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Abstract 
 

Fractures are among the most prevalent musculoskeletal injuries. In the years 2015-2016 alone, 

there were a total of 130,000 fractures in Canada, which were associated with significant morbidity 

and healthcare expenses. Approximately 5-10% of fracture patients will incur fracture 

complications such as non- and mal- unions. These complications typically require invasive 

revision surgeries; however, they are not always successful. The incidence of fractures associated 

with metabolic disorders, which carry a substantially increased risk of developing healing 

complications, has increased with Canada’s aging population. There is therefore a clinical need 

for novel modalities to circumvent fracture healing complications and improve clinical outcomes. 

During the initial inflammatory phase of fracture healing, immune cells such as macrophages, 

neutrophils and mast cells play a vital role in orchestrating the molecular stimuli to initiate bone 

healing. Mast cells play a particularly crucial role in bone healing. Activated platelets at the 

fracture site release tremendous quantities of inorganic polyphosphates (polyPs) which play a role 

in initiating blood coagulation and are thought to modulate immune cell function. PolyP can induce 

the degranulation of mast cells; however, its role in the recruitment of mast remains undefined. In 

this study, we developed a novel polyP-loaded injectable and thermoresponsive hydrogel to 

provide localized immunotherapy at the fracture site. PolyP release profiles of the hydrogel show 

that released polyP is proportional to initial doping, and the release is sustained with a period 

coinciding with the inflammatory phase of fracture healing. Additionally, viscoelastic and 

biocompatibility tests reveal ideal elastic thermoresponsive behaviour for in-vivo implantation and 

an absence of cytotoxic effects. Furthermore, results suggest polyP can direct mast cell chemotaxis 

in a dose-dependent manner. Accordingly, this study has validated a novel immunomodulatory 

therapeutic strategy for testing in an in-vivo model of fracture healing. Ultimately, this bioactive 

hydrogel will serve to modulate the body’s own immune system, enhance bone healing, improve 

clinical outcomes, and reduce the burden on the healthcare system.  
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Résumé 
 

Les fractures font partie des blessures musculosquelettiques les plus fréquentes. Au cours des 

années 2015-2016, il y a eu un total de 130 000 fractures au Canada qui ont été associées à une 

morbidité et à des dépenses importantes pour le système de santé. Environ 5 à 10 % des patients 

fracturés subiront des complications telles que des non-unions. Ces complications nécessitent 

généralement des chirurgies de révision invasives, mais elles ne réussissent pas toujours. 

L'incidence des fractures associées aux troubles métaboliques qui comportent un risque 

considérablement accru de développer des complications qui augmentent avec le vieillissement de 

la population canadienne. Il existe donc un besoin clinique de nouvelles modalités pour contourner 

les complications de la consolidation des fractures et améliorer les résultats cliniques. Au cours de 

la phase inflammatoire initiale de la consolidation des fractures, les cellules immunitaires telles 

que les macrophages, les neutrophiles et les mastocytes sont vitaux dans l'orchestration de la 

consolidation osseuse. Les plaquettes activées au site de la fracture libèrent d'énormes quantités 

de polyphosphates inorganiques (polyP) qui jouent un rôle dans l'initiation de la coagulation 

sanguine et la modulation de la fonction des cellules immunitaires. PolyP peut induire la 

dégranulation des mastocytes, mais son rôle dans leur recrutement n’est pas encore bien défini. 

Dans cette étude, nous avons développé un nouvel hydrogel injectable et thermosensible chargé 

de polyP pour fournir une immunothérapie localisée au site de la fracture. Les profils de libération 

de polyP de l'hydrogel montrent que le montant de polyP libéré est proportionnel au dopage initial 

et que la libération est maintenue pendant une période concurrente avec la phase inflammatoire de 

la consolidation des fractures. De plus, des études viscoélastiques et de biocompatibilité révèlent 

un comportement thermosensible élastique idéal pour une implantation in-vivo et une absence 

d'effets cytotoxiques. En outre, les résultats suggèrent que le polyP peut diriger la chimiotaxie des 

mastocytes de manière dose-dépendante. En conséquence, cette étude a validé une nouvelle 

stratégie thérapeutique immunomodulatrice à tester dans un modèle in-vivo de guérison des 

fractures. En conclusion, cet hydrogel bioactif servira à moduler le système immunitaire, améliorer 

la consolidation osseuse, améliorer les résultats cliniques et à réduire le fardeau sur le système de 

la santé. 
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Chapter 1 : Introduction 
 

Over the course of our lifetimes, many of us have fractured a bone or know someone who 

has. While the vast majority of fractures heal properly, approximately 1 in 10 fractures will result 

in a fracture complication such as a non-union, mal-union, or delayed union [1]. The rate of 

fracture complications is further exacerbated in patients suffering from chronic and metabolic 

disorders such as osteoporosis and diabetes [2]. The impact of these fractures on patients and the 

health care system is tremendous, and warrants investigations into new therapeutic alternatives to 

help prevent such complications, given the increased prevalence of metabolic disorders amongst 

the ageing Canadian population [3].  

Osteoimmunology is a rapidly growing interdisciplinary field of research studying the key 

molecular players involved in the highly ordered sequence of cell interactions leading to fracture 

healing [4]. The optimal treatment for complex fractures and large bone defects remains a 

significant unresolved issue in orthopaedics and osteoimmunology alike. Healing can be broadly 

described by three overarching phases: the inflammatory, repair, and remodelling phases. 

Downstream fracture healing is highly dependent upon the initial inflammatory phase, which is 

orchestrated by the local and systemic responses to injury, and inter-cellular crosstalk between 

various immune cells and mesenchymal stromal cells. Disruption to this inter-cellular 

communication, or dysregulation of acute and chronic inflammatory processes can directly lead to 

impaired fracture healing [5]. Recently, as the critical function of immune cells in fracture healing 

has become better understood, numerous studies have focused on the potential of 

immunomodulation as a strategy to accelerate fracture healing, and prevent impaired fracture 

healing [6].  

 



 15 

Currently, bone grafts and recombinant growth factors, which can cause considerable 

morbidity on their own, are used in a significant proportion of cases in North America to promote 

bone healing in patients at risk of non-union [7]. Accordingly, localized immunotherapy could 

prove to be a safer and more cost-effective solution to promoting bone repair.   

Mast cells, known for their role in pathological conditions, are critical regulators of the 

initial inflammation comprising the inflammatory phase of fracture healing, and play a role 

throughout the rest of the process. They migrate to and mature at the fracture site to aid  in bone 

and soft tissue repair [8]. Previous work by our group has demonstrated that mast cell-deficient 

mice developed fibrous non-unions [9] associated with highly disorganized healing, and impaired 

neo-vascularization [10]. Taken together with their wide range of pro-osteogenic growth factors, 

cytokines, and chemokines, mast cells represent a potential immunotherapeutic target in assisted 

fracture healing.  

Inorganic polyphosphates (polyP), a little known but tremendously important innate 

molecule, plays an important role in eliciting pro-inflammatory cascades at the fracture site [11], 

and modulating gene expression in a wide variety of cell types [12]. Furthermore, polyP has been 

shown to have osteogenic effects on mesenchymal stem cells and osteoblasts alike [12]. A recent 

study identified polyP as a regulator of pro-inflammatory mast cell function [13]. At the fracture 

site, polyP released from degranulating platelets is thought to play a role as a transductor in 

recruiting immune cells during the inflammatory phase; however, its role in recruiting mast cells 

has yet to be characterized. Accordingly, this thesis work aims to characterize the immuno-tactic 

effects of polyP on mast cells and develop a thermoresponsive and injectable polyP-loaded 

hydrogel for the purpose of delivering localized immunotherapy at the fracture site. Ultimately, 

this body of research is founded on the global hypothesis that polyP plays a crucial role in the 
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initial orchestration of inflammatory events and that mast cells are pivotal to the recruitment and 

coordination of immune, skeletal, and vascular activity at the fracture site. From a clinical 

standpoint, this project attempts to generate a novel drug delivery system serving to modulate the 

body’s own immune system, enhance bone healing, improve clinical outcomes, and reduce clinical 

strain.  

 

 
 

Figure 1: The overarching hypothesis of this thesis is that by developing a polyP-releasing 

hydrogel that can be implanted at the fracture site, enhanced mast cell and immune recruitment 

will ensue and therefore fracture healing can be enhanced and accelerated. This could be achieved 

by an ensuing increased concentration of pro-osteogenic growth factors and cytokines at the 

fracture site. Created with Biorender.com 
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Chapter 2: Literature Review 
 

 

2.1 Inorganic Polyphosphates  
 

Inorganic polyphosphates (polyP) are linear chains or orthophosphate residues linked by 

high-energy phosphoanhydride bonds, in a similar fashion to adenosine triphosphate (ATP). 

Although it bodes a relatively simple chemical structure, it is ubiquitous in both simple and 

complex organisms across all forms of life. Furthermore, its structure varies greatly between 

different organisms. Bacteria typically produce long-chain polyP that can include more than 1000 

phosphate subunits and are often located in dense electronegative granules called acidocalcisomes 

[14, 15]. In contrast, eukaryotic cells produce shorter-chain polyP that typically comprise a range 

of 80 – 200 phosphate subunits [16]. PolyP plays a wide variety of roles in homeostatic, 

inflammatory, and metabolic processes as outlined below. As we begin to uncover many of its 

important functions in higher eukaryotes, we continue to lack a thorough understanding of polyP 

biogenesis and its mechanism of action; however, its significance in physiology has generated 

substantial interest in polyP research.  

 

2.1.1. Origin and Evolutionary Role  

 

The abundance and universality of polyP in all domains of life make it an intriguing 

molecule from an evolutionary perspective. Generated by dehydration of orthophosphate residues, 

polyP could be found in volcanic condensates and deep oceanic steam vents [17]. Its role as a 

biomolecule has only been recently discovered. In prokaryotes, null mutants of a key polyP 

synthesizing enzyme, polyphosphate kinase 1 (PPK1), produced extremely low levels of polyP 

and were unable to survive [18, 19]. Furthermore, these cells had an appreciable defect in quorum 

sensing, virulence, and biofilm formation, suggesting an important role for polyP in bacterial 
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pathogenesis [20]. Interestingly, polyP also appears to have an upstream regulatory effect. Due to 

its structure, polyP has a high affinity to histone-like proteins, enabling it to displace them from 

their attachment to the DNA-nucleoid complex [21]. This finding suggests polyP has a role to play 

in epigenetic control of gene expression. A study investigating the role of polyP in a D. discoideum 

null mutant of PPK1 found this organism to be significantly deficient in growth and sporulation; 

however, significant levels of polyP were retained inside vacuoles called “acidocalcisomes”, 

which was mainly attributed to the function of polyphosphate kinase 2 (PPK2) [20]. These 

acidocalcisomes are calcium and polyP-rich, are accountable for calcium fluxes, and are conserved 

from bacteria to humans [22]. The conservation of these vacuoles in higher eukaryotes suggests 

an important evolutionary role for polyP.  

 

2.1.2. Chemical Structure  

 

The chemical structure of polyP consists of tetrahedral orthophosphate residues, linked by 

high-energy phosphoanhydride bonds, forming inorganic chains with a highly flexible backbone. 

Due to its negatively charged oxygen atoms, polyP is highly anionic. Due to its anionic properties, 

it can chelate a wide range of cations as well as sequester toxic metals including mercury and 

cadmium. Moreover, due to its flexibility, it can be localized in the cell in a variety of orientations, 

and in a relatively stable form to play a wide variety of roles.  

 

 
Figure 1: Chemical structure of inorganic polyphosphates. ‘n’ signifies the number of linked PO4 

subunits.  
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2.1.3. Multifunctional Role in Biology  

 

PolyP is a widely multifunctional molecule in biology, in a wide array of organisms. Due 

to its non-toxic nature, polyP is frequently added as a nutritive food additive [23], an antioxidant 

[24], and a chelator of multiple divalent cations [25]. When found at chain lengths of less than 100 

orthophosphate residues, polyP is water-soluble [26]. Over the years as polyP has gauged 

increasing interest, it has been demonstrated that polyP acts as an energy storage molecule, as a 

donor for sugars and adenylate kinase, an inducer of apoptosis, and has been shown to play a role 

in the mineralization of bony tissue [27]. Upon the discovery that platelets contain abundant levels 

of polyP in their dense granules, a role was demonstrated for polyP in blood coagulation, 

fibrinolysis, and inflammation [11]. Moreover, polyP has been shown to play a role in modulating 

the expression of many important genes for bone formation. Its role in physiology is extensive and 

is just now being uncovered. In this review, the role of polyP in bone and cartilage formation will 

be discussed in greater depth.  
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Figure 2: Upon platelet activation, polyP is secreted and contributes to hemostasis. PolyP can act 

at several points in the clotting cascade. PolyP can activate Factor V [28], stimulate the activation 

of Factor XI by thrombin [29], and activate Factor XII to Factor XIIa through the intrinsic pathway 

[30].  Created with Biorender.com. 

 

As previously mentioned, polyP biosynthesis has been widely studied in microorganisms, 

but its synthesis in higher eukaryotes remains unknown. They are most often found in intracellular 

organelles described as “acidocalcisomes” due to their acidity, and their substantial calcium ion 

content [31]. With regards to mammalian cells, acidocalcisomes are major components identified 

in dense granules [22], and are found in the inflammatory subset of mast cell secretory granules 

[13].  

 

2.1.4. Applications of polyP in bone and cartilage regeneration 

 

Critical functions for polyP have been identified in coagulation, inflammation, and bone 

and cartilage regeneration. Concerning bone regeneration, polyP may promote osteoblast 

differentiation, initiate calcification, and inhibit the activity of osteoclasts [27]. As such, polyP has 

been highly touted as a candidate in biomaterial applications in cartilage and bone regeneration.  

Mesenchymal stromal cells (MSCs), a type of stem cell primarily found in connective 

tissues, are highly proliferative cells capable of differentiating into chondrocytes, osteoblasts, 

muscle cells, and adipocytes [32]. PolyP can drive the osteogenic differentiation of mesenchymal 

stem cells (MSCs) by upregulating the expression of several osteogenic transcription factors 

including Runx2 and Sox9 [33]. Moreover, polyP initiates the Fibroblast growth factor 23 (FGF23) 

signalling pathway to induce proliferation and osteogenic differentiation of MSCs via upregulation 
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of osteopontin (OPN), osteocalcin (OC), and Osteoprotegerin (OPG) expression [34]. A study 

conducted by Wang et al. [35] revealed that polyP could promote both osteogenesis and 

chondrogenesis; however, this activity could only be observed in MSCs that were cultured in 

osteogenic or chondrogenic media. Following osteogenic stimulation, polyP has the ability to 

enhance the expression of BMP-2, ALP, collagen type I (COL-1) and COL-2. MSCs cultured 

without osteogenic induction did not demonstrate positive staining with alizarin red S after the 

addition of polyP, and there was no evidence of cell mineralization [35]. Recently, a study 

performed by Gawri et al. showed that the anabolic effect of polyP is mediated by calcium 

signalling and that the effect was highly dose and chain length-dependent [36].  

Research into the applications of polyP in bone and cartilage regeneration is fast emerging 

and shows tremendous promise. Given the current burden of bone and cartilage morbidity, further 

translational research will play an important role in bone and cartilage tissue engineering for years 

to come.  

 

2.1.5. Quantification of inorganic polyphosphates in the life sciences 

 

Given its increasingly important physiological role, developing methods for the analysis of 

polyP in the life sciences is paramount to overcoming current analytical barriers. Six measuring 

metrics are relevant to polyP research; these include molecular structure, average chain length, 

chain length distribution, cellular localization, cation composition, and concentration. For the 

purpose of this study in which drug delivery is the objective, the scope of this review will focus 

on quantitative methods for analyzing polyP release.  

Metachromacy refers to the alterations of a dye’s absorbance spectrum when it attaches to 

a specific substance. This property can be used to detect polyP with certain dyes including 

methylene blue, and toluidine blue O, among others. For example, toluidine blue decreases the 
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absorption wavelength from 630 nm to 530 nm [37]. Fluorescent dyes such as 4’,6-diamino-2-

phenylindole (DAPI), JC-D7, and JC-D8 show minimal fluorescence when freely dissolved, but 

their fluorescence increases greatly when bound to polyP. When DAPI is bound to DNA, a blue-

white complex is formed; however, when it is bound to polyP, a yellow-green complex is formed. 

This detection of polyP is achieved by both an increase in the fluorescence and a shift in the 

emission spectrum [38]. This method has been utilized to quantify polyP in mammalian tissues 

[39]. Nonetheless, this method has limitations including the presence of lipid inclusions [40], 

nucleotides [41], and inositol phosphates [42] interfering with fluorescence readings.  

Because of their high specificity for polyP, enzymatic assays are also a popular tool for 

quantifying polyP. These types of assays are typically unaffected by common impurities and only 

necessitate readily available laboratory equipment. Two enzymatic assays are most prominent 

concerning polyP quantification: the PPK enzyme assay, and the Christ et al. assay. In the polyP 

kinase (PPK) assay, an inorganic phosphate (Pi) group is transferred from polyP onto adenosine 

diphosphate (ADP) and then is quantified with a standard firefly luciferase assay. This assay 

quantifies the total polyP concentration and is sensitive down to picomolar concentrations of 

polyP. The Christ et al. assay, on the other hand, not only quantifies the total polyP concentration 

but also the polyP chain length [43]. This assay includes the hydrolysis of polyP with 

Saccharomyces cerevisiae exophosphatase 1 and S. cerevisiae inorganic pyrophosphatase 1 into 

Pi, and subsequently assayed with a single reagent colorimetric detection. Overall, this enzymatic 

assay comprises several consecutive enzymatic steps that have potential for high-throughput 

detection, but the method is better suited for shorter polyP chains.  

Phosphate nuclear magnetic resonance (P-NMR) is a powerful tool for the characterization 

and quantification of polyP. P-NMR can distinguish all phosphate nuclei with differing electronic 
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environments, and therefore their unique electromagnetic shielding. To this extent, the varying 

chemical shift allows this technique to characterize total polyP concentration, average chain 

length, and distribution of chain length with high specificity. Although this technique can reveal a 

great deal of information about a large quantity of polyP, samples with a low polyP concentration 

cannot be evaluated.  

Chromatography facilitates the separation of substances based on the differential 

distribution of their constituents between the stationary phase and a mobile phase. Because 

chromatography typically employs a UV or visible light detector to quantify the molecule, a UV-

absorbing or visible light chromophore must be affixed onto the molecule if it cannot be detected 

in these regions. PolyP cannot be detected in these regions, and as such requires the grafting of a 

chromophore, or an automatic flow injection system with a post-column derivatization [44]. The 

most commonly applied method for freely dissolved polyP of chain lengths less than 50 subunits 

is ion-exchange chromatography [45, 46]. The sensitivity of this method is great for chain lengths 

of less than 10 subunits, whereas the peaks of chains with 10-50 subunits typically overlap with 

separation based on chain length. Although this method is great for the separation of polyP from 

other constituents, assuming the absence of other polyanions, its detection for quantification of 

total polyP concentration requires more sensitive detection methods [44].  

Electrospray ionization mass spectrometry (ESI-MS) is another powerful tool that can 

detect polyP concentrations with great sensitivity, typically in the range of 10 nM to 100 M [47]. 

This method is advantageous because it explicitly detects polyP by mass and does so in a quick 

and high-throughput manner without requiring UV-absorbing chromophores. Thus far, however, 

this method has only been used to detect polyP chains of up to 4 subunits. Further method 
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development utilizing ESI-MS for the detection of longer-chain polyP would permit improved 

polyP quantification with greater sensitivity for a broader range of applications.  

Many other methods are also available such as other types of chromatography, 

electrophoresis, and quantification of the polyP counterion. The recurring with all polyP 

quantification methods is that sensitivity is particularly high with shorter chain lengths, but not as 

high with longer chain lengths. Given the discovery of the physiological importance of longer 

chain length polyP, better methods for their quantification will need to be developed.  

2.2. Fracture Healing  
 

A bone fracture occurs when the continuity of a bone is broken due to physical force, 

tension, or trauma. There are different types of fractures, and they can range from small hairline 

fractures to complete separation into two or more fragments. Fractures can occur in any bone in 

the body and can be caused by a variety of reasons including falls, accidents, repetitive stress, 

sports injuries, and certain conditions that weaken bones [48, 49]. Fracture healing comprises a 

series of complex biological responses to repair the fractured bone in order to regain its functional 

and structural integrity.  

 

2.2.1. Stages of fracture healing  

 

As previously described, the restoration of the structural and functional integrity of a fractured 

bone is a complex physiological process involving a series of meticulously orchestrated phases 

[50]. These phases are outlined as follows:  

1) Hematoma formation and inflammation phase: shortly after a fracture occurs, disruption of 

blood vessels causes haemorrhage and the subsequent formation of a peri-fracture hematoma 

[51]. This hematoma functions as an infiltration site for immune cells where the inflammatory 

response is initiated [52]. Neutrophils and macrophages are recruited to the fracture site, where 
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they attempt to eliminate cellular debris and foreign particles [53, 54]. This inflammatory phase 

is characterized by high cellular activity and cytokine release, thereby establishing the 

foundation for subsequent healing phases [55, 56].  

2) Soft callus formation: as a result of the inflammatory environment, MSCs and fibroblasts 

infiltrate the fractured area and contribute to the formation of a soft callus [57-59]. This fibrous 

matrix, mainly composed of collagen and fibronectin, provides initial stability by bridging 

fractured fragments [60]. Chondrocytes, which are derived from MSCs, produce hyaline 

cartilage, working to strengthen the provisional union [61].  

3) Hard callus formation: in the following weeks, the chondrocytes within the soft callus 

differentiate into osteoblasts, which are primarily responsible for the formation of bone [62]. 

This change and synthesis of collagen type X promotes the mineralization of cartilaginous 

callus, resulting in the formation of woven bone [63, 64]. Although not as resilient as mature 

bone, this hard callus provides adequate mechanical stability at the fracture site [65, 66].  

4) Remodelling phase: beginning weeks to months post-injury, the hard callus undergoes 

significant remodelling [67]. Osteoclasts begin resorbing excess bony tissue, thereby 

facilitating the reshaping of the callus and the restoration of the original anatomical shape [68]. 

Additionally, osteoblasts produce lamellar bone, which is characterized by increased strength 

and durability [69].  

5) Mature bone formation: the culmination of fracture healing is represented by the 

transformation of remodelled bone into mature and compact lamellar bone which resembles 

the original bone. Further bone turnover by osteoblasts and osteoclasts produces biomechanical 

characteristics equivalent to those of a healthy bone, ultimately resulting in the restoration of 

bone integrity [70].  
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Fracture healing may be affected by a variety of factors, including the type and location of the 

fracture, the age of the patient, their general health, and the therapeutic intervention undertaken. 

Minimizing fracture complications involves a comprehensive approach and understanding of the 

distinct yet intertwined stages.  

 Fracture healing can be further characterized as primary, direct healing, secondary, or 

indirect healing. Primary and secondary healing comprise distinct mechanisms with respect to their 

biological processes, conditions required for healing, and timelines. Primary fracture healing takes 

place when the fractured ends are perfectly aligned and do not move apart. At the microscopic 

level, lamellar and Haversian canals are directly remodelled during the healing process [71]. 

Complete stability is necessary with the ends of the bones being rigidly fixed, where the cortex of 

one side of the fracture end must be connected to the cortex of the opposing fractured end in order 

to restore physical continuity of the bone [72]. This is typically accomplished through internal 

fixation with the use of rods, screws, and plates. Because this type of healing is reliant on perfect 

anatomical alignment and rigid fixation, any movement between bone fragments can disrupt this 

process and result in healing complications. Osteons mature into lamellar bone through 

remodelling, which results in the fracture site mending without the development of a callus or 

significant inflammation [73]. Due to the direct bone remodelling mechanism, primary bone 

healing is usually faster than secondary healing and involves a quicker restoration of the bone’s 

original structure.  

 Secondary bone healing takes place when some degree of movement or gap between the 

fracture bony ends is present. This is the more common type of bone healing and consists of both 

intramembranous and endochondral ossification as outlined in the stages above. The healing 
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begins with the formation of a blood clot and eventual soft callus made of fibrous cartilaginous 

tissue at the fracture site [74]. The cellular response is heavily influenced by inflammatory immune 

cells during early stages and dominated by fibroblasts, chondrocytes, and osteoblasts in the latter 

stages [57]. Compared to primary healing, secondary healing is a longer process as callus 

formation and remodelling can take several weeks to months prior to full mechanical restoration 

of the bone [67].  

 

2.2.2. The role of immune cells in fracture healing 

 

Recent advances in immunology have uncovered the intricate role of immune cells in tissue 

repair processes. Osteoimmunology is the interdisciplinary field studying the molecular interplay 

between the skeletal system and the immune system [75]. This field of study has gained immense 

attention over recent years and provides insights into how fracture healing can be enhanced through 

immunomodulation [76]. Immune cells such as macrophages, neutrophils, T cells, regulatory T 

cells, and mast cells actively contribute to inflammation, angiogenesis, chondrogenesis, and 

osteogenesis in the process of fracture healing [77].  

The infiltration of neutrophils and macrophages at the fracture site defines the initial 

inflammatory phase [78]. By releasing cytokines and reactive oxygen species, neutrophils initiate 

the inflammatory cascade [79]. Both pro-inflammatory (M1) and anti-inflammatory (M2) 

macrophages dynamically modulate the transition from inflammation to tissue repair [80]. M1 

macrophages secrete pro-inflammatory mediators which promote angiogenesis and further cellular 

recruitment, and M2 macrophage-derived mediators contribute to the resolution of inflammation 

and the beginning of tissue regeneration [81, 82].  

Angiogenesis is essential for fracture healing in order to ensure oxygen and nutrient 

delivery to the fracture site [83]. Immune cells, particularly mast cells, macrophages, and T cells, 
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secrete pro-angiogenic factors such as vascular endothelium growth factor (VEGF) and fibroblast 

growth factor (FGF), which promote the development of new vessels [84]. In addition, immune 

cells contribute to the formation of a soft callus, helping to stabilize the fracture site [85].  

Osteogenesis, which involves the differentiation of MSCs into osteoblasts, is the hallmark 

of fracture healing. Immune cells, specifically T cells and regulatory T cells, regulate osteoblast 

differentiation and bone deposition by secreting osteogenic factors [86] and modulating osteoclast 

activity [87, 88]. Furthermore, T cells influence the equilibrium between bone resorption and 

formation during bone remodelling [89].  

Recent evidence indicates that immunomodulation may have therapeutic potential for 

fracture healing. Measures targeting immune cell polarization, cytokine release, and 

immunomodulatory molecules may accelerate and enhance the healing process. 

Immunotherapeutic interventions that leverage the regenerative capacity of certain immune cells, 

such as macrophage-based therapies, have the potential to advance fracture healing techniques [90, 

91]. Mast cells also play an important role in fracture healing and have also been investigated as 

fracture healing immunotherapy candidates by our group. Below is an overview of their role in 

bone repair.  

Mast cells, best known for their involvement in allergic reactions, are tissue-resident 

immune cells and are involved in a wide array of physiological processes. Mast cells are distinct 

within the immune cells due to their large electron-dense secretory granules. These secretory 

granules contain a broad range of pre-formed mediators required for optimal fracture healing, 

including biologically active amines (e.g., histamine), heparin, pro-inflammatory cytokines (e.g., 

interleukin-6 (IL-6), interleukin-1 (IL-1), tumour necrosis factor (TNF)), and growth factors (e.g., 

FGF, VEGF) [92]. Because mast cell progenitors mature based on the local microenvironment 



 29 

[93], the mediators found in their granules vary depending on the tissue [94-96]. Although the 

number of mast cells is few in the bone marrow, epiphysis, and diaphysis, they are found in greater 

numbers in the metaphyseal bone marrow where most of the bone remodelling takes place [8]. 

Their proximity to the site of bone remodelling, along with its wide range of pro-osteogenic growth 

factors and cytokines, suggest an important role for mast cells in bone physiology. During initial 

events at the fracture site, mast cells play a critical role in regulating fracture-induced 

inflammation, mainly by releasing IL-6, and influencing innate immune cell recruitment [97]. 

Previously, we have shown in a murine model of unicortical window defect of mast cell-deficient 

KitW-sh/W-sh mice that healing was delayed due to compromised replacement of woven bone with 

compact bone and associated impaired re-vascularization [9]. Additionally,  in a c-kit independent 

Cpa3Cre/+ model, bone healing was also impaired as demonstrated by decreased cortical bridging, 

bone mineralization, and vascularization [10]. Another group showed that in the absence of mast 

cells, levels of pro-inflammatory cytokines IL-6, IL-1, and chemokine CXCL1 were significantly 

reduced and that the recruitment of neutrophils and macrophages to the fracture site was also 

impaired [98]. Taken together with their ability to ability to respond to specific stimuli  [99, 100], 

their significant involvement in early fracture healing identifies mast cells as potential targets for 

immunotherapy in assisted bone repair.  



 30 

 
 

Figure 3: Outline of the documented roles of mast cells in fracture healing. Mast cells play an 

osteoprotective by promoting osteoblast and inhibiting osteoclast activity through TGF-, IL-12 

and IFN-, respectively [101, 102]. Furthermore, mast cells may influence macrophage 

polarization and immune cell recruitment to the fracture site through a variety of pro-inflammatory 

cytokines [103]. Additionally, mast cells play a significant role in neo-vascularization, mainly 

through stored VEGF [104]. Finally, through histamine stored in its granules, they can also 

stimulate osteoclastogenesis [105]. Created with Biorender.com. 

 

2.2.3. Fracture complications  

 

Fracture repair is usually successful, however, approximately 5-10% of fracture patients 

will experience complications such as malunions, delayed unions, or non-unions [49]. In the 
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United States (US), direct and indirect costs during the first six months post-trauma are estimated 

to be $23,000.00 per individual fractured limb [106]. Fractures of long bones such as the tibia or 

the femur are particularly difficult to manage, and the risk of complications contributes 

significantly to reduced quality of life and post-trauma disability [107]. Frequent causes of non-

union and malunion include infection, inadequate bone fixation, poor blood supply, and activities 

that hinder bone healing such as smoking and alcohol abuse [2]. Fractures endured in high-energy 

trauma and associated with significant soft tissue damage, such as open fractures, are particularly 

susceptible to non-union [108, 109]. Patients with chronic diseases such as diabetes, osteoporosis, 

obesity, malnutrition or neuropathy also have an increased baseline risk for non-union [110].  

 

2.2.4. Fracture management and treatment  

 

The treatment for non-healing bone injuries can be challenging and requires a 

comprehensive approach. Many non-unions will require corrective revision surgeries, and these 

can sometimes be unsuccessful [2, 111, 112]. Surgical treatment of these complications typically 

includes implantation of autologous or non-autologous bone grafts, debridement, electrical 

stimulation, or biological enhancement therapy such as percutaneous injection of bone marrow 

[113], or bone morphogenic protein (BMP) [114, 115]. Although the use of BMP initially showed 

promise, it brings along a set of distinct issues including high cost of treatment, unintended bone 

growth, inflammatory complications, and infection [116-118]. As such, novel therapeutic 

approaches are required in order to aid in circumventing fracture complications.  

 

2.3. Hydrogels  
 

Hydrogels are three-dimensional networks of polymers that can absorb and retain large quantities 

of water. Due to their remarkable properties such as high-water content, mechanical strength, and 
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biocompatibility, they have a wide range of applications that span many disciplines. The polymers 

composing hydrogels can be derived from natural sources or synthesized. These polymers are 

hydrophilic in nature, and when encountering water, they can absorb water and thereby swell. The 

swelled interlinked polymers are what constitute the hydrogel [119].  

 

2.3.1. Hydrogels for Drug Release   

 

Hydrogels are increasingly being investigated as local drug delivery vehicles owing to their 

adaptable characteristics, controllable degradation, and capacity to protect labile pharmaceuticals 

[120, 121]. Several key benefits make hydrogels ideal for the controlled release of drugs into the 

body. Hydrogels are comprised of polymers that are compatible with biological systems, meaning 

they generally do not trigger immune responses or other adverse reactions, including cytotoxicity 

[122]. Their porous structure allows for gradual and sustained release over periods that can be 

optimized [123]. This can aid in reducing the frequency of dosing and improving the efficacy of 

treatment by counteracting elimination and metabolism of the drug at the site [124]. By controlling 

the release of the drug, the risk of toxicity can be minimized by reducing the amount of drug 

delivered [125]. Furthermore, the hydrogel can be constructed to target specific tissues in the body, 

increasing the likelihood of successful integration and retention of the hydrogel [126]. In addition, 

the solubility, stability, and penetration into tissues can be enhanced by using hydrogels as 

vehicles, rendering a more efficient therapeutic action [127]. Overall, their versatility in the context 

of drug delivery makes them an exciting tool for the development of new treatment modalities.  

 

2.3.2. Mechanisms of network formation  
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In consideration of the therapeutic use and chemical characteristics of the polymers, 

numerous mechanisms can be employed in the network formation of hydrogels. Two of the most 

common mechanisms are chemical cross-linking and physical gelation.  

Chemical cross-linking is the most common method of hydrogel formation [128]. This 

method involves creating a three-dimensional network by interlinking polymer chains via covalent 

bonds. Chemical cross-linking can be achieved by cross-linking agents. Typically, polymer chains 

containing reactive functional groups (such as acrylate or methacrylate groups) can be combined 

with cross-linking agents (i.e., cross-linkers) containing two or more reactive sites. The reactive 

groups on the polymer chains and the cross-linker molecule form covalent bonds upon activation, 

resulting in the formation of a stable network [129]. The polymerization process can be initiated 

by heat, light, catalysts or other chemical agents [130]. Some hydrogel networks can be formed 

via physical interactions, including hydrogen bonding, ionic interactions, and van der Waals forces 

[131]. These interactions generate reversible cross-links that permit the hydrogel to expand and 

contract in response to environmental variations such as temperature and pH [126]. In contrast to 

chemical cross-linking, physical gelation does not involve chemical reactions and instead relies on 

intermolecular forces between polymer chains. This type of network formation is often observed 

in hydrogels comprising biopolymers including agarose and alginate [132, 133]. Physical gelation 

can be advantageous as it does not require the use of potentially toxic chemical cross-linkers; 

however, they often cannot afford the same mechanical properties as chemically cross-linked 

hydrogels [134]. Furthermore, physical hydrogels often do not exhibit the same stability and 

durability profile but exhibit environmentally responsive behaviour and can more easily be tuned 

[135]. Accordingly, the choice of network formation will depend on the desired application and 

properties of the hydrogel.  
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2.3.3. Hydrogels for fracture healing applications  

 

As previously mentioned, hydrogels have shown promise in a variety of biomedical 

applications, including fracture healing. Several properties of hydrogels make them ideal for 

fracture healing, and they have been employed for a variety of purposes [136]. Hydrogels can 

transport bioactive molecules such as growth factors and cytokines, acting as drug delivery 

vehicles by releasing these factors at the fracture site, and thereby enhancing the body’s own 

healing process [137-140]. Hydrogels can also serve as a scaffold for cell growth where they can 

facilitate the growth and proliferation of osteoblasts and MSCs [141, 142]. In this instance, they 

can promote the adhesion, migration, and differentiation of cells, thereby contributing to the 

formation of new bone tissue [143]. These are often referred to as bone matrix mimetics [120]. 

Biodegradable hydrogels can degrade progressively throughout bone healing, and as the hydrogel 

degrades, space is created for growing bone tissue, and ultimately is supplanted by new bone [144]. 

Some hydrogels possess tough mechanical properties and thus can provide the mechanical support 

needed to reduce the risk of further damage to surrounding tissue and enhance the healing process 

[145]. Additionally, some hydrogel formulations are injectable or can be applied in a minimally 

invasive manner, allowing them to be applied in difficult-to-reach areas and potentially aiding 

patients for whom surgery is not indicated [146]. Despite the outlined potential benefits of these 

hydrogels for fracture healing, research in this area is still ongoing and their clinical use has yet to 

be implemented [136].  

 

2.3.4. Poloxamer and Gellan gum-based hydrogels  

 

Poloxamers, also referred to as Pluronics, are non-ionic surfactants and tri-block co-

polymers that have undergone extensive research and application within the pharmaceutical and 
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biomedical domains. These applications include a wide range of functions, notably drug delivery 

systems [147]. Poloxamers are amphiphilic molecules comprised of hydrophilic poly(ethylene 

oxide) (PEO) blocks and hydrophobic poly(propylene oxide) (PPO) blocks and are able to form 

micelles in an aqueous environment when maintained at a concentration above a particular 

threshold, referred to as the critical micelle concentration (CMC) [148]. Combined with their 

ability to undergo sol-to-gel transition at physiological temperatures [149],  poloxamers show 

potential for effective administration of polyP in the context of bone tissue regeneration. 

Gellan gum is a water-soluble complex polysaccharide and commonly used in the food 

industry, and more recently for tissue engineering purposes [150-153]. Gellan gum originates from 

the bacterium Sphingomonas elodea and bodes many characteristics that make it suitable for 

biomedical applications [154]. Key characteristics of Gellan gum include thickening properties, 

stability, and synergistic properties [155]. Gellan gum can readily form gels at concentrations as 

low as 0.1-1%, forming a smooth transparent gel structure [156]. Moreover, Gellan gum is resistant 

to pH changes, enzymatic activity and heat, making it suitable for use in particularly harsh 

environments [157]. Finally, Gellan gum works well in synergy with other polymers as a gelling 

and adhesive agent, and as a stabilizer working to enhance the functionality of a material [158], 

just as we attempt to use it in this thesis (chapter 3).  

 

2.3.5. PolyP-releasing hydrogels  

 

PolyP-carrying materials have received increased attention due to the physiologically beneficial 

properties of polyP. Very few polyP-containing hydrogels have been developed, however. 

Recently, a polyhedral oligomeric silsesquioxane (POSS)-cored polyphosphate and 

polysaccharide-based injectable hydrogel was developed for cartilage regeneration [159]. Other 

hydrogels have used polyphosphates in polysaccharide-based hydrogels wastewater treatment 
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[160], and tissue engineering purposes [161]. The common theme between these hydrogels is the 

use of polyphosphate as a structural component of the hydrogel; in this regard, very few polyP-

releasing hydrogels have been developed. Furthermore, even fewer polyP hydrogels have been 

developed for fracture healing applications [162]; the majority of these have consisted of polyP-

containing nanoparticles and ceramics [27, 163, 164]. In this study, we attempt to formulate a 

hydrogel that releases polyP for enhanced fracture healing.  
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Abstract  

 
Bone fractures account for a significant proportion of musculoskeletal injuries. Fractures 

associated with underlying disorders are particularly detrimental to the individual and to health 

care authorities. Consequently, novel therapeutic approaches for bone tissue regeneration are 

required to help circumvent fracture complications. Therapeutic approaches utilizing bioactive 

compounds that modulate the body’s response to injury represent new and exciting alternatives 
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that target early fracture events to promote bone repair. This work presents the development of a 

novel thermoresponsive composite hydrogel combining poloxamer and Gellan gum with optimal 

sol-to-gel transition at physiological temperatures. This hydrogel is augmented with inorganic 

polyphosphates (polyP) and shows controlled release over a period coinciding with the 

inflammatory phase of fracture healing. Biocompatibility studies show no cytotoxic effects and 

cell adherence comparable to standard tissue culture plastic. Furthermore, given its proposed role 

in early fracture immunomodulation, we investigated the chemotactic effect of polyP on mast cell 

and macrophage analogs through AI-powered single-cell tracking. We showed for the first time, 

to the best of our knowledge, that polyP could direct mast cell chemotaxis in a concentration-

dependent manner, but not macrophages, further suggesting polyP could play a key role in 

coordinating initial inflammatory events at the fracture site. Taken together, our novel hydrogel 

could serve as a bioactive drug delivery device purposed for assisted bone tissue regeneration.  

 

1. Introduction  

 
Bone fractures are amongst the most commonly occurring musculoskeletal injuries. 

Fracture repair is usually successful; however, approximately 5-10% of fracture patients will 

experience complications such as malunions, delayed unions, or non-unions [49, 106]. Fractures 

of long bones such as the tibia or the femur are particularly difficult to manage, and the risk of 

complications contributes significantly to reduced quality of life and post-trauma disability [107]. 

Fractures endured in high-energy trauma and associated with significant soft tissue damage, such 

as open fractures, are particularly susceptible to non-union [5, 6]. Patients with chronic diseases 

also have an increased baseline risk for non-union [165] .  
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The treatment for non-healing bone injuries can be challenging and requires a 

comprehensive approach. Many non-unions will require corrective revision surgeries, and these 

can sometimes be unsuccessful [2, 111, 112]. Surgical treatment of these complications typically 

includes implantation of autologous or non-autologous bone grafts, debridement, electrical 

stimulation, or biological enhancement therapy such as percutaneous injection of bone marrow 

[113], or bone morphogenic protein (BMP) [115, 166]. These however bring along a set of distinct 

issues including high cost of treatment, unintended bone growth, inflammatory complications, and 

infection [117, 118]. As such, innovative therapeutic approaches are required to circumvent 

fracture complications and promote bone repair.  

Inorganic polyphosphates (polyP) are linear chains of orthophosphate residues linked by 

high-energy phosphoanhydride bonds. PolyP is ubiquitous in nature [17, 26], and modulates 

important physiological processes in a highly dose and chain-length dependent manner [36, 167]. 

PolyP can drive the osteogenic differentiation of mesenchymal stem cells (MSCs) by upregulating 

the expression of several osteogenic transcription factors including Runx2 and Sox9 [33, 164]. 

Moreover, polyP initiates the Fibroblast growth factor 23 (FGF23) signalling pathway to induce 

proliferation and osteogenic differentiation of MSCs via upregulation of osteopontin (OPN), 

osteocalcin (OC), and Osteoprotegerin (OPG) expression [34]. Additionally, polyP plays a 

substantial role in both inflammatory and coagulation processes. PolyP is released from 

degranulating platelets at the site of injury [22], and is a potent modulator of blood coagulation 

and fibrinolysis [11]. Furthermore, it functions as a driver of inflammation by participating in 

contact pathway-driven bradykinin generation through proteolysis of high molecular weight 

kininogen [168]. It has also been suggested that polyP may exert a proinflammatory effect by 

activating NF-B [169], and by interacting with chemokines to modulate inflammatory reactions 
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[170]. In mast cells and basophils, polyP co-localizes with serotonin in secretory granules, 

indicating a potential role in the regulation of mast cell inflammatory function [13].  

Mast cells are tissue-resident immune cells and are unique due to their large electron-dense 

secretory granules [171]. These secretory granules contain a broad range of pre-formed mediators 

required for optimal fracture healing, including biologically active amines, heparin, pro-

inflammatory cytokines, and growth factors [92]. During initial events at the fracture site, mast 

cells play a critical role in regulating fracture-induced inflammation, mainly by releasing IL-6, and 

influencing innate immune cell recruitment [97, 172]. Previously, we have shown in a murine 

model of unicortical window defect of mast cell-deficient KitW-sh/W-sh mice that healing was 

delayed due to compromised replacement of woven bone with compact bone and associated 

impaired re-vascularization [9]. Additionally,  in a c-kit independent Cpa3Cre/+ model, bone healing 

was also impaired as demonstrated by decreased cortical bridging, bone mineralization, and 

vascularization [10]. Another group showed that in the absence of mast cells, levels of pro-

inflammatory cytokines IL-6, IL-1, and chemokine CXCL1 were significantly reduced and that 

the recruitment of neutrophils and macrophages to the fracture site was also impaired [98]. Taken 

together with their ability to ability to respond to specific stimuli [99, 100], their significant 

involvement in early fracture healing highlights mast cells as potential targets for immunotherapy 

in assisted bone repair.  

Hydrogels are increasingly being investigated as local drug delivery vehicles owing to their 

adaptable characteristics, controllable degradation, and capacity to protect labile pharmaceuticals 

[120, 121]. Poloxamers, also referred to as Pluronics, are non-ionic surfactants and tri-block co-

polymers that have undergone extensive research and application within the pharmaceutical and 

biomedical domains. These applications include a wide range of functions, notably drug delivery 
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systems [147]. Poloxamers are amphiphilic molecules comprised of hydrophilic poly(ethylene 

oxide) (PEO) blocks and hydrophobic poly(propylene oxide) (PPO) blocks and are able to form 

micelles in an aqueous environment at a critical micelle concentration (CMC) [148]. Combined 

with their ability to undergo sol-to-gel transition at physiological temperatures [149],  poloxamers 

show potential for effective administration of polyP in the context of bone tissue regeneration.  

Considering the ability of polyP to promote MSC osteogenic differentiation and modulate 

pro-inflammatory responses in key players of the initial fracture healing process, such as mast 

cells, our objective is to use the intrinsic bioactivity of this molecule to augment bone repair by 

localized delivery and maintenance of optimal concentration of polyP at the fracture site. In this 

study, we investigated the immuno-tactic effects of polyP on key fracture healing immune cells, 

mast cells and macrophages, and developed a novel thermoresponsive and injectable composite 

hydrogel purposed as a polyP delivery vehicle for fracture healing applications.  

 

2. Materials and Methods  
 

2.1. Materials 

 

The materials and chemicals were commercially procured as follows: Pluronic F108 

(PEO133-PPO50-PEO133, Mn = 14,600 Da) [Cat no. 583062, BASF Industrial Formulators North 

America, Florham Park, New Jersey, USA],  Gellan Gum [Cat. No. J63423.30, ThermoFisher 

Scientific, Saint Laurent, Quebec, Canada], polyP-45 solutions [average 45 phosphate residues, 

Cat No. S4379, Sigma-Aldrich, Oakville, Ontario, Canada] were prepared by dissolving sodium 

phosphate glass in distilled water, 3-mercaptopropionic acid (MPA) [Cat No. M5801, Sigma-

Aldrich, Oakville, Ontario, Canada], N-vinyl caprolactam (NVCL) [Cat No. 415464, Sigma-

Aldrich, Oakville, Ontario, Canada], Azobisisobutyronitrile (AIBN) [Cat No. 441090, Sigma-
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Aldrich, Oakville, Ontario, Canada], and Chitosan (low molecular weight) [Cat No. 448869, 

Sigma-Aldrich, Oakville, Ontario, Canada].  

 

2.2. Cell Culture  

 

Mouse osteoblastic cell line MC3T3-E1 cell line [Cat No. CRL-2595, Cedarlane 

Corporation, Burlington, Ontario, Canada] was cultured in Minimum Essential Medium- (MEM-

) [GibcoTM, Cat. No. 12571063, Fisher Scientific, Ottawa, Ontario, Canada]  supplemented with 

10% fetal bovine serum (FBS) [Gibco Cat. No. 12483020, Life Technologies, Burlington, Ontario, 

Canada] and 1% antibiotic-antimycotic (anti/anti) [Cat No. 15240062, Fisher Scientific, Ottawa, 

Ontario, Canada]. Mouse monocyte/macrophage cell line J774A.1–TIB-67 and human bone 

marrow mesenchymal stem cells (hBMMSC) [RoosterBio Catalog No. RoosterVialTM-hBM, 

Frederick, Maryland, USA] were cultured in Dulbecco’s Modified Eagle’s Media (DMEM) 

[GibcoTM, Cat. No 11965092, Fisher Scientific, Ottawa, Ontario, Canada] and supplemented with 

10% FBS [GibcoTM Cat. No. 12483020, Life Technologies, Burlington, Ontario, Canada], 2 mM 

GlutaMAXTM [GibcoTM Cat. No. 35050061, Fisher Scientific, Ottawa, Ontario, Canada] and 1% 

anti/anti [GibcoTM Cat No. 15240062, Fisher Scientific, Ottawa, Ontario, Canada]. Rat basophilic 

leukemia cell line RBL-2H3 [Cat. No. CRL-2256, Cedarlane Corporation, Burlington, Ontario, 

Canada] was maintained in RPMI-1640 (R8758) [GibcoTM, Cat. No. A1049101, Fisher Scientific, 

Ottawa] supplemented with 10% FBS [GibcoTM, Cat. No. 12483020, Fisher Scientific, Ottawa, 

Ontario, Canada] and 1% anti-anti [Cat No. 15240062, Fisher Scientific, Ottawa, Ontario, 

Canada]. All cell cultures were maintained in standard cells with 5% CO2 at 37 °C in 98% relative 

humidity.  
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2.3. Chemotactic Analysis  

 

PolyP-directed chemotaxis of cell lines RBL-2H3 and J774A.1-TIB-67 were studied using 

Ibidi -Slide chemotaxis microfluidic chips [Cat. No. 80326, Ibidi USA Inc., Fitchburg, 

Wisconsin, USA]. Cells were allowed to grow to confluency, trypsinized and 6 L of cells at a 

density of 3.0x106 cells per ml were subsequently seeded into the cell compartment of the 

chemotaxis chip. Seeded chambers were then incubated for three hours for cell attachment to take 

place. Sterile gauze wetted with sterile was placed inside a tissue culture plate alongside the chip 

in order to maintain humidity and minimize the evaporation of media (Figure 1A). Following 

proper cell attachment, media reservoirs were filled, and a series of polyP-45 concentrations were 

added to the chemoattractant well as per the supplier’s protocols. The central migration chamber 

was visualized at 10X magnification and the -Slide chemotaxis chips were then imaged over a 

period of 24 hours using a Zeiss Laser Scanning Confocal LSM780 microscope. Conditions during 

imaging were maintained at 37C and 5% CO2. Images at a magnification of 10X were captured 

every five minutes and were collated to produce a time-lapse video of five frames per second. 

Videos produced were imported into the FastTrackAITM software [MetaViLabs, Austin, Texas, 

USA] and the chemotaxis was analyzed. The minimum threshold of cell movement was set at 2 

m, and the cell movement was analyzed based on a cumulative assessment of time segments.  
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Figure 1: (A) Schematic of -Slide chamber will cells seeded in each middle compartment. Sterile 

gauze was wetted with sterile PBS before incubation. (B) Experimental setup for polyP-guided 

chemotaxis of immune cells. The microfluidic -Slide chemotaxis chip consists of a 

chemoattractant-filled compartment on the left (L), and a plain media-filled compartment on the 

right (R). The central chamber (red box) is used for seeding cells and is the region of interest for 

live cell imaging. The inset shows RBL-2H3 mast cell analog cells seeded for chemotaxis studies.  

 

2.3. Chitosan-g-PNVCL Synthesis  

 

PNVCL-COOH was first synthesized and subsequently grafted onto Chitosan using a 

modified procedure from Prabaharan et al. [173] and Indulekha et al. [174]. NVCL (37.35 mmol), 

MPA (3.278 mmol) and AIBN (0.304 mmol) were dissolved in 25 mL of isopropanol. The reaction 

mixture was bubbled with argon for 30 minutes to remove oxygen. The flask was put in a preheated 

80C oil bath for 8 hours. Following the reaction, the product was precipitated with excess diethyl 

ether and subsequently dried under vacuum. Thereafter, the product was re-dissolved in 25 mL of 

deionized water and was dialyzed in cellulose membrane tubing (molecular weight cut-off 2 kDa) 

against distilled water for 3 days. Finally, the solution was lyophilized to obtain the solid PNVCL-

COOH. Chitosan (0.5 g) was dissolved in 100 mL of 1% acetic acid under uniform stirring. The 
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solution of PNVCL–COOH (0.5 g in 5 mL deionized water) was also prepared and then added to 

the Chitosan solution. A solution of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (0.096 g) 

and N-Hydroxysuccinimide (0.0575 g) in 5 mL of deionized water was subsequently added into 

the reactant mixture dropwise. The reaction was allowed to continue for 8 hours at room 

temperature under constant stirring. Finally, the reaction mixture was purified by dialysis against 

distilled water for 3 days using cellulose membrane tubing (molecular weight cut-off 12 kDa). The 

final product was obtained by freeze-drying.  

 

2.4. Sol-gel Transition Testing and Hydrogel Preparation  

 

Hydrogel formulations and sol-gel transition times were tested using poloxamers PF-31, 

PF-88, PF-108, and PF-237, Gellan gum, and poly-N-vinyl caprolactone (PNVCL). Varying 

concentrations of each chemical component were tested in different combinations using the tube 

inversion method in a 37C bead water bath. Formulations resulting in the fastest sol-to-gel 

transition were chosen to be doped with polyP-45. The formulation chosen to be tested via release 

assay was prepared by dissolving PF-108 in distilled water or polyP-45 solution for 24 hours. 

Gellan gum was subsequently added and allowed to be dissolved for an additional 24 hours. For 

polyP-doped hydrogels, polyP-45 solutions (0.0, 1.0, 2.5, 5.0, and 10.0 mM) were used in place of 

distilled water.  

 

2.5. Release Assay 

 

Hydrogel formulations (with and without polyP-45 doping) were encapsulated inside 

cellulose-based dialysis bags with a molecular weight cut-off (MWCO) of 6-8 kDa. These were 

subsequently placed inside a screw-top plastic container filled with 50 mL of pre-warmed 

phosphate-buffered saline (PBS, Ca2+/Mg2+ free, pH 7.2) at 37C. Each container was incubated 
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and placed on a shaker at 37C. 5 mL samples were collected from each container at time points 

0, 2, 4, 6, 12, 24, 48, 72, 96, and 120 hours; at each time a 5 mL sample was collected, 5 mL of 

fresh PBS was replenished in each compartment. All samples were stored at 4C immediately after 

collection until further processing and analysis. The experiments were repeated three times.   

 

2.6. Quantification of polyP  

 

Stock solutions of polyP-45 were prepared and used to generate a standard curve as 

previously described [39]. 100 L of each collected sample and polyP stock solution was combined 

with 50 L of 10 g/ml DAPI in 10 mM Tris-HCL buffer on Corning solid black flat transparent 

bottom 96-well plates [Cat. No. 3904, Corning®, St. Louis, Missouri, USA]. Fluorescence 

measurements were taken on a Tecan Infinite 200 Microplate Reader at excitation and emission 

wavelengths 358 nm and 407 nm, respectively. The fluorescence read data were transferred to MS 

Office Excel and graphs were plotted to trace the concentration of polyP-45 in the solution at 

each time point.  

 

2.7. Rheological Assessments of Hydrogel Compositions  

 

Prepared hydrogel formulations of increasing polyP-doping (0 mM polyP-45, 1 mM polyP-

45, 5 mM polyP) were inserted into a rough surface Couette flow geometry (cup and bob diameters 

of 18.066 mm and 16.66 mm, respectively). Rheological assessments were undertaken using a 

stress-controlled Physica MCR 501 rheometer (Anton Paar, Graz, Austria). All samples were 

subjected to a shear rate of 1000 s-1 for 60 seconds to remove the history effect by breaking down 

any previously existing networks. A dynamic temperature sweep was performed at 1 rad/s in the 

identified viscoelastic regime at a heating rate of 0.5C/minute in the temperature range between 

25-40C. Additionally, a strain sweep was conducted from 0.1%-1000% with a frequency of 1 
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rad/s at a temperature of 37C to characterize the loss of hydrogel network structure. The storage 

modulus (G’), loss modulus (G”), and related complex viscosity (||) were recorded as functions 

of temperature and time every 30 seconds. Samples were covered with a thin layer of low-viscosity 

mineral oil to prevent water evaporation. 

 

2.8. Scanning Electron Microscopy  

 

Hydrogel formulations doped with the following concentrations 0.0, 1.0, 2.5, 5.0, and 10.0 

mM of polyP-45 were incubated at 37C for 10 minutes before immediately placing in a -80C for 

2 hours. All hydrogel samples were subsequently freeze-dried for 3 days in preparation for 

scanning electron microscopy (SEM). Samples were cleaned using nitrogen gas, and images were 

obtained using a PhenomTM XL Desktop SEM [ThermoFisher Scientific, Saint Laurent, Quebec, 

Canada] at magnifications 1000x, 2500x, 5000x, 10000x, and 15000x with an acceleration voltage 

of 15 kV.  

 

2.9. Cell Adhesion Assay  

 

Approximately 100 L of each hydrogel sample was placed into the wells of a 48-well 

tissue culture-treated plate to fully cover the bottom of each well. Plates were incubated at 37C 

for 10 minutes before cell seeding. MC3T3-E1, RBL-2H3, J774A.1, and hBMMSC cells were 

seeded at a density of 25,000 cells/well in a total volume of 500 L per well. Cells were incubated 

for 24 hours. The media was then collected, the hydrogel was washed with PBS, and the liquid 

was once again collected. Cells found in the collected liquid were subsequently counted with a 

Neuber’s hemacytometer. All cell adhesion experiments were repeated three times with biological 

triplicates.  
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2.10. Cell Viability Assay  

 

Cell viability was studied by staining cells seeded on the polyP-45 releasing hydrogels with 

Live/DeadTM [Cat. No. R37601, Sigma-Aldrich, Oakville, Ontario, Canada]. Approximately 100 

L of the hydrogel formulation was inserted into a 48-well tissue culture-treated plate to fully 

cover the bottom of each well. Plates were incubated at 37C for 10 minutes prior to cell seeding. 

In separate experiments, MC3T3-E1, RBL-2H3, J774A.1, and hBMMSC cells at a density of 

25,000 cells/well in a total volume of 500 L per well. Cells were incubated for 24 hours. The 

media was subsequently removed and washed twice with Ca2+/Mg2+ free PBS. Live/DeadTM was 

then added to each well and incubated for 10 minutes prior to imaging using fluorescence 

microscopy [EVOS M5000, ThermoFisher Scientific, Saint Laurent, Quebec, Canada].  

 

2.11. Ex-vivo Adhesion Testing 

 

Rabbit legs were obtained from a local abattoir and all the soft tissue surrounding the femur 

and tibia were dissected. A 5 mM polyP-45-loaded hydrogel was mixed with 3% (v/v) toluidine 

blue (0.1% in 70% ethanol) to facilitate visualization. The hydrogel was injected onto the bone, 

and inversion trials were undertaken immediately to assess adherence to the bone. Following 

inversion trials, the bone with the hydrogel adhered to it was incubated at  37C for two hours. 

Further inversion trials were undertaken after incubation to assess adherence at physiological 

temperatures.  

 

2.12. Statistical Analysis 

 

All analyses were performed with GraphPad Prism 9.0; one-way or two-way ANOVA 

with Tukey multiple comparison tests were used. All results are expressed as the means  SEM. 
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Significance was set at p  0.05. All experimental procedures were repeated three times with 

biological triplicates.  

 

3.4. Results  
 

3.1. In-vitro polyP-mediated chemotaxis  

 

To characterize the chemotactic effects of polyP on mast cell and macrophage chemotaxis, 

we used analogs of both cell types, RBL-2H3 and J774A.1-TIB-67, respectively. Figure 2A shows 

the migration plots of RBL-2H3 cells within the region of interest. Here the chemoattractant 

gradient was established on the x-axis, with migration in the direction of the negative x-axis 

indicating movement towards the gradient, and migration in the direction of the positive x-axis 

direction indicating movement away from the chemoattractant gradient. Similarly, Figure 2B 

shows the migration plots of cell line J774A.1-TIB-67 within the region of interest with the same 

chemoattractant gradient configuration. The migration plots of both cell lines show the trajectories 

over six hours of live cell imaging within the -Slide chemotaxis chamber.  
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Figure 2: Cellular trajectories in the presence of different polyP-45 concentrations. (A) shows 

migratory plots of mast cell analogue cell line RBL-2H3. (B) shows migratory plots of macrophage 

analogue cell line J774A.1-TIB-67. Control conditions consisted of two chambers filled with plain 

media without the addition of any chemoattractant. Movement to the left of the origin indicates 

movement towards the chemoattractant gradient.  

 

Cell trajectories in Figure 2 were quantified based on center of mass displacement (CoM; 

measured in m) in time segments 2, 4, 6, and 8 hours, cumulatively. At time points 2, 4, 6, and 8 

hours, an applied stem cell factor gradient produced a significant directional RBL-2H3 center of 
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mass displacement when compared to a plain media null control. RBL-2H3 cells showed a dose-

responsive chemotactic effect towards polyP-45 (Figure 3A). The stem cell factor-dependent 

chemotaxis was highly non-uniform as indicated by the Rayleigh test value (p < 0.0001). A 

chemoattractant gradient produced by a polyP concentration of 50 M also resulted in a directional 

RBL-2H3 center of mass displacement towards the polyP gradient compared to the plain media 

null control; this chemoattractant-driven movement was also non-uniform as confirmed by the 

Rayleigh test (p < 0.0001). By contrast, polyP concentrations of 10, 25, and 100 M did not 

produce a significant center of mass displacement when compared to the plain media control, and 

their movement was also non-uniform. (Rayleigh test: p < 0.0001). The J774A.1-TIB-67 cell 

migration is presented in Figure 3B. PolyP-45 gradients with concentrations 10, 50, and 100 M 

did not produce significant center of mass displacement when compared to the plain media control; 

polyP concentrations of 50 and 100 M produced uniform movement (p > 0.05) while 10 M 

produced non-uniform movement (p < 0.05) as indicated by their respective Rayleigh test values. 

Conversely, a polyP concentration of 25 M produced an anti-directional center of mass 

displacement when compared to the plain media control, and its movement was non-uniform (p < 

0.05).  
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Figure 3: (A) shows murine mast cell analogue RBL-2H3 displacement in response to a polyP-45 

chemotactic gradient. (B) shows murine macrophage analogue cell line J774A.1-TIB-67 

displacement in response to a polyP-45 chemotactic gradient. Negative displacement indicates 

movement towards a chemotactic gradient. (**) indicates a movement that is significant (p <0.05) 

with respect to cell movement in the control group over all time points. (*) indicates uniform 

movement (Rayleigh test p > 0.05). Rayleigh test values are statistical values dependent on the 
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uniformity of movement. ‘p’ values < 0.05 suggest non-uniform movement, thus indicating 

directed chemotactic movement. Data presented as mean  SEM.  

 

The speed (m/min) of moving cells in response to varying concentrations of polyP-45 is 

presented in Figure 4. When RBL-2H3 cells were subjected to a polyP gradient (Figure 4A), the 

speed of their movement was significantly increased when compared to the plain media control. 

The maximum cell movement speed was noted when cells were subjected to a 25 M polyP-45 

concentration. Stem cell factor did not significantly increase average cell movement speed in 

comparison to the control plain media. Conversely, the presence of polyP-45 at concentrations of 

10 and 25 M decreased J774A.1-TIB-67 cell movement speed significantly (figure 4B) 

compared to the control plain media; however, when subjected to a polyP-45 concentration of 100 

M, the average speed of cell movement was increased. A polyP concentration of 100 M did not 

significantly alter the cell movement speed.  
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Figure 4: (A) shows RBL-2H3 and (B) shows J774A.1-TIB-67 cell movement speed (m/min) in 

response to different chemoattractants. Data presented as mean  SEM. (*: p < 0.05, **: p < 0.01, 

***: p < 0.001, ****: p < 0.0001)  

3.2. Hydrogel fabrication   

 

In order to develop a hydrogel delivery system for the controlled localized delivery of 

polyP, we selected polymer candidates chitosan-g-PNVCL, poloxamers P-F31, P-F88, P-F108, 

and Gellan gum due to their reported characteristic biocompatibility and thermoresponsive 

behaviour. Accordingly, we tested several combinations of these polymers using the tube inversion 

method (Table 1). Chitosan-g-PNVCL hydrogels up to 5% w/v did not undergo sol-to-gel 

transition. Conversely, chitosan-g-PNVCL combined with Gellan gum underwent a sol-to-gel 

transition in more than five minutes when combined with low concentrations of Gellan gum, and 

immediately formed a hydrogel when combined with high concentrations of Gellan gum. All 

poloxamers at a concentration of 20% w/v underwent sol-to-gel transition: P-F31 and P-F237 did 

so in more than five minutes of incubation while P-F88 did so in approximately two minutes and 

45 seconds, and P-F88 in approximately 30 to 45 seconds. Given their relatively short sol-to-gel 

transition times, P-F88 and P-F108 were selected to be combined with firstly chitosan-g-PNVCL 

and secondly with Gellan gum. The combination of P-F88 (20% w/v) with chitosan-g-PNVCL 

(1.5% w/v) resulted in a slightly shortened sol-to-gel transition time than P-F88 alone, while no 

changes in sol-to-gel transition were observed when P-F108 (20% w/v) was combined with 

chitosan-g-PNVCL (1.5% w/v). Thereon, we combined P-F108 (20% w/v), due to its rapid sol-to-

gel transition, with Gellan gum at concentrations 1%, 2%, and 3% w/v. The combination with  

Gellan gum at a concentration of 1% w/v did not significantly change the transition time, while 

the combination with Gellan gum at concentrations of 2% and 3% w/v yielded a near-immediate 
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sol-to-gel transition. The finalized hydrogel formulation consisting of 20% (w/v) PF-108 and 3% 

(w/v) was chosen as the lead drug delivery candidate for further experiments.  

 

 
 

Table 1: Gelation trials were done at 37ºC through the tube inversion method. Several compounds 

were used including Chitosan-g-PNVCL, poloxamers (P-F31, P-F88, P-F108, P-F237), and Gellan 

gum. Compositions where gel formation at 37ºC is indicated as N/A were hydrogels prior to 
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immersion in a 37ºC water bath. Compositions where sol-to-gel transition is indicated as N/A 

never underwent sol-to-gel transition. 

 

3.3. PolyP release  

 

Previously, we showed polyP with a chain length of 45 phosphate units (polyP-45) to have 

the greatest anabolic effect on chondrocytes [36]. To simulate the release of polyP-45 and 

characterize its release profile from the hydrogel, we employed an open-compartment model drug 

diffusion test over 120 hours (five days) with hydrogels containing five different concentrations 

of polyP-45. The hydrogels consisting of 20% (w/v) PF-108 and 3% (w/v) supplemented with 1.0 

mM and 10.0 mM polyP exhibited a peak in cumulatively available polyP after 48 hours.  In 

contrast, the hydrogels containing 2.5 mM and 5.0 mM polyP showed a peak in cumulatively 

available polyP after 24 hours (figure 5A). The polyP concentration within the diffusion 

compartment exhibited a rapid increase during the initial 24-hour period, which was subsequently 

sustained for a duration of 120 hours. The achievement of maximum concentration occurred at the 

24-hour mark of the diffusion process, except in the case of the hydrogel doped with 1.0 mM 

polyP. The maximum concentration of polyP in the diffusion compartment demonstrated a direct 

correlation with the concentration of polyP present in the hydrogel (Figure 5B).  
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Figure 5: Panel (A) shows polyP-45 concentration in the supernatant in an open-compartment 

model. PolyP concentration external to the hydrogel increases rapidly over the first 24 hours and 

is sustained throughout the evaluated period of five days, with a peak concentration shown at 24 

hours. Panel (B) shows the cumulatively available released polyP over five days. Data presented 

as mean  SEM.   

 

3.4. Hydrogel Characterizations  

 

To characterize the viscoelastic properties of the hydrogel, a temperature and strain sweep 

were undertaken with increasing concentrations of polyP-45 in the hydrogel. The findings of the 

temperature sweep (1 Hz; 25-40 ºC) are shown in Figure 6A. All hydrogels exhibited an increase 

in their viscoelastic moduli as temperature increased, indicating an enhancement of mechanical 

properties. The observed increase can be divided into three distinct regions: (1) an initial phase 

with a moderate and stable increase in both storage (G’) and loss (G”) moduli, (2) a subsequent 

phase characterized by a significant and rapid increase in both moduli and (3) a final phase 

characterized by resolution in the increasing slope of the viscoelastic moduli. The storage modulus 

values of all hydrogels were significantly higher than loss modulus values, indicating the presence 

of an elastic and consolidated hydrogel structure. The hydrogels comprising polyP displayed 

higher G’ and G” values compared to the hydrogel without polyP supplementation. The hydrogel 

doped with 1.0 mM polyP exhibited greater values of G’ and G” compared to the hydrogel 

containing 5.0 mM polyP within the final phase.   
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Figure 6: (A) Temperature sweep of polyP-loaded hydrogels shows doping-dependent elastic 

properties with increasing temperature. (B) Strain sweep shows G’ decreasing and G” modulus 

increasing and intersecting at approximately 40% strain. The intersection of both moduli with 

respect to strain is independent of polyP-doping.  

 

The strain sweep rheological response of the hydrogels is presented in Figure 6B. The hydrogels 

exhibited a viscoelastic region spanning from 0.1% to approximately 10% for all three hydrogels 

whereby all G’ values were larger than G” values. The point at which the hydrogel structure began 

to break down was seen at an estimated critical shear strain of 20%. The point of intersection 

between G’ and G” was seen at around 40% strain inside the within the non-linear viscoelastic 

region, indicating a transition from mostly elastic behaviour to predominantly viscous behaviour.  

Freeze-dried hydrogels containing increasing polyP concentrations were imaged by 

scanning electron microscopy (Figure 7). All hydrogels exhibited similar network structures with 

micro- and nanopores when observed at 5000x magnification. However, observation at higher 

magnification revealed morphological differences between the different hydrogels. Hydrogels 

with lower concentrations of polyP showed considerably larger pores, while hydrogels with higher 

concentrations of polyP revealed smaller pores with a sponge-like network structure.  
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Figure 7: Scanning electron microscopy (SEM) of freeze-dried hydrogel formulations with 

varying polyP-45 doping to observe hydrogel porosity and cross-linking network. Red boxes 

indicate the region of interest on which the magnification was focused.  

 

3.5. Cell viability and adhesion   

 

To assess cell viability and monitor cytotoxicity of the polyP-45 supplemented hydrogel, 

four cell types representing the cells at the fracture site were tested, including MC3T3-E1 (murine 

osteoblasts), RBL-2H3 (murine mast cell analogue), J774A.1-TIB-67 (murine macrophage 

analogue), and hBMMSC (human bone marrow-derived mesenchymal stromal cells), a 

Live/DeadTM assay was employed as shown in Figure 8 (A, B, C, D). The data analyses revealed 

no cytotoxic effects of the hydrogel after 24 hours in culture, and the number of dead cells was 

negligible for all cell types. In addition, the images show the cells adhered to the surface of the 

hydrogel with uniform distribution. The capacity for these cells to adhere to the hydrogel 

containing increasing polyP concentrations was quantified and compared to adherence on standard 

tissue culture plastic (STP) Figure 8 (E, F, G, H). For all cell types, no significant differences 

could be observed between hydrogels containing polyP and STP 24 hours post-seeding (p > 0.05).  
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Figure 8. Cell viability study using LIVE/DEAD with cells (A) MC3T3-E1, (B) RBL-2H3, (C) 

J774A-TIB-67, and (D) hBMMSCs cultured on the hydrogel. Live and dead cells were stained 

green and red, respectively. No cytotoxic effects could be observed after 24 hours of culturing. 

Panels E, F, G, and H show quantification of cell adhesion to the hydrogel supplemented with 

varying concentrations of polyP-45, 24 hours post-incubation. Cell adhesion to the hydrogel was 
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not significantly different from cell adhesion on standard tissue culture plastic (p > 0.05; all 

panels). Data presented as means  SEM.  

 

3.6. Ex-vivo adhesion testing  

 

Rabbit legs were dissected, and the femurs and tibias were excised for ex-vivo hydrogel 

adhesion testing. The polyP-doped hydrogel containing 5 mM of polyP-45 was administered 

through injection onto the bones exhibited strong adhesion to the bony surface, and retained its 

structural integrity, even under rigorous inversion (Figure 9A). Additionally, there were no 

changes to the structural integrity of the hydrogel on the bone after incubation at 37 ºC for two 

hours (data not shown). The polyP-doped hydrogel was also injected onto the articular surface of 

the femoral condyles, and the hydrogel adhered to the cartilage surface and retained its structural 

integrity when subjected to rigorous inversion (Figure 9B, 9C). Similarly, no changes in structural 

integrity could be observed when incubated at 37 ºC for two hours (data not shown).  
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Figure 9. Ex-vivo hydrogel adhesion to the bone. Rabbit femur and tibia were used. The hydrogel 

supplemented with 5 mM polyP-45 was doped with toluidine blue for visualization. The hydrogel 

was able to adhere to the bone after injection, and its structure was retained after rigorous inverting 

(A). Additionally, the hydrogel was injected onto the articular surfaces of the femoral condyles, 

where it was able to retain its shape (B) and remained intact after inversion (C). No changes in 

structural integrity could be observed when incubated at physiological temperatures for up to two 

hours.  
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4. Discussion  
 

 

To our knowledge, this is the first study of its kind to investigate the role of polyP as a 

chemoattractant and immunomodulator of immune cell migration, with an overarching aim of 

developing a controlled-release polyP delivery system to be implanted at the fracture site. The 

ultimate goal of this hydrogel will be to optimally attract immune cells and thereon prevent the 

occurrence of fracture complications. PolyPs are released in substantial quantities at the fracture 

site, and thus maintaining the optimal concentration and chain length at the fracture site may be a 

viable strategy for tissue engineering of bone tissue in a fracture setting. This biodegradable 

hydrogel could also subsequently act as a scaffold for bone-forming cells to migrate and deposit 

bone minerals.  

Bone fractures acute traumatic events that can have adverse hemodynamic effects 

depending on the location, traumatic force, and the type of fracture incurred [175]. The initial 

cellular processes at the fracture site aim at arresting bleeding to preserve the hemodynamic 

equilibrium, and thereon the body’s fracture repair machinery in an orchestrated sequence of 

cellular and molecular events, initiates the process of fracture healing [64]. Platelets during clot 

formation become “activated” and release their intracellular cargo comprised of growth factors, 

cytokines, and chemokines via degranulation [176]. Degranulating platelets also release polyP in 

substantial quantities [11, 168], which play a major role in the process of coagulation [28, 177]. 

Recent studies have also demonstrated the strong immunomodulatory roles of polyP [178, 179]. 

PolyP plays a role in the pro-inflammatory actions of mast cells with polyP of chain lengths similar 

to those released by platelets were found to co-localize with serotonin, but not with histamine, 

indicating a potential role in the regulation of mast cell inflammatory function [13]. We used a 

microfluidic chemotaxis chip and analyzed the data with AI-powered analytical software to 
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conduct qualitative and quantitative assessments of the dose-dependent chemoattractive effects of 

polyP. The murine mast cell analogue RBL-2H3 cells showed a dose dependant center of mass 

(CoM) displacement with the maximal cellular movement at 50 µM concentration of polyP-45 

(Figure 2A & 3A), though the response did not surpass the magnitude of stem cell factor (SCF) 

induced chemoattraction. The cells also showed non-uniform movement, indicating that the 

chemotactic effect for each cell was in part independent of the individual cells under observation. 

Some studies suggest that SCF induces mast cell chemotaxis via PLCγ-mediated production of 

DAG and IP3 [180], whereas other studies report that mast cell chemotaxis is mediated by transient 

receptor potential melastatin 4 channel (TRPM4) calcium channels [181], with both the 

mechanisms releasing intracellular Ca2+ followed by actin rearrangements and chemotactic 

response. This could be a possible mechanism for the polyP-induced mast cell chemotaxis as our 

team has previously shown that polyP causes Ca2+ fluxes and increased intracellular concentrations 

[36]. The speed of the cell migration was maximal at 25 µM and 50 µM (Figure 4A), thus 

indicating that the local charge densities of polyP-45 and its interaction with divalent cations in 

the media solution may play a role as polyP is internalized with Ca2+ when polyP-induced Ca2+ 

fluxes occur [36]. This however needs to be further investigated. Human macrophage analogue 

cell line J774A.1-TIB-67 on the other hand did not show an effective chemotactic response to 

treatment with polyP in the timeframe of investigation, but showed delayed movement between 6-

8 hours timepoint at 100 µM concentration and movement away from the polyP loaded chambers 

at 25µM concentration (Figure 2B & 3B). The speed of cell migration was also very slow and 

comparable to controls in the cumulative experimental observation timeline (Figure 4B). This 

could be due to different mechanisms of action of polyP in macrophages or different macrophage 
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surface receptor morphology, altering the co-translocation of polyP and Ca2+, or alternatively due 

to the electrostatic repulsion and limited space for movement.  

With the demonstration that polyP could direct immune cell chemotaxis, we sought to 

develop a hydrogel polyP delivery system that could release polyP at the fracture site to attract 

immune cells. Given that polyP has a dose-dependent effect, regulated and sustained polyP release 

is necessary to counteract in-situ metabolism and elimination to achieve the desired therapeutic 

effect. Therefore, we tested polymer candidates that had the potential to encapsulate highly 

charged anionic molecules. Thermoresponsive hydrogels are useful due to their temperature-

controlled physical properties, drug release, and minimally invasive applications [134]. Here we 

showed that a composite poloxamer PF-108 hydrogel had the best potential for thermoresponsive 

behaviour and injectability when combined with 1.5% chitosan-g-PNVCL (w/v) or 3% Gellan 

Gum (w/v) (Table 1). Gellan gum is a water-soluble complex polysaccharide and commonly used 

in the food industry, and more recently for tissue engineering purposes [151, 155, 158, 182]. Due 

to the highly liquid texture of P-F108, we exploited the thickening properties of Gellan gum [156], 

in combination with P-F108, to provide structural integrity and malleability, while retaining its 

injectable properties.  

Figure 5 illustrates that the release of polyP is dependent upon the initial doping of polyP 

in the hydrogel formulation. For all tested polyP-containing hydrogel formulations, the 

cumulatively available polyP ranged from approximately 35-50% after 48 hours, and 

approximately 20-40% after 120 hours (Figure 5A). This reveals that a significant proportion of 

encapsulated polyP remains within the hydrogel formulation. Considering the poly-anionic 

structure of polyP, it is not surprising that polyP may have strong interactions with hydroxyl groups 

in the PEO groups of P-F108 and Gellan gum. The decreasing polyP content after 48 hours is 
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attributed to the decreasing polyP concentration within the testing compartment and may partially 

be due to its interaction with degrading hydrogel components, mainly PEO chains of P-F108. The 

in vitro degradation may also be masking the true cumulative release of polyP, and thus polyP 

content could be higher at later time points in the study. Further studies are required to determine 

the reason for diminishing polyP concentration. This release study showed that the concentration 

of polyP outside of the hydrogel could be tuned by altering the initial concentration of polyP within 

the hydrogel (Figure 5B). The observed sustained release of polyP from the hydrogel ensures that 

polyP is available at the site of implantation and coincides with the inflammatory phase of fracture 

healing (up to day 5), where immune cell mediators, including mast cells, play a critical role in 

establishing the inflammatory micro-environment required for optimal fracture healing [79-83, 

183].  

The thermoresponsive behaviour of this hydrogel, attributed to P-F108, is well 

demonstrated in Figure 6. Although the formulation is initially a hydrogel as characterized by its 

initial larger G’ than G” value, as temperature increases, both values increase in magnitude, 

indicating strengthening in the structural network through micellization [148]. The thickening 

properties of Gellan gum likely led to the hydrogel formation at room temperature, while the 

increasing G’ value is due to the thermoresponsive properties of poloxamers. The increase in 

structural integrity at physiological temperatures could provide additional retention of polyP for 

longer-term release and ensure stability in vivo. SEM images of the freeze-dried hydrogel 

formulation reveal a sponge-like porous structure (Figure 7). Given that poloxamers form micelles 

with hydrophobic PPO cores, it is plausible that polyP may navigate through a matrix comprised 

of hydrophilic PEO chains and Gellan gum and therefore released from the hydrogel by diffusion.  
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Poloxamers and Gellan gum are biocompatible materials and are well-established in the 

pharmaceutical and food industries, respectively [149, 151, 184, 185]. Here we tested the 

biocompatibility of the composite formulation with murine and human cell lines (Figure 8A-H) 

The cell type chosen was based on the cells generally involved in the early events of fracture 

healing. All four chosen types of cells tested showed a high percentage of live cells after 24 hours 

of culture on the surface of the hydrogel. This demonstrates the cytocompatibility of the polyP-

releasing hydrogel formulation; the non-exothermic nature of the hydrogel formation reaction also 

facilitates this. This further establishes poloxamer-based hydrogels as a drug delivery and tissue 

engineering tool. 

In developing this polyP-releasing hydrogel, we envisioned it to be malleable, injectable, 

and able to undergo sol-to-gel transition at physiological temperatures. With these properties in 

mind, the hydrogel could be injected into the fracture gap with or without internal fixation and 

would be retained at the fracture site after muscle and skin wound closure. To test whether this gel 

would adhere to bony tissue, we tested its adherence on rabbit femur and tibias by recreating a 

window defect fracture model ex vivo. The adhesion studies showed the hydrogel adhering to the 

uninjured cortical bone tissue following plastering, and to the edges of the cortical bone window 

defect when administered via injection (Figure 9 A-C). Furthermore, upon testing, the hydrogel 

also adhered to the cartilage surface of the knee joint, due to the highly adhesive properties 

associated with Gellan gum [182]. This finding demonstrates the applications of this hydrogel 

could be extended to the treatment of arthritis by acting as an injectable drug delivery vehicle. 

 This novel polyP-releasing hydrogel could improve fracture healing in two ways: 1) by 

enhancing the recruitment and maturation of circulating mast cells at the fracture site [10, 98, 103, 

186] during early fracture healing, leading to the release of growth factors and cytokines that attract 
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other immune cells such as macrophages and neutrophils, and 2) by enhancing the osteogenic 

differentiation of migrating bone marrow mesenchymal stem cells to bridge the fracture gap [12, 

27, 34]. Mast cells are critical regulators of early inflammatory events in fracture healing and 

contain a wide range of pro-osteogenic growth factors and cytokines [96]. They secrete a plethora 

of mediators that enhance angiogenesis via different pathways, particularly through direct 

secretion of VEGF, SCF, TGF, PDGF, EGF, TNF and bFGF, among others [103, 104]. The 

optimal and regulated homing of the immune cells at the fracture site will enhance the migration 

of bone-forming cells and the differentiation of mesenchymal stem cells to form the fracture callus 

[186-188]. Nevertheless, a sustained presence of immune cells can lead to delayed or defective 

healing and an overactive mast cell reaction could result in such an outcome [189, 190]. The 

proposed function of polyP delivery at the fracture site is to enhance the early recruitment of mast 

cells, and thereby increase the concentration of pro-osteogenic mediators at the fracture site, to 

accelerate and enhance healing, and avoid potential complications. This hydrogel was optimized 

to release polyP within five days, coinciding with the inflammatory phase of the fracture healing 

[64], after which polyP release is exhausted and cleared by tissue non-specific alkaline 

phosphatases (TNAP) from circulation. 

 There are however a few limitations to this study. Platelets are known to release a 

wide range of polyP chain lengths; as such, additional chain lengths must be evaluated within our 

hydrogel system and chemotaxis studies. Furthermore, the efficacy of the hydrogel at releasing 

polyP and enhancing fracture repair in vivo still needs to be investigated. We aim to test this as a 

follow-up to this study in a murine femoral unicortical window defect model previously developed 

and validated by our group [9, 10, 191-193]. In addition, the exact mechanism of action of polyP 

in immune cell recruitment still needs to be elucidated. 
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5. Conclusion  
 

In conclusion, we have developed a novel immunomodulatory polyP-releasing 

thermoresponsive poloxamer-based hydrogel system for enhanced fracture applications. The 

hydrogel is tunable, and the amount of polyP doped can be adjusted without significant changes 

to the hydrogel properties. This delivery strategy will optimally enhance the recruitment of 

immune cells during the initial phases of fracture healing to enhance fracture healing and 

circumvent the complications of fracture healing such as non-unions and malunions. This could 

have a significant impact on the quality of life of fracture-bearing patients and reduce the burden 

on the healthcare system.  
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Chapter 4: Discussion 
 

Practical therapeutic approaches for bone tissue regeneration are a rapidly emerging topic 

in the field of orthopaedic research. The development of novel drug delivery devices that bolster 

the body’s capacity for regeneration, as an alternative to the currently inefficient standard of 

practice, are crucially important given the high clinical relevance of non-healing fractures  [194, 

195]. Bone repair comprises a highly ordered sequence of events and depends heavily on the 

interactions between the skeletal system and the immune system, particularly during early stages 

of healing. Despite the ongoing improvements made in therapeutic approaches to non-healing 

fractures, complications remain particularly common in patients with inflammatory disorders 

[165]. In this study, we conceived a novel drug delivery system optimized for in-vivo implantation 

and sustained polyP release at the fracture site. Furthermore, we showed for the first time, to the 

best of our knowledge, that polyP could direct mast cell analog chemotaxis.  

Previously, the finding of polyP in platelet-dense granules led to the discovery of its role 

in pro-inflammatory, hemostatic, and fibrinolytic actions [177]. PolyP of chain lengths similar to 

those released by platelets were found to co-localize with serotonin, but not with histamine, 

indicating polyP may play a role in the pro-inflammatory actions of mast cells [13, 196]. With the 

use of microfluidic chemotaxis chips and AI-powered single-cell tracking, we showed that polyP-

45 could direct mast cell chemotaxis in a concentration-dependent manner. For our studies, we 

used mast cell analog RBL-2H3, a widely used mast cell model [197],  for its ease of culture and 

use in our chemotaxis devices. A polyP concentration of 50 M had the greatest CoM displacement 

when compared to other polyP concentrations, and the only statistically significant CoM 

movement when compared to other polyP concentrations (Figure 3A). This effect was especially 

pertinent after six hours of incubation within the chemotaxis chamber, where a 50 M polyP 
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concentration was not significant to the movement observed when treated with stem cell factor 

(SCF), a known mast cell chemoattractant [198, 199]. Although the mechanism of polyP 

inflammatory modulation is poorly understood, the mechanism by which polyP interacts with mast 

cells could be attributed to G-protein coupled P2Y1 purinergic receptors found on the surface of 

mast cells [200]. These receptors function by inducing calcium transients that activate further 

downstream signal transduction mechanisms. The link between polyP and P2Y1 receptors, as well 

as several findings of polyP action related to calcium signalling [201, 202], further suggest a 

potential interaction between polyP and mast cell P2Y1 receptors through the calcium signalling 

[181]. Alternatively, given the potent ability of mast cells to respond to damage-associated 

molecular patterns (DAMPs) [6, 100, 203], polyP could act as a DAMP and thus trigger a mast 

cell response. Taken as a whole, this finding provides a proof-of-concept basis that polyP can act 

as a chemoattractant for mast cells. Macrophage analogs J774A.1-TIB-67, on the other hand, did 

not demonstrate a chemotactic response towards polyP gradients (Figure 3B). Macrophages, in 

response to polyP treatment, displayed mainly uniform movement, indicating a lack of directional 

movement. Interestingly, a poly concentration of 25 M directed macrophage movement away 

from the polyP gradient with non-uniform motion, indicating a directional displacement. Although 

P2Y1 receptor-encoding mRNA could be detected in human monocytes [204, 205], as well as in 

M1-like pro-inflammatory macrophages, there is limited evidence of functional P2Y1 receptor 

expression in monocyte or monocyte-derived cells [206]. This could explain the lack of response 

to polyP treatment; however, further investigations into the mechanism of action of polyP are 

required.  
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The treatment of polyP had a gradually increasing effect on the mast cell average speed of 

movement (Figure 4A). All tested polyP concentrations had a statistically significant increase in 

average speed when compared to plain media control. Although stem cell factor had the greatest 

impact on directional cell movement, its treatment did not have a significant effect on the average 

speed of cell movement. Macrophages showed a different trend where lower concentrations of 

polyP slowed the average speed (10 M, 25 M) whereas higher concentrations increased the 

average speed (50 M) (Figure 4B). Cell surface electrostatic repulsion could contribute to the 

increases in average cell speed observed with mast cells. A similar phenomenon was previously 

observed in the context of myelin membrane adhesion [207] and in T cell receptor signalling [208]. 

This however does not explain the slowing of macrophage average speed. The baseline average 

speed of moving macrophages is higher than that of mast cells (Figure 4), and higher than the 

increased speed of mast cells after polyP treatment. The high baseline speed of movement of 

macrophages could therefore be slowed as a consequence of electrostatic repulsion and a limited 

space for movement, as seen with polyP treatment at concentrations 10 M, and 25 M (Figure 

4B). The increased speed of movement seen with a treatment of 50 M polyP could be due to the 

overcoming of a concentration threshold, where the increased negative charge density results in a 

slightly increased macrophage average speed of movement. This however does not explain the 

unaffected speed of cell movement when treated with 100 M polyP.  

Figure 5 demonstrates that the release of polyP is dependent upon the initial doping of 

polyP in the hydrogel formulation. For all tested polyP-containing hydrogels, the cumulatively 

available polyP ranged from approximately 35-50% after 48 hours, and approximately 20-40% 

after 120 hours (Figure 5A). This reveals that a significant proportion of encapsulated polyP 

remains within the hydrogel formulation. Considering the poly-anionic structure of polyP, it is not 
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surprising that polyP may have strong interactions with hydroxyl groups in the PEO groups of P-

F108 and Gellan gum. The decreasing polyP content after 48 hours is attributed to the decreasing 

polyP concentration within the compartment and may partially be due to its interaction with 

degrading hydrogel components, mainly PEO chains of P-F108. The in-vitro degradation may also 

be masking the true cumulative release of polyP, and thus polyP content could be higher at later 

time points in the study. Further studies are required to determine the reason for diminishing polyP 

concentration. This release study showed that the concentration of polyP outside of the hydrogel 

could be tuned by altering the initial concentration of polyP within the hydrogel (Figure 5B). The 

observed sustained release of polyP from the hydrogel ensures that polyP is available at the site of 

implantation, and coincides with the inflammatory phase of fracture healing, where immune cell 

mediators, including mast cells, play a critical role in establishing the inflammatory micro-

environment required for proper healing [97, 98, 187]. Therefore, attracting mast cells during this 

period is paramount to have the desired mast cell-derived therapeutic effect.  

The thermoresponsive behaviour of this hydrogel, attributed to P-F108 [209], is well 

demonstrated in Figure 6. Although the formulation is initially a hydrogel, as characterized by its 

initial larger G’ than G” value, as temperature increases, both values increase in magnitude, 

indicating strengthening in the structural network through micellization [148]. The thickening 

properties of Gellan gum likely led to the hydrogel formation at room temperature, while the 

increasing G’ value is due to the thermoresponsive properties of poloxamers. The increase in 

structural integrity at physiological temperatures could provide additional retention of polyP for 

longer-term release and ensure stability in vivo. SEM images of the freeze-dried hydrogel 

formulation reveal a sponge-like porous structure (Figure 7). Although the desiccated form of the 

hydrogel does not reveal an accurate depiction of the structure of the hydrogel [210, 211], it 
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provides insights into how the polyP is encapsulated into the hydrogel and subsequently released. 

Given that poloxamers form micelles with hydrophobic PPO cores, it is plausible that polyP may 

navigate through a matrix comprised of hydrophilic PEO chains and Gellan gum and therefore 

released by diffusion.  

In this study, we showed the biocompatibility of our composite formulation in Figure 8A, 

B, C, and D. All four types of cells tested were alive after 24 hours of culture on the surface of the 

hydrogel. No cytotoxic effects could be observed. The lack of dead cells in this Live/DeadTM 

staining could be attributed to the washing of dead cells in preparation for imaging. Further studies 

are required to assess long-term viability and to assess the potential for cell proliferation on the 

surface of the hydrogel.  Cell adhesion to the hydrogel was not significantly different from plasma-

treated tissue culture plastic (Figure 8E, F, G, H). Some variation in adhesion was observed with 

RBL-2H3 cells with hydrogels with different polyP-doping (Figure 8E) but remained consistent 

for other cell types. Ex-vivo adhesion studies revealed the hydrogel adhered to bony tissue after 

injection or plastering of the hydrogel. Furthermore, the hydrogel adhered to the cartilage surface 

of the knee joint, demonstrating its highly adhesive properties linked to Gellan gum [158]. 

Additionally, the hydrogel could be plastered into a unicortical femoral defect window and formed 

a uniform surface with neighbouring cortical bone (data not shown). This adhesive property is 

necessary for the polyP to be delivered at the site of implantation and to maximize local therapeutic 

action.  

This novel polyP-releasing hydrogel could improve fracture healing in 2 ways: 1) by 

enhancing the recruitment of mast cells to the fracture site [97, 103] during early fracture healing 

and 2) by enhancing the osteogenic differentiation of mesenchymal stem cells [27, 34]. As 

previously stated, mast cells are critical regulators of early inflammatory events in fracture healing 
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[98] and contain a wide range of pro-osteogenic growth factors and cytokines [103]. Mast cells 

secrete many mediators that enhance angiogenesis through different pathways, particularly 

through direct secretion of VEGF, SCF, TGF, PDGF, EGF, TNF and bFGF, among others [96, 

103, 171, 212]. Furthermore, they influence angiogenic processes through the recruitment of 

macrophages and other immune cells [187, 188], and secrete a variety of proteases that degrade 

connective tissue matrix to provide the means for new vessel formation, and thereby promote tissue 

regeneration [186]. Accordingly, stimulation of neo-vascularization through localized mast cell-

based immunotherapy could be used to treat or prevent non-healing fractures, including non-

unions and delayed unions. Nevertheless, the sustained presence of immune cells can lead to 

delayed or defective healing and an overactive mast cell reaction could result in such an outcome 

[190, 213]. The proposed function of polyP delivery is to enhance the early recruitment of mast 

cells, and thereby the concentration of pro-osteogenic mediators at the fracture site, to accelerate 

and improve healing, and circumventing potential complications. As previously stated, this 

hydrogel was optimized for polyP release within five days, coinciding with the inflammatory phase 

of fracture healing [214]. Therefore, an overactive mast cell reaction is not suspected after this 

period as demonstrated by our polyP release profile study (figure 5). The application of this 

hydrogel will be tested in an in-vivo murine model of unicortical femoral defect previously 

developed by our group [9, 10, 191-193]  

As previously mentioned, injectable hydrogels are attractive choices because of their 

capacity to administer therapeutic agents like drugs or bioactive compounds aimed at tissue 

regeneration. In this context, these injectable hydrogels offer a minimally invasive alternative to 

implant surgery by effectively filling irregularly shaped bone or cartilage defect sites. Bone defects 

and fractures constitute the primary focal points within the realm of bone tissue engineering 
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inquiries. Defects may arise from various sources such as trauma, infections, tumour resection, or 

skeletal abnormalities. Notably, the repair of bone defects relies heavily on the extracellular 

matrix, facilitating signal transduction and material exchange between regenerated tissue and the 

original bone structure [215]. In mimicking the structure of the extracellular matrix, the 

composition of hydrogels presents an opportunity to effectively replicate its functionality. As such, 

hydrogels offer inherent advantages as scaffolds fostering the formation of new bone tissue, 

exhibiting significant promise in expediting bone synthesis to address these defects [136]. 

Fractures, conversely, frequently occur due to substantial force or pressure exerted upon the bone. 

While many fractures can heal without surgical intervention, complex fractures often exhibit poor 

recovery and frequently necessitate surgical repair [216]. Within contemporary orthopaedic 

practice, the burgeoning interest in utilizing injectable hydrogels during open reduction and 

internal fixation procedures for bone healing underscores their burgeoning therapeutic potential. 

However, the practical application of these hydrogels in such treatments represents a multifaceted 

approach demanding meticulous preparation and precise execution. The pliable and adherent 

nature of our hydrogel formulation presents a promising avenue for addressing bone fractures and 

defects necessitating both surgical and non-surgical interventions. This formulation's adaptability 

makes it suitable for immediate application following a fracture due to its optimized polyP release 

profile, strategically designed to coincide with the inflammatory phase of fracture healing, thereby 

exerting a polyP-mediated immunomodulatory effect. Particularly noteworthy is its potential 

preventive role in patients with predisposing conditions like diabetes, osteoporosis, and other 

metabolic diseases, aiming to prevent the occurrence of non-union or malunion. Moreover, in cases 

where compromised blood supply or impaired angiogenesis is anticipated, such as in diabetic 

patients [217], the enhanced recruitment of mast cells to the fracture site via polyP release holds 
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promise for therapeutic benefits. Therefore, this hydrogel could be used pre-emptively with 

patients with such pre-disposing conditions. However, further in vivo investigations are required 

to ascertain these potential benefits. For non-displaced fractures, not necessitating surgical 

intervention, the application of the hydrogel via injection around the fracture site stands as a viable 

approach. Conversely, in cases requiring open reduction, direct access allows for the application 

of the hydrogel within the fracture site following internal fixation. In the context of fracture 

defects, the hydrogel not only functions as an immunomodulator but also serves as a scaffold for 

facilitating the migration of bone-forming cells, thereby enhancing the efficient bridging of 

fractured ends. This combined approach of employing the hydrogel in conjunction with fixation 

devices serves a dual purpose: providing stability to fracture fragments while fostering an 

environment conducive to bone healing and integration. Despite considerable strides in leveraging 

hydrogels for bone healing, several challenges persist. The delicate balance between mechanical 

strength and degradation kinetics, the augmentation of regenerative potential, and the refinement 

of application methodologies warrant focused attention in further studies. The intricate nature of 

employing hydrogels to enhance bone healing underscores the importance of considering specific 

fracture patterns and patient characteristics to delineate the most efficacious clinical 

implementation techniques.  

Platelet-rich plasma (PRP) constitutes a regenerative treatment that has gained immense 

popularity in a wide array of medical applications including orthopaedic sports medicine, 

aesthetics and dermatology [218, 219]. PRP is derived from a patient’s blood and contains 

concentrated amounts of platelets, growth factors and other mediators that may promote tissue 

repair and regeneration [220]. Platelet counts normally range in blood from 150 000/L to 350 

000/L, whereas PRP injections associated with enhanced healing can contain counts of more than 
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1 000 000/L [220]. Its primary goal is to stimulate the body’s own healing process, mainly 

through recruitment, proliferation and differentiation of cells involved in the regenerative process, 

including immune cells [221].  Interestingly, PRP promotes the expression of osteogenic markers 

alkaline phosphatase (ALP) and OC [222], as well as chondrogenic markers in MSCs [223, 224]. 

Although its current regenerative action is attributed to growth factors TGF-, insulin-like growth 

factor (IGF), bFGF, VEGF, and platelet-derived growth factor, its specific mechanism of action is 

yet to be well characterized [27, 225]. Taking into account the very high content of polyP in 

platelet-dense granules [22, 170] and the similar physiological effects associated with polyP, it is 

reasonable to suggest polyP may play a significant role in the therapeutic benefits of PRP. As 

ongoing investigations continue to uncover the potential of polyP, our polyP-releasing hydrogel 

could potentially serve as a new treatment modality with similar effects to PRP.  
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Chapter 5: Summary and Conclusion 
 

In conclusion, this composite polyP-releasing biomaterial has the potential to enter the emerging 

field of bioactive hydrogels for fracture healing applications. As shown, polyP can direct mast cell 

chemotaxis, which are key players in early fracture healing and could be targeted through polyP 

delivery to promote healing; however, macrophages did not show directional movement towards 

polyP. This potentially suggests a new role for polyP in the initial fracture healing cascade. 

Additionally, not only could polyP provide the metabolic fuel, but polyP released from the 

hydrogel could enhance the osteogenic differentiation of bone-resident mesenchymal stem cells as 

previously shown in other studies. Ultimately, this study has validated this novel material for pre-

clinical in-vivo studies of fracture healing and could aid in improving clinical outcomes and 

reducing clinical strain.  
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