was quantified in the experimental group to evaluate 

biodegradation. This was determined by measuring the volume of the biomaterial at each 

time point and assessing its reduction over time. The decrease in volume was used as an 

indicator of scaffold biodegradation. 
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2.3.5. Statistical analysis 
 

Statistical analyses were performed using GraphPad Prism version 10.4.1 (Graphpad 

Software, San Diego, USA). Data are presented as mean ± standard deviation (SD). For 

comparisons between two groups, a t-test was employed. One-way ANOVA was used for 

comparisons involving more than two groups, while two-way ANOVA was conducted to 

assess interactions between multiple groups across different time points or conditions. 

A p-value of < 0.05 was considered statistically significant. 

 

3. RESULTS 

3.1 HAA scaffold successfully produced 

 

 

 

 

 

The FTIR spectra (Figure 1A) shows the untreated HAA material, with peaks 

corresponding to the main components of the mixture: TTCP, CaCO₃, and CaHPO₄. The 

phosphate peak around 1000 cm⁻¹ is relatively weak, suggesting minimal hydroxyapatite 

formation. Additionally, the carbonate-related peaks at approximately 1200 cm⁻¹ and 

1400 cm⁻¹, along with a weak hydroxyl peak near 3500 cm⁻¹, reflect the presence of 

CaCO₃ and CaHPO₄. These findings indicate that in the untreated state, hydroxyapatite 

formation is limited, with the material predominantly containing unreacted CaCO₃ and 

CaHPO₄. Following crosslinking with 0.1% glutaraldehyde, as shown in Figure 1B, the 

spectra reveal a more defined peak around 1000 cm⁻¹, which suggests a slight increase 

Figure 1. FTIR Spectra of HAA Components and Treatment Stages. 
(A) FTIR spectra of untreated HAA, showing characteristic peaks of its functional groups. (B) FTIR 
spectra of HAA at different treatment stages: (i) untreated, (ii) crosslinked with 0.1% glutaraldehyde 
for 24 hours, and (iii) post-crosslinking followed by a 24-hour PBS soak. Graph generated using 
GraphPad Prism version 10.4.1. 
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in hydroxyapatite formation. In addition, the peaks at 1200 cm⁻¹ and 1400 cm⁻¹, which 

are characteristic of carbonate groups, are more prominent, and the hydroxyl peak near 

3500 cm⁻¹ becomes more discernible. These changes indicate that crosslinking may 

promote partial conversion of CaCO₃ and CaHPO₄ into hydroxyapatite, as well as some 

degree of carbonate substitution within the material. Upon further treatment with PBS 

for 24 hours, the FTIR spectra of the treated HAA show a significant increase in peak 

intensity, particularly at 1000 cm⁻¹, corresponding to phosphate groups. The carbonate 

peaks at 1200 cm⁻¹ and 1400 cm⁻¹, along with the hydroxyl peak near 3500 cm⁻¹, are also 

much more defined, suggesting a substantial increase in HA formation. These intensified 

peaks indicate that the combined crosslinking and PBS treatment significantly enhance 

phosphate mineralization, the incorporation of phosphate groups into HA, and 

carbonate incorporation, thus supporting the formation of a more HA-rich structure. The 

clearer, more defined peaks overall imply that the PBS soak effectively facilitates HA 

production, leading to a more mature and crystallized biomaterial. Thus, it could be 

determined that while untreated HAA still consists of its three main compounds, HA was 

formed in all samples soaked in PBS. As the scaffold is soaked for a longer period, the 

HA peak becomes larger than the CaCO₃ peaks. This indicates the possibility that HA 

formation is a slow process, and more HA has formed in the samples that were soaked 

longer.  

 

 

 

 

Figure 2: Compression tests of HAA. 
(A) Stress-position curve of untreated HAA showing its mechanical response under compression. (B) Stress-
position curve of treated HAA, demonstrating the mechanical properties post-treatment. Differences in the 
curves highlight the impact of treatment on the material’s compressive strength and deformation behaviour. 
Graph generated using GraphPad Prism version 10.4.1. 
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In the compression testing of both untreated and treated HAA scaffolds, the results from 

the compression test of untreated and treated HAA scaffolds demonstrate a noticeable 

difference in mechanical strength. For the untreated HAA scaffold (Figure 2A), the stress-

strain curve begins at 0.5 mm, with points of inflection observed around 1.3 mPA, 1.7 

mPA, and a distinct inflection at just over 3.6 mPA, at which point the material shows 

significant signs of crumbling, indicating failure. In contrast, the treated HAA scaffold 

(Figure 2B), which underwent crosslinking and PBS soaking, experienced no failure or 

crumbling until it reached its point of inflection at around 20 mPA, which is considerably 

higher than that of the untreated sample. This was followed by a brief plateau in stress 

before the experiment was halted due to the material breakage. Overall, these results 

suggest that treatment supports the strengthening of HAA, thus improving its 

compressive strength as evidenced by the higher stress tolerance prior to failure. 

During optimization of the HAA scaffold production method, an investigation was 

conducted to determine if different drying methods influenced the occurrence and 

distribution of naturally occurring pores. Specifically, the effect of air-drying versus 

freeze-drying was assessed. However, the results indicated no significant difference 

between the two methods, with air-drying proving to be just as effective at retaining pores 

throughout the structure. As such, air-drying was selected as the preferred method for 

further scaffold production. 

 

 

 

 

Figure 3: Imaging of Final Treated HAA Disc Product. 
SEM images showing the surface of the treated HAA disc with well-defined pores measuring (A) 218 µm in diameter 
and (B) 119 µm in diameter. (C) Gross image of the final treated HAA disc taken using a Tomlov TM-DM10 imaging 
system, providing a visual representation of the disc's overall structure, scale bar represents 1 mm. 
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The surface structure of the treated HAA scaffold was examined under SEM (Figure 3A 

and 3B). Pores were observed on the surface of the HAA, measuring 218 µm and 119 µm 

in diameter, respectively. The structure of the material appeared rugged in texture, and 

while these pores are not highlighted in the images, many irregularly shaped gaps were 

also observed across the surface. The gross image shown in Figure 3C reveals voids up 

to 1 mm in diameter, visible to the naked eye. These observations indicate that the 

material exhibits heterogeneity and incidental gaps, though it is unclear whether these 

reflect controlled porosity or arise from trapped air during the fabrication process.  

 

3.2 HUMSC/ReNCell VM co-culture established 
 

 

 

 

 

To assess the cytotoxicity of the HAA scaffold, an Alamar Blue assay was performed 

following the seeding of 10,000 HUMSC per well on a 96-well plate. The experiment 

included three groups: a positive control consisting of only HUMSC, a negative control 

consisting of only HAA, and an experimental group consisting of HUMSC seeded on top 

of HAA. The assay was conducted at three time points: day 1, day 4, and day 7 after 

seeding. A two-way ANOVA was performed with Tukey’s multiple comparisons test as 

Figure 4. HUMSC Cell Culture on HAA. 
(A) Bar chart showing Alamar Blue Assay results for HUMSC viability after 4 and 7 days of culture on HAA. (B) SEM 
image of HUMSC seeded on HAA for 4 days, highlighting cellular morphology. (C) SEM image of HUMSC seeded 
on HAA for 7 days, showing the continued adherence and growth of cells on the material. Graph generated using 
GraphPad Prism version 10.4.1. 
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the post-hoc analysis. Statistically significant differences were observed between the 

HAA and HUMSC groups (p < 0.0001), as well as between the HAA and HAA+HUMSC 

groups across all time points. However, no significant difference was found between the 

HUMSC and HAA+HUMSC groups on day 1 (p = 0.2538), day 4 (p = 0.8177), and day 7 (p 

= 0.8006), suggesting that the HAA scaffold does not exert cytotoxic effects on the 

HUMSCs. Furthermore, the relative fluorescence units (RFU) steadily increased over the 

course of the experiment, indicating that HUMSCs continued to proliferate and grow in 

the presence of HAA. These results suggest that HAA is biocompatible and does not 

inhibit the growth or proliferation of HUMSCs over the 7-day period. 

In addition, the attachment of HUMSC to the HAA scaffold was further confirmed through 

SEM imaging, as shown in Figure 4B. Images were taken on day 4 following the initial 

seeding, and they clearly show HUMSCs attached to the surface of the HAA as well as 

within the structural pores of the material. These observations support the notion that 

HUMSCs can interact with and adhere to the HAA scaffold, allowing for proper cell 

attachment and integration with the material. 

 

Figure 5. ReNcell Culture on HAA. 
(A) Bar chart showing Alamar Blue Assay results for ReNcell viability on laminin-coated HAA over 4 and 
7 days. (B) Alamar Blue Assay results for ReNcell viability on Matrigel-coated HAA over 4 and 7 days. (C) 
SEM image of ReNcells seeded on laminin-coated HAA for 4 days, showing cellular adherence and 
spacing. (D) SEM image of ReNcells seeded on Matrigel-coated HAA for 4 days, displaying similar 
adhesion and morphology. Graphs generated using GraphPad Prism version 10.4.1. 
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The cytotoxicity of HAA to ReNcells was assessed using the Alamar Blue assay over a 7-

day period, with ReNcells cultured either on HAA alone or on HAA coated with laminin 

or Matrigel. In the laminin-coated group (Figure 5A), the results showed a significant 

difference between the HAA group and the ReNcell group on day 1 (p < 0.001), as well 

as between HAA and the ReNcell/HAA group (p = 0.004). However, on day 4, significant 

differences (p < 0.001) were observed across all three groups, which is notable. By day 

7, only the HAA versus ReNcell comparison and the HAA versus HAA+ReNcell 

comparison were statistically significant (p < 0.001). The lack of significant difference 

between the ReNcell and HAA+ReNcell groups on day 7 (p = 0.0733) suggests that 

ReNcells cultured on laminin-coated HAA were compatible and not significantly 

affected by the material. The data observed on day 4 may indicate a temporary 

disruption in cell viability, this was possibly due to early-stage cell stress or adjustment 

to the culture conditions, though further investigation would be needed to confirm the 

cause. 

Cell viability in the Matrigel-coated HAA experiment (Figure 5C) was assessed using the 

Alamar Blue assay across 3 groups: HAA, ReNcells, and HAA+ReNcell. On day 1, there 

was a statistically significant difference between all three groups (p < 0.001), with the 

ReNcell-only group exhibiting a notably higher RFU compared to both the HAA and 

HAA+ReNcell groups. This trend persisted on day 4, where the ReNcell group remained 

significantly different from the other groups (p < 0.001). However, in contrast to the 

laminin-coated experiment (Figure 5A), the RFU values in the Matrigel-coated 

experiment progressively decreased over time. For example, on day 1, the ReNcell 

group had the highest mean RFU of 38695.5 ± 6484.1 (N=6), which dropped to 32824.3 

± 3,788.0 on day 4 and further declined to 16800.8 ± 4482.7 on day 7. Despite this 

decline, statistical significance between the groups was still observed on day 4 (p = 

0.0016). By day 7, however, significant differences were only observed between the 

HAA and ReNcell groups (p = 0.0411). These findings suggest that while ReNcells show 

initial compatibility with Matrigel-coated HAA, there is a decline in cell viability over 

time, which may suggest some form of cell stress or suboptimal growth conditions in 

the Matrigel-coated group, such an inadequate coating volume. 
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The morphology of ReNcells seeded on both laminin- and Matrigel-coated HAA was 

assessed by SEM on day 7, as shown in Figures 5B and 5D, respectively. The SEM 

images clearly depict the attachment and spreading of ReNcells across the surface of 

the HAA material. On the laminin-coated HAA (Figure 5B), ReNcells form a continuous 

monolayer, with individual cells visibly stretched and elongated along the surface. In a 

similar manner, on the Matrigel-coated HAA (Figure 5D), ReNcells adhere to and extend 

across the material's surface, exhibiting characteristics of mid-confluency morphology. 

It should be noted that in certain regions and crevices of the HAA structure, a higher 

density of ReNcells is observed, where cells appear to be more compact and show 

areas of cell-to-cell contact. In these regions, the ReNcells adopt a more polygonal 

shape, likely due to these cellular interactions. However, due to the 3D nature of the 

HAA scaffold and its relatively large surface area, several regions of the material exhibit 

sparse cell coverage. These areas display individual ReNcells with elongated, 

fibroblast-like morphology and minimal or no cell-to-cell contact, with cells appearing 

more spread out across the surface. 

 

 

 

 

 

Figure 6. Comparison of ReNcell Viability on Laminin-Coated Plates vs. HUMSC monolayer for 
co-culture. 
Bar chart displaying Alamar Blue Assay results comparing ReNcell viability on laminin-coated plates 
and HUMSC monolayer over a 7-day period. No statistically significant differences were observed at 
any timepoint, suggesting that the HUMSC monolayer effectively supports ReNcell viability, making it 
a viable alternative to the laminin coating for co-culture systems. Graphs generated using GraphPad 
Prism version 10.4.1. 
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To evaluate the impact of laminin coating on the performance of the co-culture system, 

a coating assessment was performed (Figure 6). In this experiment, 10,000 HUMSCs 

were seeded per well in a 96-well tissue culture plate and allowed to proliferate for one 

week. Regular checks and media changes were carried out every 2–3 days to maintain 

cell health. Once the HUMSC monolayer reached approximately 80% confluence, 

10,000 ReNcells were seeded per well. The cells were allowed to attach overnight 

before undergoing the Alamar Blue assay to assess cell viability across both groups. In 

one group, ReNcells were seeded directly onto the HUMSC monolayer, while the other 

group coated condition utilized a laminin-coated plate for co-culture preparation. 

Results showed a trend of increasing RFU over time, with the highest values recorded 

on day 7 in both groups, indicating continuous cell growth throughout the experiment. 

Importantly, no statistically significant differences were observed between the laminin-

coated and uncoated groups at any time point. These findings suggest that laminin 

coating does not confer any additional advantage in this co-culture setup. This 

supports the feasibility of culturing ReNcells without the need for laminin coating, 

which simplifies the protocol and reduces preparation costs without compromising cell 

viability or growth outcomes. 
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To assess the differentiation potential of ReNcells when co-cultured on a HUMSC 

monolayer, immunofluorescence staining was performed following supplementation 

with ADM. The co-culture model was established by first allowing the HUMSC to grow to 

approximately 80% confluency over 7 days, after which ReNcells were seeded and 

permitted to adhere for 3 days before initiating differentiation. 

On Day 1 of differentiation, no fluorescence indicative of βIII-tubulin or GFAP 

expression was detected in any of the experimental groups. This was expected, given 

the early time point and the limited duration for differentiation to occur. The negative 

control, which was processed without primary antibodies and incubated with PBS only, 

Figure 7. Immunofluorescence images of neural differentiation in ReNcells cultured on HUMSC 
monolayer. 
Series of immunofluorescence images taken at days 1, 7, and 14 to track neural differentiation of 
ReNcells seeded on a HUMSC monolayer in co-culture, supplemented with ADM. Primary antibodies 
used were βIII-tubulin as a marker for neurons and GFAP for astrocytes. The images show the 
progressive differentiation of ReNcells into neural cell types, with increased expression of both 
markers over the culture period, indicating the potential of the co-culture system to support neural 
differentiation. 
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displayed no fluorescence, confirming the specificity of the staining protocol. However, 

positive Hoechst staining confirmed the presence of viable cell nuclei from both the 

HUMSC monolayer and the overlying ReNcells, verifying the integrity of the co-culture 

system. By Day 7, distinct morphological and immunofluorescent changes were 

evident. In the βIII-tubulin-stained group, robust neural networks were observed, with a 

green fluorescence signal indicating the presence of the Alexa Fluor 488-conjugated 

secondary antibody to βIII-tubulin. These networks displayed intricate branching and 

layering, with overlapping neural processes forming a complex, interconnected 

structure. Furthermore, some Hoechst-stained nuclei were associated with neuronal 

cell bodies, confirming the differentiation of ReNcells into neurons. Other nuclei, which 

did not overlap with the neuronal structures, were presumed to correspond to the 

underlying HUMSC monolayer, serving as a supportive substrate for the developing 

neural network. 

A similar result was observed in the GFAP-stained group on day 7, where a mature 

astrocyte network was evident, marked by the Alexa Fluor 488-conjugated secondary 

antibody specific to GFAP, an astrocyte marker. This was consistent with expectations, 

as ReNcells are human neural progenitor cells with the potential to differentiate into 

both neurons and glial cells, such as astrocytes, under appropriate conditions. The 

dense and interconnected astrocytic network further reinforced the successful 

differentiation of ReNcells in the co-culture model. These findings were further 

corroborated on day 14, with both βIII-tubulin and GFAP staining continuing to reveal 

neural and astrocytic networks, respectively. However, fluorescence intensity 

appeared slightly reduced compared to Day 7. This was attributed to natural cell death, 

a phenomenon commonly observed during prolonged differentiation phases. 

Additionally, images from this time point were not consistently taken at equivalent 

objectives or cell-dense regions, which may have influenced the perceived density of 

the networks. Nonetheless, the persistence of both neuronal and astrocytic structures 

indicates the stability of differentiation over the two-week co-culture period. 

In conclusion, these results demonstrate that ReNcells seeded onto a HUMSC 

monolayer can differentiate into both mature neurons and astrocytes when 
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supplemented with ADM, forming robust, interconnected networks that remain 

throughout the differentiation phase. 

 

3.3 Co-culture adheres to HAA  
 

 

 

 

 

 

 

 

Figure 8 illustrates the progression of HUMSC proliferation and distribution on HAA 

discs across the timepoints of day 1, day 4, day 7, and day 14. A general trend of 

Figure 8. Live Cell Staining of HUMSC with DiD. 
Live cell imaging using DiD staining to track HUMSC proliferation over a 14-day period. (A-D) show 
images taken on days 1, 4, 7, and 14, respectively. The red fluorescent regions indicate HUMSCs, and 
an increase in cell number is observed as the culture progresses, highlighting cell growth and 
proliferation. The fluorescence intensity and coverage visibly expand from day 1 to day 14, 
demonstrating the dynamic cellular activity within the co-culture system. DAPI staining marks cell 
nuclei blue. 

markers over the culture period, indicating the potential of the co-culture system to support neural 
differentiation. 
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increasing fluorescence is observed over time, signifying the growth and proliferation of 

DiD-labelled HUMSC seeded onto the material. 

On day 1, blue fluorescence from the Hoechst nuclear stain is visible as distinct specks 

scattered across the HAA surface. These nuclei are enveloped or overlap with specks of 

red fluorescence, indicating the presence of live DiD-labelled HUMSCs. At this early 

stage, the red fluorescence is observed as discrete, brighter specks that are well-

separated with minimal overlap between them. This pattern suggests that the HUMSCs 

are in the initial stages of adhesion and have not yet fully spread or proliferated across 

the material. The cell bodies, although labelled with red fluorescence, appear localized 

and spread out as they begin the adhering onto the highly porous, 3D structure of the 

HAA disc. By day 4, an increase in fluorescence intensity is evident, particularly in 

regions corresponding to the pores of the HAA material. The selected image focuses on 

a pore where blue fluorescence (nuclei) is concentrated in the centre and surrounded 

by overlapping red fluorescence. This overlap further confirms the presence of viable 

HUMSCs adhering to and spreading across the pore surface. However, the number of 

distinct nuclei remains relatively low at this stage, implying that while adhesion has 

progressed, cell proliferation is still limited. Importantly, the observed overlap likely 

reflects spatial proximity rather than active cell-cell interactions. On day 7, significant 

changes in the fluorescence pattern can be observed. Both the number of nuclei and 

the extent of red fluorescence have noticeably increased. The red fluorescence begins 

to extend over a larger portion of the focal plane, indicating that the cells are not only 

proliferating but are also actively spreading across the porous structure of the HAA. The 

morphology of the cells appears more stretched and elongated, especially in smaller 

pores, suggesting that the cells are adapting to the topography and 3D nature of the 

material. By day 14, the fluorescence intensity and distribution reach their peak, 

highlighting robust cell proliferation and spreading. The number of nuclei has 

substantially increased, accompanied by a widespread and bright red fluorescence 

that overlaps with the nuclei. The DiD-labelled cell bodies exhibit an elongated, 

fibroblast-like morphology, further signifying their adaptation to the porous and 

irregular surface of the HAA material. This morphology, combined with the widespread 
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fluorescence, indicates that the HUMSCs are actively proliferating and successfully 

colonizing the material over the two-week period. 

 

 

 

 

 

Figure 9 illustrates the progression of ReNcell adhesion, proliferation, and spatial 

distribution on laminin-coated HAA discs over the timepoints of day 1, day 4, day 7, and 

day 14. While a general trend of increasing fluorescence intensity and cell coverage is 

observed, a key feature of these results is the notable autofluorescence of the HAA 

Figure 9. Live Cell Staining of ReNcells with DiO. 
Live cell imaging of ReNcells stained with DiO, tracking cell proliferation and viability over a 14-day 
period. The green fluorescence (DiO) highlights ReNcell populations, with DAPI nuclear staining in blue 
marking cell nuclei. The images provide a clear representation of ReNcell growth and expansion, with 
increased cell density over time. 
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material, particularly at the DiO wavelength. This autofluorescence presented a 

challenge in distinguishing signal originating from cells versus the material; however, 

the inclusion of the nuclear counterstain (Hoechst 33342) was critical in confirming cell 

presence. Specifically, regions where the blue nuclear fluorescence overlaps with 

green DiO fluorescence provide clear evidence of viable, proliferating ReNcells. 

On day 1, scattered blue-stained nuclei are visible, along with discrete green 

fluorescence corresponding to DiO-labelled ReNcells. At this early stage, the cells 

appear as isolated signals with minimal overlap between nuclei and green 

fluorescence. This pattern suggests that the cells have adhered to the laminin-coated 

HAA but have not yet begun substantial proliferation. Autofluorescence of the HAA is 

apparent at this wavelength, but the presence of blue-stained nuclei overlapping with 

green fluorescence allows us to definitively identify live, deposited ReNcells. A modest 

increase in green fluorescence and nuclear count was observed on day 4, indicating the 

onset of ReNcell proliferation and spreading. In focal planes where the porous HAA 

surface is clearly visible, the green fluorescence extends across more of the material, 

often overlapping with nuclei, which reinforces the presence of viable cells. Despite the 

autofluorescence, the combined fluorescence signals effectively highlight regions of 

cell attachment and growth on the material surface. By day 7, substantial changes are 

apparent, with an increased number of nuclei and more extensive green fluorescence 

spanning across larger portions of the HAA disc. The fluorescence signal becomes 

more diffuse in some areas, reflecting ReNcell proliferation and spreading across the 

complex 3D architecture of the material. Cells exhibit an elongated morphology, 

consistent with adaptation to the porous surface. Notably, regions where the blue 

fluorescence aligns with green fluorescence provide clear confirmation that viable 

ReNcells are actively growing and colonizing the material, even in areas where 

autofluorescence is more prominent. 

By day 14, the ReNcells reach their highest observed density, with a pronounced 

increase in both nuclear and green fluorescence. The green fluorescence appears 

interconnected, covering extensive portions of the material’s surface. Cells display a 

mix of elongated and clustered morphologies, indicative of robust proliferation and 

adaptation to the laminin-coated HAA. Although autofluorescence remains a 
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confounding factor at this stage, the consistent overlap between nuclei and DiO 

fluorescence validates the presence of live ReNcells. The combination of signals 

confirms that the ReNcells have proliferated successfully, extensively covering the 

porous surface of the material. 

 

 

 

 

 

Figure 10 presents the progression of the co-culture on HAA discs. On day 1, sparse 

nuclei are visible, along with faint red and green fluorescence. Despite the relatively 

high seeding density (40,000 cells per well combined), the observed fluorescence is 

less concentrated than expected. This may reflect imaging challenges, such as the 

selection of a suboptimal focal plane, rather than a lack of initial adhesion. 

Nevertheless, areas where fluorescence signals overlap with nuclei provide evidence of 

Figure 10: Co-culture Live Cell Staining. 
Live cell imaging of the co-culture system consisting of HUMSC (stained with DiD) and ReNcells (stained 
with DiO) over a 14-day period. DiD staining in red marks HUMSCs, while DiO staining in green highlights 
ReNcells, with both cell types identified alongside blue DAPI nuclear staining. The images show the 
growth and interaction of both cell types within the co-culture, with increasing cell density and co-
localization as the culture progresses. 
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early cell attachment. By day 4, the images show more robust cell coverage, with a 

notable increase in both fluorescence intensity and the number of nuclei. The 

fluorescence signals align closely with the nuclei, highlighting areas where HUMSCs 

and ReNcells have adhered and begun to proliferate. While autofluorescence from the 

HAA material remains a contributing factor, the specific overlap of red and green 

fluorescence with nuclei allows for reliable identification of cell locations. The images 

from day 7 demonstrate significant cell proliferation and distribution across the HAA 

surface. Both fluorescence signals and nuclei extend across broader regions, with cells 

showing an affinity for areas surrounding the micropores. The red and green 

fluorescence often overlap, suggesting a degree of interaction or co-localization 

between the two cell types. The elongated appearance of fluorescence patterns 

indicates that cells are adapting to the porous architecture and forming interconnected 

networks. The surface of the HAA disc is shown to be densely covered with cells by day 

14. The high concentration of nuclei and overlapping fluorescence signals reflects 

extensive proliferation and the establishment of a cohesive cell layer. The distribution 

of cells around and within the pores is particularly evident, with the clear overlap of 

fluorescence signals and nuclei demonstrating the success of the co-culture system in 

supporting growth and interaction between HUMSCs and ReNcells on the 3D scaffold. 

 

3.4.  HAA enhances bone regeneration in vivo 
 

 

 

 

Figure 11: In Vivo Murine Model Analysis of HAA Implants. 
(A) Bar chart comparing fracture width measurements between the control and HAA implant groups at 
days 14, 28, and 56, demonstrating the impact of HAA on bone regeneration over time. (B) Bar chart 
showing the average volume of HAA implants across the same time points, indicating biodegradation of 
the material over the 56-day period. Both sets of data highlight the progressive changes in HAA implants 
and their potential for enhancing bone healing. Graphs generated using GraphPad Prism version 10.4.1. 
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The in vivo rat models were used to evaluate the impact of HAA on bone regeneration at 

surgically induced femoral fracture sites. Fracture gap widths were compared between 

control and HAA-treated groups at 14-, 28-, and 56-days post-surgery. Although a total 

of 6 rats were used in the study (n = 3 per group), three independent measurements were 

taken from distinct regions within each bone and averaged to account for biological 

variability. This approach yielded a sample size of N = 9 per group per timepoint for 

statistical analysis. An unpaired t-test with individual variance at each timepoint was 

used, and the Holm-Šídák method was applied to correct for multiple comparisons 

On day 14, no statistically significant difference in fracture gap width was observed 

between the control group (mean: 2.288 ± 0.207 mm) and the HAA-treated group (mean: 

2.404 ± 0.457 mm) (p = 0.4957). This indicates that the addition of HAA had not yet 

markedly influenced bone regeneration relative to natural healing during the initial two 

weeks post-implantation. On day 28, a significant difference was evident between the 

two groups (p = 0.000560). The mean fracture gap width in the HAA-treated group 

decreased to 1.829 ± 0.387 mm, whereas the control group showed a slight, non-

significant increase to 2.506 ± 0.272 mm. This suggests that the addition of HAA 

accelerates fracture gap closure compared to natural bone regeneration at this 

intermediate stage. At day 56, a further reduction in fracture gap width was observed in 

both groups. The control group exhibited an average gap width of 0.935 ± 0.386 mm, 

while the HAA-treated group displayed a significantly smaller width of 0.565 ± 0.217 mm 

(p = 0.023528). These results highlight the enhanced regenerative capacity provided by 

the addition of HAA into the fracture site, as it facilitated a greater reduction in fracture 

gap size compared to the control. Overall, these findings demonstrate that HAA 

significantly promotes bone regeneration by accelerating fracture gap closure, 

particularly at later stages of healing, compared to natural bone repair alone. 
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To evaluate the biodegradation of HAA in vivo, the change in material volume was 

assessed over the timepoints of 14-, 28-, and 56-days post-implantation in mouse 

fracture models. As HAA was only present in the treated group, this analysis focused 

exclusively on plotting average HAA volumes over time to visualize trends in material 

degradation. At day 14, the HAA material showed the highest volume, with an average of 

954,281 ± 507,712 mm³ (N = 3). By day 28, a sharp decrease in volume was observed, 

with an average of 290,948 ± 156,334 mm³ (N = 3). This reduction continued through day 

56, where the average volume reached its lowest value of 133,758 ± 103,939 mm³ (N = 

3). A one-way ANOVA was conducted to assess statistical differences across timepoints, 

followed by Tukey's multiple comparisons test for pairwise analysis. A statistically 

significant difference was identified between day 14 and day 56 (p = 0.0418), indicating a 

measurable reduction in HAA volume over the full duration of the study. Despite the large 

reduction in volume between day 14 and day 28, this change did not reach statistical 

significance (p = 0.0899), and the subsequent decrease between day 28 and day 56 was 

also not statistically significant (p = 0.8171). Representative micro-CT images of both 

control and HAA-treated bone samples, illustrating the fracture appearance and the 

integration of HAA within the defect site, are presented in Figure 13 to visually 

Figure 12. MicroCT scan images of mouse bone fracture repair. 
MicroCT scan images of control and HAA-treated mouse bones at days 14, 28, and 56 post-fracture. The 
images show the progression of fracture repair, with natural healing observed in the control group and 
enhanced bone regeneration in the HAA-treated group. Scans were obtained using Neoscan60. Scale bar 
set to 1 mm. 
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complement the quantitative data. These results suggest that the HAA material 

undergoes a substantial degradation process over time. 

 

4. DISCUSSION 
 

The aim of this study was to investigate the in vitro response of human neurons to the 

HAA biomaterial to assess its potential for innervation, with the long-term goal of 

contributing to the development of enhanced synthetic bone allografts. Innervation, 

alongside vascularization, is an essential feature in the regeneration of bone, and thus, 

understanding the innervative capacity of biomaterials holds significant promise for 

improving bone healing outcomes. Existing literature primarily highlights the osteogenic 

and osteoconductive properties of materials like HAA, but there is limited research on 

their ability to facilitate innervation. Therefore, this study sought to address a crucial 

knowledge gap by evaluating the interaction between HAA and human neural progenitor 

cell line, ReNcell) in a controlled in vitro environment, followed by in vivo validation 

through a murine model to assess the impact of HAA on bone regeneration. 

This research aimed to explore three main objectives: 1) To assess whether HAA exhibits 

cytocompatibility with HUMSCs and ReNcells through Alamar Blue assays and live cell 

imaging. 2) To determine the capacity of HAA to support neuronal growth and 

proliferation, both in monoculture and in co-culture with HUMSCs. 3) To investigate the 

potential of HAA to enhance bone regeneration in an in vivo murine model. 

The results of this study contribute to a deeper understanding of the properties of HAA 

and suggest that the material may possess not only osteogenic and osteoconductive 

qualities, but also the potential to support innervation and enhance bone regeneration. 

The findings have implications for the design of advanced synthetic bone allografts, 

capable of supporting both cellular growth and functional tissue regeneration. However, 

while promising, the conclusions drawn from this research should be interpreted with 

caution, as further studies are required to establish the long-term effects and full 

therapeutic potential of HAA in bone regeneration and innervation. 
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4.1.  HAA is cytocompatible with HUMSCs and ReNcells 
 

Alamar Blue assays were used to evaluate the cytocompatibility of HAA scaffolds with 

both HUMSCs and ReNcells, providing an essential first indicator of material 

biocompatibility and its potential to support neural and mesenchymal cell populations 

in vitro. The Alamar Blue assay is widely recognized as a well-established, cost-effective, 

and sensitive method for assessing cytotoxicity and cell viability in vitro (Longhin et al., 

2022; Nociari et al., 1998). The absence of significant cytotoxicity observed for both cell 

types suggests that HAA does not exert harmful effects on these cells, supporting its 

suitability for further in vitro investigations. Regarding HUMSCs, the data indicated 

robust cell viability and proliferation, consistent with previous findings that demonstrate 

the biocompatibility of HAA with mesenchymal stem cells as shown in Figure 4 (Vuola et 

al., 1996; Watanabe & Akashi, 2008; Y. Wu et al., 2023) 

The Alamar Blue assay results indicated that ReNcells cultured on laminin-coated HAA 

exhibited levels of viability comparable to that of HUMSC, with no statistically significant 

differences observed on day 1 or 7. However, it is important to note that on day 4 (Figure 

5A), there was a temporary disruption in cell viability on day 4, as indicated by the 

statistically significant dip in RFU values. While this may reflect a transient stage of 

cellular stress during adaptation to the HAA scaffold, it is also worth considering other 

possible biological interpretations. For instance, ReNcells may exhibit delayed 

adaptation to ECM proteins coated on the surface of HAA, particularly given the complex 

and non-uniform presentation of laminin in a 3D porous environment relative to a 2D 

culture. In 3D matrices, cells have been reported to reorganize their cytoskeleton and 

adjust their adhesion dynamics, often leading to a short-term decrease in viability before 

stabilization (Baraniak & McDevitt, 2012; Huang et al., 2010). This dip in RFU could also 

signal the onset of differentiation, as neural stem cells often undergo metabolic and 

morphological shifts during early lineage commitment (Meli et al., 2014). While the 

overall trends in cell activity remained relatively stable over time, the dip in RFU observed 

at this timepoint may reflect a temporary stage of cell stress due to the adjustment to the 

HAA’s 3D, highly porous surface; cell viability can be affected by a variety of factors 

including stress and environmental factors (H.-Q. Xu et al., 2022). Such early-stage 
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disruptions are not uncommon in in vitro studies, as cells may initially experience some 

degree of stress when adapting to new substrates, particularly in 3D cell cultures 

(Baruffaldi et al., 2021). The surface characteristics of HAA are its high porosity, irregular 

roughness, and brittle ceramic texture, and these have been shown to play a significant 

role in influencing cellular behaviour. These physical cues are known to regulate stem 

cell fate through mechanotransduction pathways, and substrate topography can directly 

affect cell polarity, neurite outgrowth, and clustering patterns (Kim et al., 2020; 

Kulangara et al., 2014). Porous materials with interconnected pores provide more 

anchoring points for cell adhesion and allow for neurite extension in multiple directions, 

which may encourage synaptic-like interactions or early neural network formation 

(Gonzalez-Perez et al., 2018). However, excessive roughness or irregular surfaces can 

also induce mechanical stresses or hinder uniform cell spreading, thus potentially 

delaying early neuronal development. Although not directly evaluated in this study, the 

inherent physical features of HAA may either support or inhibit the early stages of neural 

lineage progression depending on how ReNcells respond to these biomechanical inputs. 

Future investigations could include monitoring early differentiation markers or stress 

response genes at this timepoint to clarify whether the observed RFU dip is specifically 

attributed to cell stress, differentiation, or ECM-related mechanical adaptation. 

On the other hand, while the Alamar Blue assay is widely supported as a reliable method 

for assessing cell viability and cytotoxicity, it is important to consider potential 

limitations associated with employing this technique. One such limitation could involve 

the oxidative stress imposed on cells by the assay itself, particularly during prolonged or 

repeated exposure to the reagent (Erikstein et al., 2011). To address this, future work 

could include the quantification of specific cell stress markers to better understand the 

underlying causes of the out-of-trend result on day 4. For example, measuring reactive 

oxygen species (ROS) levels could provide insights into whether oxidative stress induced 

by the assay or other environmental factors contributed to the observed dip in viability. 

Another limitation of this assay has been observed where the interaction between the 

Alamar Blue reagent and cell culture media can result in artificially elevated 

fluorescence readings even in the absence of cells, potentially leading to false positives 

or overestimations of cellular metabolic activity (Munshi et al., 2014). To work around the 
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limitation of potential false positives, it is critical to include media-only controls treated 

with the 5% Alamar Blue reagent under the same incubation conditions as this can help 

identify baseline fluorescence levels not related to cellular activity. This would allow for 

background signals to be detected and removed, thus ensuring a higher degree of 

accuracy and reliability for the fluorescence readings. 

The results from Figure 6, which compared the viability of ReNcells seeded on a laminin-

coated plate versus a confluent monolayer of HUMSCs over a 7-day period, provides 

insight into the adaptability of ReNcells in alternative culture environments. The absence 

of statistically significant differences in cell viability across all timepoints suggests that 

the HUMSC monolayer can effectively substitute the laminin coating, which is 

traditionally used in studies centring ReNcells (Hall et al., 2008; Li et al., 2014). This 

finding aligns with existing literature, which highlights that MSCs secrete a variety of 

growth factors, such as EGF and bFGF  (Kim et al., 2009; Kim et al., 2018; Yoon et al., 

2009) that are integral to neural cell function and growth. These factors play a pivotal role 

in promoting cellular proliferation, adhesion, and survival, making MSC monolayers an 

adequate substrate for ReNcell culture.  

In this study, a preliminary assessment was carried out to compare the effect of using a 

laminin or Matrigel coating on the HAA, ahead of introducing ReNcells into the 3D cell 

culture. Both laminin and Matrigel are widely recognized for their ability to facilitate cell 

adhesion, proliferation, and differentiation due to their ECM components. The purified 

mouse laminin and Matrigel employed in this study were both isolated from Engelbreth-

Holm-Swarm mouse sarcoma, which is a common source for these substrates. 

Despite their efficacy, there are significant drawbacks associated with their use. For 

instance, their sarcoma-source introduces variability in composition between batches 

(Kleinman & Martin, 2005), leading to inconsistencies in experimental reproducibility 

(Kane et al., 2018; Talbot & Caperna, 2015). This variability is a particular concern for 

research applications that require standardized and reliable results. Furthermore, their 

animal origin poses challenges for clinical translation, as concerns regarding 

immunogenicity and regulatory approval are heightened (Aisenbrey & Murphy, 2020). 
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These limitations emphasize the need for alternative substrates that are reproducible, 

cost-effective, and scalable for both research and clinical applications; there has been 

an increase in the exploration of alternatives including the development of extracellular 

matrix hydrogels derived from decellularized gastrointestinal tissue (Kim et al., 2022), 

and synthetic polymer alternatives such as scaffolds derived from polyacrylamide (Tse 

& Engler, 2010) and polyethylene glycol (Aisenbrey & Murphy, 2020; Zustiak & Leach, 

2010).  

 

4.2.  Neuronal growth and attachment to HAA 
 

The live cell imaging results provide a detailed assessment of ReNcell proliferation and 

interaction with laminin-coated HAA in monoculture (Figure 9) and with HUMSCs in co-

culture (Figure 10). In the monoculture setup, early observations on day 1 revealed 

scattered ReNcells adhering to the HAA surface, identified by DiO fluorescence and 

DAPI-stained nuclei. Minimal overlap between nuclei and fluorescence signals 

suggested initial adhesion without substantial proliferation. By day 4, fluorescence 

intensity and nuclear count increased, indicating the onset of ReNcell proliferation and 

spreading across the porous HAA surface. This may reflect the adaptation within HAA’s 

3D microenvironment. This aligns with known behaviour of cells adapting to bioactive 

surfaces, wherein lag phases are followed by increased spreading and lineage 

commitment (Baraniak & McDevitt, 2012; Meli et al., 2014). This trend continued through 

day 7, with cells exhibiting an elongated morphology and covering larger areas of the 

scaffold, adapting well to the 3D architecture. By day 14, ReNcells achieved extensive 

coverage, forming interconnected networks across the scaffold, with robust proliferation 

evidenced by high fluorescence intensity and nuclear density. 

In the co-culture setup, early imaging on day 1 showed sparse fluorescence signals for 

both DiD and DiO, with limited overlap and sparse nuclei. By day 4, increased 

fluorescence intensity and nuclear density indicated successful adhesion and 

proliferation of both cell types. The overlap between red and green fluorescence 

suggested initial interactions between the two cell populations. Significant changes were 

observed by day 7, with widespread cell distribution and pronounced co-localization of 
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fluorescence signals, reflecting interaction and adaptation to the porous architecture. 

By day 14, the co-culture system displayed dense cellular coverage with extensive 

overlap between DiD and DiO signals, demonstrating a cohesive and integrated cell layer 

across the surface of HAA. The pronounced co-localization of DiO- and DiD-labelled 

cells observed by day 14 suggests more than mere spatial proximity. While the overlap in 

fluorescence could indicate physical cohabitation of ReNcells and HUMSCs on the HAA 

surface, the increasing density and integration of signals over time may also reflect a 

more meaningful interaction. One possibility is the formation of a supportive 

microenvironment in which HUMSCs influence ReNcell behaviour through biochemical 

signalling and matrix interactions. MSCs are known to secrete a variety of neurotrophic 

factors including BDNF and NGF that are known promote neuronal survival, 

differentiation, and synapse formation. In addition, MSCs are also capable of 

remodelling the ECM, releasing exosomes, and influencing local stiffness, all of which 

can shape the fate and function of neighbouring ReNcells (Doeppner et al., 2015; Ma et 

al., 2020). The increasing overlap of DiO and DiD signals over time may suggest that the 

two cell types are not just growing side by side, but rather that they are beginning to 

interact more directly. This interaction could involve the exchange of signalling 

molecules or other forms of communication that help the cells adapt to each other and 

the 3D environment of the HAA scaffold. In native tissue, support cells like glia and 

stromal cells are known to influence how neurons grow and develop, so a similar process 

might be happening here (Snyder et al., 2010). However, since this study did not include 

measurement of signalling molecule expression, it is not possible to say for certain what 

kind of interaction is taking place. Therefore, future studies should aim to pair live cell 

imaging with immunocytochemical or molecular analyses at defined time points. This 

could involve quantifying expression of neuronal markers like βIII-tubulin, astrocytic 

markers like GFAP to delineate how HUMSCs influence ReNcell fate over time. 

Furthermore, single-cell RNA sequencing or spatial transcriptomics could provide high-

resolution insights into the heterogeneity of cellular responses within the scaffold and 

the spatial dynamics of differentiation. 

Previous studies have successfully utilized lipophilic dyes such as DiO and DiD for 

tracking intercellular interactions. For instance, Lehmann et al. (2016) employed these 
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dyes in a human chondrosarcoma cell co-culture model and found that both DiO and 

DiD did not affect cell proliferation, and their degradation rates were comparable. 

Additionally, the crossover effects between the two dyes were negligible, indicating that 

they could be used independently for tracking cellular behaviours without interference. 

These findings support the use of DiO and DiD in our study, as these dyes possess similar 

properties that allow for reliable labelling of cells without disrupting their normal 

biological functions. DiO and DiD are lipophilic and readily integrate into the cell 

membrane, where they label cells in a stable and non-invasive manner which makes 

them ideal for live cell imaging experiments (Lehmann et al., 2016). 

Despite the promising observations of ReNcell adhesion and proliferation on the HAA 

discs, there are limitations to consider. One major challenge in this study was the 

autofluorescence of the HAA material, which made it difficult to isolate the specific 

fluorescence signals from ReNcells. The DiO dye was excited at 488 nm, with an 

emission of approximately 501 nm. However, autofluorescence from the HAA was 

observed within this same emission range, which interfered with the DiO signal. This was 

not observed with DiD, as its emission of approximately 665 nm did not overlap with the 

autofluorescence of the HAA. The autofluorescence of HAA presented a challenge in 

imaging at earlier time points, such as day 1 and day 4, when the ReNcells were sparsely 

distributed on the material surface. This interference obscured the DiO signal and made 

it difficult to accurately assess cell location and density, as there were not enough DAPI-

stained nuclei to reliably visualize cell distribution. To reduce autofluorescence, future 

studies could incorporate spectral unmixing or use fluorophores with far-red or near-

infrared emission spectra to bypass overlapping ranges. Alternatively, pre-treatment of 

the scaffold with quenching agents such as Sudan Black B may also help to further 

reduce background signal, as used in autofluorescence-rich materials like bone (Schnell 

et al., 1999). 

Another limitation of this study was the difficulty in obtaining consistent imaging of the 

highly porous structure of the HAA scaffold. The complex surface architecture was by 

gas entrapment and irregular crystal growth due to the fabrication process, which 

resulted in multiple focal planes which made it challenging to capture a full image of the 

material in 2D. This not only hindered visualization but may have also affected how 
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uniformly cells adhered, as surface roughness and topographical variation can influence 

attachment points and local microenvironments. Future studies could benefit from z-

stack imaging to better assess cell distribution across different depths of the scaffold. 

The immunofluorescence data presented in Figure 7 demonstrated that ReNcells 

cultured atop a HUMSC monolayer expressed key markers of neuronal (β3-tubulin) and 

glial (GFAP) differentiation. This finding supports the notion that ReNcells retain the 

capacity to differentiate into multiple neural lineages when exposed to appropriate 

microenvironmental cues. The presence of these markers, confirmed through specific 

primary antibody staining, suggests that the co-culture system can provide at least some 

of the instructive signals required for neural lineage commitment. However, while these 

results are encouraging, they represent only a preliminary step in evaluating the broader 

hypothesis that HAA supports innervation.  

Critically, this immunostaining was not extended to ReNcells cultured directly on the 

HAA scaffold. Due to resource constraints and the high cost of antibodies, this limits the 

strength of conclusions that can be drawn about the effect of HAA on neural 

differentiation. Without confirming that ReNcells maintain or enhance neural 

differentiation when cultured within the 3D environment of HAA, particularly in the 

presence of HUMSCs, the innervative potential of HAA remains suggestive rather than 

established. Additionally, while β3-tubulin and GFAP are widely used as markers for early 

neuronal and astrocytic differentiation, they do not provide insight into the functional 

maturity of the cells. Therefore, additional markers such as microtubule-associated 

protein 2 (MAP2) for dendritic development or Synapsin-1 for synaptogenesis, would be 

necessary to evaluate whether these cells progress beyond early fate commitment 

toward functional integration (Castejón et al., 2004; Iwata et al., 2005). The inclusion of 

such markers would also allow for a more detailed spatial and temporal analysis of how 

the scaffold environment influences lineage specification and maturation.  

To complement imaging-based approaches, future studies should integrate molecular 

techniques such as qPCR to track gene expression changes in neural differentiation 

markers over time. This would enable statistically robust comparisons across conditions 

and help distinguish between transient expression and sustained lineage progression. 

Similarly, protein-level quantification using qPCR, ELISA, or even Western blotting could 
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validate and expand upon the immunofluorescence findings, providing a more complete 

understanding of the differentiation dynamics within the HAA scaffold. While the initial 

immunofluorescence results validate the potential for differentiation in co-culture, 

additional work is still needed to fully determine the innervative capacity of the HAA 

scaffold. Nonetheless, this offers a strong starting point and justify further, more detailed 

investigation and establishing the HAA’s capacity to guide and maintain neural 

differentiation will be essential for substantiating its potential role in promoting 

innervation in synthetic bone grafts. 

4.3.  Potential for innervated HAA scaffolds to enhance new bone formation 
 

The in vivo model assessed the osteoregeneration and degradative properties of HAA 

paste when applied to surgically induced femoral fractures. While these experiments 

provide valuable translational insight, they diverge substantially from the in vitro system 

developed in this study. Notably, the HAA used in vivo was delivered in paste form, 

without embedded ReNcells or HUMSCs, and therefore lacks the structural and 

biological components central to the innervation-focused in vitro design. This limits the 

extent to which the in vivo findings can inform conclusions about HAA’s neuro-

supportive potential. Despite these differences, the in vivo data offer relevant evidence 

regarding the biocompatibility, resorbability, and bone-healing capacity of HAA. Across 

the 56-day observation period, HAA-treated fractures exhibited enhanced closure 

compared to controls, particularly at days 28 and 56. The absence of significant 

differences at day 14 suggests limited influence during early healing, but a strong 

osteogenic effect as healing progresses. This delayed, yet accelerated closure profile 

may reflect the time-dependent resorption of HAA and its role in providing early 

mechanical stability followed by gradual replacement with native bone. 

The biodegradation results further support this interpretation, showing a substantial 

reduction in material volume over time. Although the greatest change occurred between 

day 14 and 28, significance was only reached when comparing day 14 to day 56, 

indicating a progressive and possibly tapering degradation process. This profile is 

consistent with resorbable graft materials that aim to balance scaffold function with 

eventual replacement by host tissue. However, the lack of neural markers or innervation-
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related endpoints in the in vivo study severely limits its relevance to the core hypothesis 

of this dissertation: that HAA supports not only bone regeneration but also the conditions 

necessary for neural integration. The absence of co-delivered neural or glial cells, as well 

as the paste formulation’s differing surface architecture, makes it unlikely that the 

material’s behaviour in vivo reflects the same cell–material interactions observed in 

vitro. Furthermore, no immunohistochemical or molecular data were collected to assess 

potential nerve ingrowth, axon guidance, or neurotrophic signalling within the 

regenerated tissue. Nevertheless, these findings indirectly support the translational 

relevance of HAA by confirming that the base material is osteoconductive and 

biodegradable within a living system. If future studies were to incorporate neuro-

supportive elements into the in vivo model such as co-delivery of HUMSCs, neural 

precursors like ReNcells, and even neurotrophic factors to further enhance innervation. 

This model could be adapted to test HAA’s ability to support functional innervation 

during bone repair. This component should be interpreted as a complementary 

validation of the material's regenerative potential, rather than as direct evidence of its 

neuro-supportive properties. Its inclusion strengthens the case for HAA as a promising 

scaffold candidate but also highlights the need for future work to unify osteogenic and 

neurogenic endpoints in a single in vivo system. 

While the in vivo study provides useful preliminary data on HAA’s bone regenerative 

capacity, it is important to acknowledge the limited sample size used as only 6 rats were 

included in total. Having such a small cohort restricts the statistical power of the analysis 

and increases the risk that observed trends may not reliably represent biological 

variability. A larger sample size would be necessary to confirm the robustness of the 

fracture gap closure and biodegradation findings. However, it should also be noted that 

increase animal numbers must be carefully balanced against ethical considerations 

inherent to vertebrate research. The use of a limited number of animals aligns with the 

principles of the 3Rs (Replacement, Reduction, and Refinement), which seek to minimize 

animal use and suffering while maximizing scientific output. Given the preliminary nature 

of this study and the invasive surgical procedures involved, the choice of a small cohort 

also reflects a responsible approach to animal welfare. In addition, the rat femoral 

fracture model, while well-established for studying bone healing, has inherent 
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limitations in replicating the full complexity of human bone repair and neuro-osteogenic 

interactions. Differences in bone physiology, healing kinetics, and scale limit the direct 

translatability of findings.  

The absence of direct measures of innervation or neural integration further reduces the 

model’s suitability for evaluating the neuro-supportive aspects of HAA. Therefore, it is 

crucial for future studies to consider using larger, more comprehensive cohorts 

combined with refined endpoints to better explain the role of HAA in supporting both 

osteogenesis and innervation; for instance, this could be achieved by including 

histological and molecular assessments of nerve ingrowth and functional recovery. 

Alternative or complementary animal models, potentially with genetically modified 

reporters for neural tissue, could also improve mechanistic understanding while 

addressing ethical and scientific challenges. 

To build on these preliminary findings and more effectively evaluate HAA’s neuro-

supportive potential, future in vivo studies should address several current limitations. 

Incorporating the co-delivery of neural or glial cells, such as ReNcells or HUMSCs, would 

better reflect the bioactive environment modelled in vitro. Additionally, future work 

should explore how differences in surface architecture between scaffold and paste 

formulations influence neural interactions. Crucially, histological and molecular 

analyses targeting nerve ingrowth are needed to assess innervation directly. This 

includes the use of established immunohistochemical markers such as PGP9.5, NF200, 

and βIII-tubulin, alongside functional assays of nerve regeneration like electrophysiology 

and gait analysis (Castañeda-Corral et al., 2012; Heinzel et al., 2020; Madsen et al., 1996; 

Ronchi et al., 2023). Without these elements, conclusions about HAA’s capacity to 

support neural integration during bone repair remain speculative.  

4.4.  Limitations and future directions 
 

This study offers preliminary insight into the innervative capacity of HAA as a scaffold for 

bone regeneration, however, several methodological and conceptual limitations must 

be acknowledged. These limitations span both the in vitro and in vivo components of the 

study and highlight important considerations for future work. 
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The in vitro limitations were primarily technical and resource-related. The highly porous, 

autofluorescent structure of HAA made live cell and immunofluorescence imaging 

challenging. The 3D architecture of HAA restricted the resolution and clarity needed for 

robust characterization. While attempts were made to solve these issues by sanding the 

surface of the HAA scaffold disc and ROI-based imaging, these adaptations did not fully 

resolve the imaging challenges. Future work could explore strategies to overcome the 

challenges, such as applying autofluorescence quenchers such as Sudan Black B to 

reduce background signal and acquiring Z-stack images could improve 3D visualization 

and analysis of cellular structures within the scaffold. Expanding the panel of 

immunofluorescent markers, which was limited here due to resource constraints, would 

also enable a more comprehensive characterization of neural subtypes and maturity 

stages. Future studies should expand this panel to include markers of glial and neuronal 

differentiation (e.g., GFAP, MAP2, B3-Tubulin), as well as markers of synaptic formation 

and neurotrophic signalling, for deeper insight into neural maturation on HAA. 

The in vivo component demonstrated the osteogenic and biodegradable properties of 

HAA. The material used in the rat fracture model differed significantly from the in vitro 

design, which altered surface architecture and degradation dynamics. Furthermore, no 

molecular or histological analyses relevant to nerve ingrowth were performed. Future 

work would benefit from using immunohistochemical markers such as βIII-tubulin, 

PGP9.5, or NF200, as well electrophysiology or gait analysis.  

It should also be noted that this study did not extensively assess immunogenicity or 

inflammatory responses to HAA implantation. While osteocompatibility and 

bioresorbability were demonstrated, biocompatibility encompasses a broader scope, 

which includes the scaffold’s interactions with the host immune system. The absence of 

cytokine profiling, immune cell infiltration histology, and long-term inflammatory 

assessments limits understanding of potential adverse immune reactions or chronic 

inflammation that could impair healing or scaffold integration. Therefore, future work 

should incorporate detailed immunological evaluations over extended time points to 

ensure HAA elicits a favorable host response, thereby supporting safe clinical 

translation. Additionally, the relatively short experimental timeline restricts insight into 

long-term functional outcomes of bone repair and neural integration. Successful clinical 



76 
 

translation not only requires structural bone regeneration, but also restoration of 

mechanical integrity and functional neural circuitry. For this reason, longer-term in vivo 

studies are necessary to evaluate sustained scaffold stability, biomechanical strength 

recovery, innervation. These assessments will better model the clinical scenario where 

scaffold degradation must be balanced with new tissue formation to maintain load-

bearing capacity and neural connectivity. Future work could assess these by 

implementing behavioural or electrophysiological assays alongside with the 

immunohistology and imaging analyses to provide a comprehensive understanding of 

HAA performance over clinically relevant time scales. The sample size in the in vivo study 

(n = 6) also represents a key limitation. While aligned with ethical principles under the 

3Rs (Replacement, Reduction, and Refinement), the small cohort limits statistical power 

and increases variability risk (Hubrecht & Carter, 2019). 

Although the findings presented here highlight the potential of HAA as a scaffold for 

skeletal tissue regeneration, there are several important factors must be considered 

when evaluating the clinical applicability of this material. The formulation used in this 

study, which used a ratio of 1:1 between the HA and CaCO3 were specifically developed 

with the in vitro culture in mind, however, this may not fully replicate the form or function 

required for in vivo implantation in human critical-sized bone defects. The paste 

formulation used in the rat femur defect model demonstrates improved clinical 

relevance in terms of delivery, but it lacks the complex architecture necessary for 

controlled cell infiltration, nutrient diffusion, as well as the eventual innervation and 

vascularization which are all essential properties for integration in large-scale defects. 

Overall, in vivo implantation testing using larger animal models would be more useful as 

there is a notable size difference between humans and rat models, particularly with the 

size of their critical bone defects, which makes rats a suboptimal animal for these 

experimental purposes. However, it is important to take into consideration that despite 

a larger animal model, such as miniature pigs (Ruehe et al., 2009) being more useful, the 

costs associated with it would be significantly higher so to justify this and the animal 

suffering, it would be critical to thoroughly test HAA and its innervative capacity on much 

smaller scales before scaling up. For successful clinical translation of HAA, it is crucial 

to recognize that bone healing rates vary significantly depending on the anatomical 
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location of the injury. For example, femoral fractures typically require 3 to 6 months to 

heal (Lim et al., 2016), while fibular fractures tend to heal faster, within 7 to 9 weeks 

(Encinas et al., 2023). This variability indicates that scaffold resorption rates should be 

customized to the specific injury site rather than applying a universal approach. In 

addition, the regenerative capacity of bone declines with age, meaning elderly patients 

may benefit from scaffolds that degrade more slowly to provide sustained mechanical 

support and promote effective new bone formation compared to younger individuals 

(Clark et al., 2017). This consideration is particularly relevant in bone-related pathologies 

such as osteoporosis, where healing dynamics are further compromised (Cheung et al., 

2016). Therefore, future research must carefully account for injury location, patient age, 

and underlying bone pathologies to optimize scaffold design and enhance clinical 

outcomes in bone repair. 

 Scaffold reproducibility and reliability also remain a critical barrier to clinical translation. 

The current fabrication process, while sufficient for laboratory-scale experimentation, 

produces a highly porous and irregular surface architecture due to the solvent casting 

technique employed. The formation of air bubbles during solvent casting fabrication 

method contributes to non-uniform porosity across both macro- and microscopic 

scales. While this contributes to high surface area which may be beneficial for cell 

attachment, it introduces variability in mechanical integrity and may hinder the 

controlled spatial distribution of cells or signalling molecules, and it may also lead to a 

weaker mechanical integrity and structure damage over time. Inconsistent topography 

and pore size may also influence cellular behaviour unpredictably, potentially limiting 

reproducibility between batches and increasing the risk of uneven tissue ingrowth or 

inflammatory responses in vivo. Moreover, such surface irregularities may complicate 

sterilisation, coating, or cell-seeding processes, which are all critical for clinical 

application. 

Future work should therefore prioritise refinement of the scaffold architecture to balance 

mechanical strength with mass transport properties. This may involve transitioning 

toward advanced fabrication techniques such as extrusion-based 3D printing or freeze-

casting to generate more controlled pore structures. For example, variants such as 

honeycomb or gradient-based structures could enhance mechanical integrity while 
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improving cell migration and nutrient diffusion across the scaffold (Roohani-Esfahani et 

al., 2016).  

 

CONCLUSION 
 

This study provides preliminary insight into the innervative capacity of HAA as a scaffold 

for bone regeneration. Both in vitro and in vivo experiments demonstrated that HAA 

supports osteogenesis and exhibits promising biocompatibility. Alamar Blue assays 

revealed that HAA promotes cell adhesion, proliferation, and growth in both HUMSCs 

and ReNcell neural progenitors. Notably, ReNcells were able to attach, grow, and 

proliferate effectively when seeded on a HUMSC base layer, even without the laminin or 

Matrigel coatings typically used to support neural cell cultures. This finding was 

supported by live cell imaging, which showed increasing live cell staining over time. 

While the highly porous architecture of HAA facilitated cell growth and proliferation, it 

also introduced challenges for imaging, limiting detailed visualization of neural 

structures. However, the complex porous architecture of HAA, thought beneficial for cell 

adhesion and deposition, posed a significant challenge for detailed imaging. Similarly, 

the limitation neural markers and the absence of functional assays for nerve 

regeneration, further restricted conclusions about HAA’s innervative properties. The in 

vivo studies confirmed the osteoconductive and biodegradable nature of HAA but lacked 

targeted evaluation of nerve ingrowth or functional neural integration, this prevents a full 

validation of the material’s innervative potential. In addition to this, immunogenicity and 

inflammatory responses were not comprehensively assessed, and the relatively short 

study timeline limited observation of long-term scaffold integration and functional 

recovery. 

Future research should prioritize overcoming these limitations by employing advanced 

imaging techniques, such as the use of autofluorescence quenchers, Z-stack confocal 

microscopy to improve visualization within the scaffold. Expanding 

immunohistochemical marker panels to include a broader range of neuronal and glial 

markers, coupled with functional assessments like electrophysiology, will also be 
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crucial for confirming neural integration. Overall, this study supports existing literature 

confirming HAA’s osteogenic potential and suitability as a bone scaffold. Preliminary 

data exploring its innervative capacity was generated at an in vitro scale, so these 

findings are not sufficient to draw definitive conclusions. Therefore, further rigorous 

investigation is essential to fully understand and optimize the innervative potential of 

HAA. This work lays a foundation for future studies aimed at enhancing the design of 

synthetic bone allografts and functional outcomes in bone regeneration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 
 

 

APPENDIX 

Glossary 
 

Osteoconductivity:  The capacity to support the attachment, migration, and growth of new 
bone-forming cells. 

 

Osteoinductivity: The capacity of a material to induce undifferentiated stem cells or 
progenitor cells into osteoblasts (bone-forming cells). 

 

Neurogenesis:  The process by which new neurons are generated from neural stem or 
progenitor cells, typically occurring in the central nervous system. 

 

Angiogenesis:  The process by which new blood vessels form from pre-existing 
vasculature, which is essential for supplying oxygen and nutrients to 
regenerating tissue. 
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