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ABSTRACT 

Osteoarthritis is a degenerative joint disease which affects the entire joint; however, one of its 

hallmarks is the progressive degeneration of the articular cartilage layer. Patients suffering from 

osteoarthritis exhibit chronic pain, stiffness, and a decreased range of motion, greatly affecting 

their quality of life. No drugs have been approved to stop the progression of osteoarthritis and 

focus solely on the management of symptoms. This is partly due to the challenges in delivering 

drugs to afflicted joints, and specifically to cartilage due to its lack of vasculature. While intra-

articular injection holds promise for the local administration of drugs, small molecules are rapidly 

cleared from the synovial fluid. As a result, there is a need to develop effective drug delivery 

strategies to improve residence times in the joint to elicit a sustained therapeutic effect. Previous 

studies identified polyphosphate as a pro-anabolic molecule, promoting glycosaminoglycan and 

collagen accumulation in cartilage constructs. Therefore, polyphosphate may be a therapeutic of 

interest to address the degeneration of articular cartilage in patients suffering from osteoarthritis. 

In this study, calcium-polyphosphate and strontium-polyphosphate particles were synthesized and 

characterized as a potential drug carrier into articular cartilage. Physicochemical characterization 

revealed that the particles exhibit a spherical morphology, have a negative zeta potential, and are 

nanoscale in size. Biological characterization in chondrocytes confirmed cellular uptake of the 

particles and demonstrated a size and concentration-dependent cytotoxicity at high concentrations. 

Furthermore, treatment of chondrocytes with these particles resulted in a reduction in metabolic 

activity and cell proliferation, confirming biological effects. Preliminary studies using cartilage 

explants suggest that the particles can penetrate and be retained in cartilage tissue. Therefore, from 

the results obtained within this study, the polyphosphate-based particles may be a potential drug 

delivery strategy for delivery into articular cartilage.  
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RÉSUMÉ 

L'arthrose est une maladie articulaire dégénérative qui touche l'ensemble de l'articulation, 

caractérisée principalement par la détérioration progressive de la couche de cartilage articulaire. 

Les patients souffrant d’arthrose présentent des douleurs chroniques, des raideurs articulaires et 

une diminution de l’amplitude de leurs mouvements, affectant considérablement leur qualité de 

vie. Aucun médicament n’a été approuvé pour arrêter la progression de l’arthrose et la gestion des 

symptômes. Cela est causé en partie par les difficultés rencontrées durant l’administration des 

médicaments aux articulations touchées, plus particulièrement aux tissus cartilagineux, en raison 

de l’absence de vascularisation. Alors que l'injection intra-articulaire est prometteuse pour une 

administration locale de traitement, les molécules thérapeutiques sont toutefois rapidement 

éliminées du liquide synovial. En conséquence, il est nécessaire de développer des stratégies 

efficaces pour l’administration de ces médicaments question d’améliorer les temps de rétention 

dans l'articulation pour un effet thérapeutique soutenu. Des études antérieures ont identifié le 

polyphosphate comme une molécule pro-anabolique favorisant l'accumulation de 

glycosaminoglycane et de collagène dans les constructions cartilagineuses. Par conséquent, le 

polyphosphate peut être une thérapie d'intérêt pour traiter la dégénérescence du cartilage 

articulaire. Dans le cadre de cette étude, des particules de polyphosphate de calcium et de 

polyphosphate de strontium ont été synthétisées et caractérisées comme transporteurs potentiels 

de médicament dans le cartilage articulaire. La caractérisation physicochimique de ces particules 

a révélé une morphologie sphérique, un potentiel zêta négatif et une taille de ces particules à 

l’échelle du nanomètre. La caractérisation biologique dans les chondrocytes a confirmé 

l'absorption cellulaire des particules et a su démontrer une cytotoxicité dépendante de leur taille et 

de leur concentration, et ce, lorsqu’administrés à des concentrations élevées. De plus, le traitement 
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des chondrocytes avec ces particules a entraîné une réduction de l'activité métabolique et de la 

prolifération cellulaire, confirmant les effets biologiques désirés. Des études préliminaires utilisant 

des explants de cartilage suggèrent que les particules peuvent pénétrer et être retenues dans le tissu 

cartilagineux. Par conséquent, d'après les résultats obtenus en accord avec l’étude présente, les 

particules à base de polyphosphate pourraient constituer une stratégie potentielle d'administration 

de médicament dans le cartilage articulaire. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Purpose and Objectives 

Articular cartilage (AC) is the connective tissue responsible for the transmission of mechanical 

forces and allows for smooth articulation of the joint. As AC has poor regenerative capabilities, 

this makes clinical interventions necessary upon damage or disease. For example, osteoarthritis 

(OA) is a degenerative joint disease affecting almost 5 million Canadians, and while the disease 

affects the entire joint, one of its hallmarks is the progressive degeneration of AC. Patients 

suffering from OA experience chronic pain, stiffness, and a decreased range of motion, which can 

greatly affect their quality of life. Currently, no therapies have been approved to stop or reverse 

the progression of OA, with current strategies focusing solely on the management of symptoms. 

While surgical interventions exist, these typically provide limited and temporary relief, and a total 

joint replacement may ultimately be required once the disease has progressed towards its end-

stage. The lack of effective drug therapies is in part due to the many challenges in the delivery of 

drugs to afflicted joints, and specifically to articular cartilage due to its lack of vasculature. While 

intra-articular injection can be effective for the local administration of drugs, small molecules are 

rapidly cleared from the synovial fluid, often in a matter of hours to days. This scale of joint 

residence time is at odds with the timeframe for disease progression of years to decades. Therefore, 

there is a need to develop disease-modifying OA drugs which can stop or reverse the progression 

of OA, that can also be sufficiently maintained in the joint at therapeutic concentrations to exert 

both a positive and sustained effect. This may be achieved by nanoparticle-based carriers, which 

are small enough in size to penetrate into the cartilage tissue to effectively deliver the drug, while 

also being shielded from clearance. Previous studies identified polyphosphate (polyP) as a pro-
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anabolic molecule, promoting extracellular matrix accumulation in chondrocytes. Therefore, 

polyP may be of interest as a potential therapeutic molecule to reverse the degeneration of AC in 

patients suffering from OA. 

In this study, calcium-polyphosphate (Ca-polyP) and strontium-polyphosphate (Sr-polyP) 

particles were synthesized and characterized as a potential drug delivery strategy to help carry and 

retain polyP into AC. This thesis will discuss work related to five main objectives: 

 

1. Synthesis and physicochemical characterization of polyphosphate-based particles 

2. Determination of the effects of environmental factors on particles 

3. Identification of cationic surface coatings to induce a positive surface charge 

4. Biological characterization of interactions between the particles and chondrocytes, as well 

as cartilage tissue explants 

5. Evaluation of polyphosphate-based particles for cartilage tissue engineering 

 

1.2 Organization of Thesis 

This thesis is divided into six chapters. Chapter 2 will provide a review of the relevant literature 

pertaining to drug delivery strategies into the joint. Chapter 3 highlights all the relevant methods 

utilized within the project. Chapter 4 presents all the results obtained within this study, followed 

by a discussion with comparisons to previous studies. Chapter 5 provides the key conclusions 

obtained from the study and discusses both ongoing and potential future directions for the 

improvement and continuation of this project. Finally, Chapter 6 briefly highlights additional work 

performed in collaboration with other groups during the completion of this thesis.  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Articular Cartilage 

Articular cartilage (AC) is the connective tissue that covers the articulating ends of bones. It is 

responsible for the transmission of mechanical loads, and provides a smooth, lubricated surface to 

facilitate movement of the joint. Importantly, AC is an aneural and avascular tissue, and processes 

such as nutrient uptake and communication with other tissues through signaling molecules would 

rely on diffusion but may also facilitated by compressive forces that act on AC [1]. 

 

2.1.1 Composition 

AC is comprised of a dense extracellular matrix (ECM) composed primarily of both collagens and 

proteoglycans, in addition to non-collagen proteins and water. Chondrocytes are the resident cell 

type in AC, and account for about 1 – 5% of the volume of AC depending on age and location [2]. 

The primary function of chondrocytes is in the maintenance of cartilage tissue, through synthesis 

and remodelling of the ECM to withstand the mechanical forces exerted on the tissue, as well as 

to adapt to changing demands of the tissue [3]. 

Collagen accounts for approximately 60 – 70% of the dry weight of AC. Collagen type II, 

IX, and XI are cartilage-specific [4], with type II being the most abundant in AC, constituting 

about 90 – 95% of the collagens in the ECM [1]. In addition, numerous other minor collagens are 

also present in healthy AC, including types III, IV, V, VI, IX, X, XI, XII, XIII, XIV, XVI, XXII, 

and XXVII [1,5–8]. Collagen type II self-assembles into crosslinked, fibrillar networks which 

provides the framework of the ECM and endows the tissue a high tensile strength [9]. 
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 Proteoglycans account for approximately 30% of the dry weight of AC. Aggrecan is the 

predominant proteoglycan in AC, occurring as proteoglycan aggregates within the interfibrillar 

space of the ECM, where numerous aggrecan molecules interact directly with a central hyaluronic 

acid via a link protein. The core protein of aggrecan is decorated with many glycosaminoglycan 

(GAG) chains, including keratin sulfate and chondroitin sulfate [10]. These GAGs are negatively 

charged, which provides AC with a highly fixed negative charge. Of importance, GAGs induce a 

large osmotic swelling pressure due to the abundance of cations such as Na+, which balance the 

negative charge of GAGs. As these proteoglycan aggregates are embedded within the matrix, this 

causes water to be drawn into the tissue, resulting in swelling which contributes to its high 

resistance to compressive loads [11]. Meanwhile, the collagen networks counteract this swelling 

effect through elastic forces [12]. As a result, cartilage tissue has a high water content with the 

fluid phase accounting for about 80% of the total wet weight [1]. 

 

2.1.2 Zonal Organization 

AC is an anisotropic tissue consisting of a depth-dependent, zonal architecture that may be divided 

into four main zones – the superficial zone, mid zone, deep zone, and the zone of calcified 

cartilage. The collagen fibre orientation varies in each zone and contributes to the mechanical 

properties required for the function of cartilage tissue. In the superficial zone, the fibers are aligned 

parallel to the surface which enhances its resistance to shear stress, while the fibers are oriented 

more randomly in the mid zone and perpendicular to the tissue surface in the deep zone, which 

allows for the tissue to withstand compressive forces [13,14]. Additionally, proteoglycan content 

increases at greater depths, however due to an increase in collagen fibre thickness at greater depths, 

this also leads to lower water content [1]. 



5 

 Chondrocytes also exhibit different depth-dependent phenotypes [15]. In the superficial 

zone, chondrocytes are elongated, oriented parallel to the surface, and are most densely populated. 

These cells produce lubricin, a proteoglycan which aids in lubrication and contributes to smooth 

articulation at the surface [16]. Meanwhile, the mid zone cells are spherical and more sparsely 

populated. Both the superficial and mid zone chondrocytes are responsible for synthesizing ECM 

[17]. Lastly, deep zone chondrocytes typically exist in clusters, forming columns perpendicular to 

the surface and parallel to the collagen fibre orientation. These chondrocytes are terminally 

differentiated, actively synthesizing collagen X and play a role in modulating calcification of 

cartilage at the interface with subchondral bone [17,18]. 

 

2.1.3 Extracellular Matrix Metabolism 

Chondrocytes are presented with numerous challenges related to ECM synthesis and deposition. 

As AC lacks vasculature, this creates an environment with reduced access to nutrients and oxygen 

required for metabolic processes. Furthermore, the low cellularity of the tissue limits the amount 

of ECM that may be synthesized in a tissue. In fact, the half-life of GAGs can be over 2 years [19], 

while proteoglycan turnover may take up to 25 years [20]. Meanwhile the half-life of collagen type 

II is estimated to be between 100 – 400 years [20]. Therefore, chondrocytes must be able to 

maintain a fine balance of both anabolic and catabolic processes for supporting the long-term 

integrity of cartilage tissue. 

 

2.2 Osteoarthritis 

Osteoarthritis (OA) is a degenerative joint disease that involves changes in AC, the subchondral 

bone, synovial capsule, synovium, ligaments, and periarticular muscles, and is estimated to affect 
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250 million people worldwide [21]. While OA afflicts all tissues of the joint, one of the major 

hallmarks of OA is the progressive degeneration of AC, causing patients suffering from OA to 

experience chronic pain, stiffness, and a decreased range of motion, which can greatly affect their 

quality of life. The most prominent risk factors include age and obesity, but may involve a 

combination of factors including sex, genetics, and joint trauma [21]. Therefore, OA is considered 

to be both a multi-factorial and heterogeneous disease, with multiple underlying issues capable of 

leading to degeneration of the overall joint (Figure 2.1). The pathogenesis of OA has been revealed 

to be very complex, and consequently, early events of OA have yet to be well established fully, 

resulting in difficulties in early detection and interventions at points where disease progression 

may potentially be stopped or even reversed. 

 

2.2.1 Dysregulated Metabolism in Articular Cartilage 

Early observations of OA-afflicted AC include fibrillation of the superficial zone, swelling, and 

thickening of cartilage tissue [22]. Pathological signals from aging, inflammation, or trauma, result 

in an altered chondrocyte phenotype, whereby they form clusters of cells through proliferation and 

become hypertrophic. This negatively alters the amount and composition of ECM synthesized, 

resulting in ECM of poorer quality. In OA, proteoglycan content is markedly reduced through 

catabolic enzymatic activity, resulting in a decrease in the compressive strength of cartilage tissue, 

which alters the mechanical cues experienced by chondrocytes [23,24]. Furthermore, denaturation 

and loss of collagen type II is also observed in OA. In an attempt to repair the cartilage tissue, both 

proteoglycan and collagen synthesis is upregulated by chondrocytes in early stages of OA, but 

these new ECM components fail to appropriately repair the tissue [25]. Furthermore, while 

collagen synthesis increases, the composition of collagen also differs. Collagen type II is the native 
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Figure 2.1 – Pathological changes in osteoarthritis. Dysregulation of biological pathways in osteoarthritis ultimately leads to structural 
changes of the joint, including the degeneration of cartilage, tissue hypertrophy, vascular invasion, and bone remodeling. Figure obtained 
from Hunter and Bierma-Zeinstra (2019) [21]. 
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and major form of collagen in cartilage, but it becomes increasingly replaced with collagen type I, 

which is not normally present in healthy cartilage and is a factor associated with OA [26]. In fact, 

collagen type II contains higher levels of moieties that mediate interactions with proteoglycans, 

and the loss of collagen type II for type I disrupts the overall ECM network [23,24]. Along with 

the loss of proteoglycan content, these changes in the structure and composition of the ECM further 

facilitate degradation of the tissue due to a loss of mechanical integrity leading to an inability to 

properly sustain mechanical loads. 

In addition to changes in anabolic processes, catabolic processes are also dysregulated in 

OA. The progression of OA can be linked to inflammation of the joint. Interleukin-1b (IL-1b) and 

tumour necrosis factor (TNF) are key proinflammatory cytokines involved in OA, with IL-1b 

being implicated in cartilage degradation and TNF driving the inflammatory response. Both of 

these cytokines are upregulated in OA, and result in the dysregulated expression and activity of 

matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTSs), which are proteases involved in the catabolism of ECM [27]. Major MMPs 

of interest include MMP-1, MMP-3, and MMP-13, however MMP-13 is the most highly expressed 

in OA and is primarily responsible for the degradation of the collagen networks, and in particular 

collagen type II [28]. Likewise, ADAMTS-4 and ADAMTS-5 are aggrecanases that are induced 

by these cytokines [27,29]. 

 

2.2.2 Surgical Treatments 

Due to the avascular nature of AC, its self-repair properties are very poor. Superficial lesions, such 

as fibrillations of the superficial zone observed in OA, will not heal spontaneously and instead will 

become increasingly damaged over time [30]. However, spontaneous repair may occur if the lesion 
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reaches into the subchondral bone, a type of damage termed as a full-thickness defect, where bone 

marrow-derived cells are able to populate the defect and form a fibrocartilage clot [30]. While AC 

is a specialized form of hyaline cartilage enriched with collagen type II, fibrocartilage is composed 

primarily of collagen type I and has a lower proteoglycan content, making it both mechanically 

and functionally inferior. Current surgical strategies focus on repairing small defects to reduce 

further degeneration of the tissue (Figure 2.2, a). Due to these limitations, early interventions are 

required. However, once the disease progresses towards its end-stage, total joint replacement will 

ultimately be required for successful outcomes. 

To induce spontaneous repair, the defect is debrided followed by the removal of the 

calcified cartilage tissue (Figure 2.2, b). Microfracture is then performed, in which perforations 

are created on the subchondral plate, leading to the formation of a blood clot inside the cartilage 

defect and enhancing the migration of mesenchymal stem cells from bone marrow to the site of 

injury (Figure 2.2, c) [31,32]. As discussed, this leads to the formation of mechanically inferior 

fibrocartilage. While good clinical outcomes are observed in the short term, treatment is expected 

to fail for many patients after 5 years post-operation [33]. 

 Osteochondral autografts may also be performed, where osteochondral plugs are harvested 

from the low weight-bearing distal femur. Due to using mature tissues, these grafts are capable of 

bearing loads early in the postoperative stage, leading to faster recovery. However, with limited 

availability of graft sites, this option is reserved for very small defects [32]. Meanwhile, allografts 

can be of great interest, given that cartilage is considered to exhibit immune privilege due to its 

lack of vasculature. However, bone is also transferred which is not immune privileged, and issues 

with disease transmission may exist. Nonetheless, allografts circumvent the restrictions in using 

autologous tissue due to minimal donor tissue availability and would require only a single surgery 
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Figure 2.2 – Cartilage regeneration techniques. (A) Full thickness cartilage defects undergo (B) debridement to facilitate integration 
of new tissue. This may be followed by techniques including (C) microfracture, (D) autologous chondrocyte implantation, or (E) matrix-
induced autologous chondrocyte implantation to repair the cartilage lesion. Figure obtained from Makris et al. (2014) [31]. 
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[34]. Osteochondral autografts exhibited successful outcomes in 72% of patients after a mean 

follow-up of 10.2 years [35], while allografts similarly had a survival rate of about 79% at 10 years 

[36]. 

 Tissue engineering strategies may also be applied for the repair of AC lesions. Autologous 

chondrocyte implantation (ACI) is a cell-based technique in which healthy chondrocytes from the 

patient are harvested from a low weight-bearing region of AC and propagated in vitro. These cells 

may then be reimplanted in the debrided lesion and covered by a membrane (Figure 2.2, d). ACI 

can be preferred to osteochondral autografts due to requiring less tissue from the donor site [31]. 

Similarly, matrix-induced autologous chondrocyte implantation (MACI) instead cultures the cells 

onto a collagen-based membrane which may then be implanted (Figure 2.2, e), offering benefits 

such as more ease of use, and reducing dedifferentiation of the chondrocytes due to 3D culture 

conditions [31]. However, both of these methods are quite costly due to the multi-step process, 

especially with laboratory cell culture requirements for chondrocyte propagation. Furthermore, the 

outcomes of ACI are comparable to microfracture for small defects, while MACI may be superior 

for larger defects [31]. 

 

2.2.3 Pharmacological Therapeutics 

Ideally, OA could be treated prior to necessitating the use of invasive surgical treatments to induce 

tissue repair and ultimately avoid total joint replacement. However, there are currently no disease-

modifying OA drugs (DMOADs) that have been approved for use in the clinic, and this is likely 

in part due to the complexities and multifactorial nature of OA, leading to an incomplete 

understanding of the pathogenesis of the disease. As a result, current pharmacological treatments 

focus solely on the management of symptoms to improve the quality of life, in particular by 
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reducing pain and inflammation of the joint. This is often achieved by analgesics such as 

acetaminophen (and rarely opioids such as tramadol), as well as nonsteroidal anti-inflammatory 

drugs (NSAIDs) including ibuprofen, naproxen, diclofenac, and celecoxib [37]. Duloxetine, a 

serotonin-norepinephrine reuptake inhibitor, is also used as a second-line treatment for pain relief 

in OA [38]. These pharmacological treatments are often administered along with conservative 

treatment recommendations, which may include weight loss and exercise regimens. Meanwhile, 

efforts are being made for the development of DMOADs, of which there are many potential targets, 

including cartilage metabolism, bone remodelling, and the synovial inflammation. Of particular 

interest is the inhibition of ECM proteases, such as MMP-13 and ADAMTS-5 via small-molecule 

inhibitors or neutralizing antibodies. Conversely, studies have also been performed to stimulate 

cartilage repair by delivery of fibroblast growth factor 18 (FGF18) and transforming growth factor-

b (TGFb) [38]. 

 

2.3 Drug Delivery Strategies 

As AC is an avascular tissue, the systemic administration of drugs is ineffective for treatments that 

target specifically this tissue, as it relies solely on entry from the capillaries of the synovium into 

the joint. These capillaries are fenestrated, allowing small molecules to exit freely, but diffusion 

into the joint is mainly impeded by the ECM of the synovium. Meanwhile, the endothelial lining 

acts as a sieve, limiting the rate of passage for larger molecules [39]. Consequently, local 

administration of drugs into the joint would circumvent these mass transfer limitations and allow 

for an increase in bioavailability of the therapeutic. Of note, avoiding systemic exposure also 

reduces the possibility of off-target and adverse effects, as well as a decrease in total drug costs 

[39,40]. This may be accomplished by intra-articular injection into the joint, which is currently 
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used for the administration of therapies including corticosteroids, hyaluronic acid (also known as 

viscosupplementation), and platelet-rich plasma [41,42]. 

 While intra-articular injection allows for efficient delivery of drugs in the joint, maintaining 

the drug at therapeutic concentrations to elicit a positive effect poses another challenge. Small 

molecules are rapidly cleared from the joint by synovial capillaries, while larger macromolecules 

are cleared by the lymphatic system [39]. In fact, the half-life of various drugs such as NSAIDs 

administered via intra-articular injection is around 1 – 5 hours [43]. Of course, this short duration 

is insufficient for the treatment of a chronic condition such as OA, which progresses over years to 

decades, likely requiring regular intra-articular injections for a prolonged effect, with implications 

for increased healthcare cost and resource utilization. 

Furthermore, the dense ECM of AC, primarily composed of self-assembled networks of 

collagens and proteoglycans, acts as a physical barrier for the entry and diffusion of drugs into the 

tissue. In fact, the spacing between collagen fibrils is estimated to be between 60 – 200 nm [44–

46]. These collagen networks entrap proteoglycan aggregates, adding to an already dense ECM 

arrangement. Within these proteoglycan aggregates, adjacent aggrecan proteins linked to 

hyaluronic acid are estimated to be 20 – 50 nm apart [44], while the chondroitin sulfate and keratin 

sulfate chains that are bound to aggrecan are only 2 – 4 nm in distance between each other [45,46]. 

These networks present substantial steric hindrance for the delivery of drug carriers targeting AC 

via penetration into the tissue, requiring them to be in the nano- or at least submicron range. 

However, due to the anisotropic zonal organization of AC, ensuring that these drug carriers may 

access the deeper zones of cartilage may be of great importance. As the density of GAGs increases 

throughout the depth of cartilage, this additionally reduces the pore size and permeability into the 

tissue [9,45], making drug delivery into the middle and deep zones, which contains a majority of 
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the overall chondrocyte population, a challenge. In addition, due to the high abundance of GAGs, 

cartilage tissue has a highly fixed negative charge, with an average fixed charged density of -170.0 

mM [47]. This can act as an additional barrier of entry as a result of electrostatic repulsive forces, 

depending on the surface charge of the molecules or carriers. 

As a result of the degeneration of AC as seen in OA, the permeability of drug carriers into 

cartilage tissue is increased due to an increase in the effective pore size, enabling faster uptake at 

higher concentrations (Figure 2.3) [48]. While these beneficial effects may be observed in 

moderate to severe cases of OA, this may not be exploited during the early stages of the disease 

where the structural integrity of the tissue has not yet been substantially compromised. Early 

interventions may be key in stopping or reversing disease progression, and therefore there is a need 

to develop drug delivery strategies that allow for effective and sustained delivery of therapeutics 

into affected cartilage tissue by taking into consideration as many of these barriers as possible. A 

variety of delivery platforms are currently being assessed for this application, including carrier 

molecules, hydrogels, microparticles, and nanoparticles. 

 

2.3.1 Carrier Molecules 

Carrier molecules, such as peptides, proteins, and polymers, may be utilized to facilitate the entry 

of drugs into cartilage tissue. These carriers are often covalently conjugated to a drug, forming a 

pro-drug, whereby cleavage of the bond releases the active molecule to exert a therapeutic effect. 

For example, the highly fixed negative charge of AC caused by its high GAG content may be 

exploited to facilitate penetration and retention of positively charged drug carriers within the tissue 

[45,47]. Cook Sangar et al. (2020) identified cystine-dense peptides that accumulate in cartilage 

tissue due to a positively charged surface. Conjugation of these peptides with the corticosteroid, 
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Figure 2.3 – Molecular transport of potential therapeutics in healthy and arthritic cartilage. 
Figures obtained from DiDomenico et al. (2018) [48].  
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triamcinolone acetonide, successfully alleviated joint inflammation of an arthritic rat model [49]. 

Vedadghavami et al. (2022) conjugated insulin-like growth factor 1 (IGF-1), which plays an 

important role in ECM anabolism, with a cationic peptide carrier enriched with arginine residues. 

This peptide-conjugated IGF-1 penetrated and was retained in cartilage explants, and suppressed 

the catabolic effects induced by interleukin-1a (IL-1a) [50]. Similar work was also performed 

using proteins as carrier molecules. Conjugation of the glucocorticoid dexamethasone with the 

positively charged protein avidin successfully rescued cartilage explants treated with IL-1a 

[51,52]. However, it is important to note that an increased positive charge does not necessarily 

equate to improved penetration into the negatively charged cartilage tissue. For instance, Krishnan 

et al. (2018) studied engineered green fluorescent protein (GFP) with varying net positive charges 

as potential drug carriers. GFP with a net charge of +9 and +15 had significantly higher uptake 

ratios in cartilage than GFPs with a +25 and +36 net charge, which may be explained by stronger 

binding interactions with GAGs in the tissue that prevent migration into the deeper zones [53]. 

Polymer-based carriers have also been developed following similar principles. Perni and 

Prokopovich (2017) used poly(b-amino ester) (PBAE) conjugated to dexamethasone through a 

hydrolysable ester link. The PBAE-dexamethasone enhanced retention in the tissue and the release 

kinetics may be controlled by the choice of linker between the drug and carrier [54]. Further work 

optimized the PBAE polymers through modulation of the amine, acrylate, and end-capping groups 

for dexamethasone delivery, which was able to suppress IL-1a-induced catabolism [55]. Geiger et 

al. (2018) utilized amine terminal polyamidoamine (PAMAM) dendrimers as a carrier for IGF-1. 

The dendrimers were end-functionalized with poly(ethylene glycol) (PEG) to control the surface 

charge. Optimal PEGylation improved human chondrocyte viability while maintaining relatively 

high tissue uptake, and improved retention in rat knees by 10-fold and for up to 30 days, compared 
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to IGF-1 alone. Furthermore, the dendrimer-IGF-1 delivery system reduced cartilage degeneration 

and osteophyte burden in surgically induced OA in rats [56]. Meanwhile, Formica et al. (2019) 

conjugated dexamethasone to chitosan which was shown to improve tissue penetration, reduce 

cyclooxygenase-2 (COX-2), interleukin-6 (IL-6), and MMP-13 levels in chondrocytes, and reduce 

GAG depletion in cartilage explants following IL-1b treatment [57]. 

 Aside from targeting cartilage via electrostatic interactions with GAGs, other strategies 

have also been explored. Rothenfluh et al. (2008) identified a peptide sequence, WYRGRL, which 

specifically binds to collagen type II [58]. This peptide has been exploited as a targeted carrier for 

drug delivery into cartilage tissue. Similarly with chitosan, Formica et al. (2019) also conjugated 

dexamethasone with the WYRGRL peptide to improve cartilage uptake and retention. Treatment 

of WYRGRL-dexamethasone reduced NF-kB activity in lipopolysaccharide-stimulated M1-like 

macrophages, confirming an anti-inflammatory response. Furthermore, the pro-drug successfully 

prevented GAG loss following IL-1b treatment of cartilage explants [57]. Hulme et al. (2017) 

engineered high affinity and selective avimers that bind to collagen type II and fused it with an IL-

1 receptor (IL-1R) antagonist. Intra-articular pre-treatment into the knee joints of rats with the 

avimer-antagonist complex one week prior to IL-1b treatment inhibited the production of IL-6. 

Meanwhile, pre-treatment with the IL-1R antagonist alone did not elicit a protective effect, which 

demonstrates that incorporation of the avimer improved residence times within the joint to allow 

for a more sustained effect [59]. 

 

2.3.2 Hydrogels 

Hydrogels consist of a crosslinked, polymeric networks characterized by a high water content. As 

a result of these properties, hydrogels offer a great potential for the entrapment of therapeutics and 
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cells for drug delivery and tissue regeneration applications respectively [60]. While 3D hydrogel 

scaffolds may be implanted into the joint for either of these purposes, the focus of this section will 

be on injectable hydrogels which allow for a non-invasive procedure for drug delivery. Ideally, the 

solubility and gelation of these injectable hydrogels can occur under physiological conditions to 

allow for the sustained release of the therapeutic over a long term, and at a suitable rate for clinical 

practice [61]. 

 Natural hydrogels are often utilized for these purposes due to their high biocompatibility, 

biodegradability, and similarities to ECM components. Tanaka et al. (2019) used a simvastatin-

conjugated gelatin hydrogel, which has been demonstrated to have chondroprotective effects. This 

hydrogel, after application in an OA-induced mice model, exhibited lower grades of OA and also 

had higher collagen type II and lower MMP-13, ADAMTS-5, and IL-1b expression as determined 

by immunohistochemistry [62]. García-Fernández et al. (2020) developed a hydrogel drug delivery 

system using oxidized dextran, gelatin, and hyaluronic acid loaded with naproxen or 

dexamethasone. While the naproxen-loaded gels exhibited degradation by 16 days and released 

the majority of naproxen within 4 hours, the dexamethasone-loaded gels maintained integrity for 

up to 30 days and released 22% of its drug content in 5 days. Intra-articular injection of the 

naproxen and dexamethasone-loaded hydrogels in OA-induced rabbit knees prevented OA 

progression, while dexamethasone-loaded hydrogels additionally improved cartilage regeneration 

[63]. Mou et al. (2021) synthesized a chitosan-based hydrogel via crosslinking of N-carboxyethyl 

chitosan, adipic acid dihydrazide, and hyaluronic acid aldehyde. Here, the therapeutic was the 

hydrogel itself, as chitosan offers anti-inflammatory properties. Intra-articular injection of the 

hydrogel into the knees of OA-induced rats reduced the expression of inflammatory cytokines in 

synovial fluid and cartilage, and alleviated cartilage degeneration. Behavioural studies in the rats 
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also suggest potential pain relief as a result of hydrogel treatment, based on an increase in weight-

bearing capacity compared to the untreated control group [64]. 

 Synthetic hydrogels may also be preferable due to having improved mechanical properties. 

Furthermore, the use of synthetic hydrogels allows for modulation of the properties of the polymer. 

Petit et al. (2014) synthesized thermo-responsive acetyl-capped PCLA-PEG-PCLA which gels at 

37℃. Intra-articular injection into the knee of rats indicated sustained levels of celecoxib in serum 

for 4 to 8 weeks, suggesting long term release to the joint [65]. Similarly, Wang et al. (2019) used 

PLGA-PEG-PLGA thermogels containing kartogenin, which has been previously demonstrated to 

enhance cartilage regeneration. In vitro studies indicated sustained release of kartogenin from the 

thermogel over 20 days. Intra-articular injection into OA-induced rabbit knees demonstrated a 

protective effect of the kartogenin-loaded thermogel, with shallow fissuring, and only partial and 

localized loss of proteoglycans and collagen type II compared to the control and thermogel alone 

[66]. Ha et al. (2021) used a pseudopolyrotaxane synthesized from PEG, attapulgite mineral, and 

a-cyclodextrin, for the sustained release of diclofenac. Intra-articular injection of the fluorescent 

dye-loaded hydrogel in the plantar region of rats demonstrated fluorescence up to 7 days. Further, 

the diclofenac-loaded hydrogel exhibited anti-inflammatory effects at 7 days post-injection in a rat 

model for acute inflammatory paw edema, while pathological changes were observed in diclofenac 

alone [64]. 

 

2.3.3 Microparticles and Nanoparticles 

Particle-based drug delivery systems have also been of interest for cartilage tissue applications and 

may be broadly classified as either microparticles or nanoparticles based on the size of the carrier. 

Due to the larger size, particle-based drug carriers are not easily cleared from the synovial fluid as 



 

20 

compared to soluble molecules. As demonstrated by Singh et al. (2014), intra-articular injection 

of varying sizes of BSA-complexed pHEMA-pyridine particles in the stifle joint of rats resulted 

in differing half-lives. Soluble BSA was rapidly cleared from the joint, having a half-life of 0.63 

days, while the 500 nm and 900 nm particles had half-lives of 1.9 and 2.5 days respectively [67]. 

Meanwhile, in vivo injection into murine joints of poly(propylene sulphide) particles conjugated 

to WYRGRL demonstrated penetration of 38 nm particles into the cartilage tissue, however the 

larger 96 nm particles were unable to effectively advance past the superficial zone [58]. Therefore, 

particle size is a major consideration in determining appropriate strategies for drug delivery. While 

larger particles will be retained within the synovial fluid for a longer period of time, they may not 

effectively penetrate into cartilage tissue and instead would rely on sustained release. Conversely, 

smaller particles are rapidly cleared from the joint, but have an improved capability to penetrate 

deeper into the cartilage tissue, allowing for a more targeted drug delivery approach. Either of the 

cases may also exploit surface-binding to the cartilage tissue for improving retention in the joint. 

 Zhu et al. (2015) encapsulated an inhibitor of Rac1, a GTPase implicated to be involved in 

OA development, in chitosan microparticles of around 100 µm in size. Weekly injections of these 

chitosan microparticles via hyaluronic acid in OA-induced mice 10 days post-surgery resulted in 

decreased cartilage degeneration and lower OA grades at 4, 6, and 8 weeks of treatment, indicating 

a protective effect in delaying OA development [68]. Rudnik-Janssen et al. (2017) used amino 

acid-based polyester amide microspheres having an average size of 22.4 µm and loaded with the 

corticosteroid triamcinolone acetonide. Following intra-articular injection in the knees of rats with 

or without OA induction, a gradual decline in signal was observed over 70 days. Interestingly, no 

clear differences were observed in retention between OA-afflicted and healthy control knees. 

While no differences were observed between treatment with the microspheres and triamcinolone 
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acetonide alone for cartilage degeneration, the drug-loaded microspheres were more effective in 

reducing synovitis [69]. Dhanabalan et al. (2020) utilized PLGA microparticles approximately 1 

µm in size, and loaded with rapamycin which has been shown to delay degeneration of AC. Using 

larger molecular weight (MW) PLGA improved the sustained release of rapamycin. In vitro studies 

demonstrated that these rapamycin-loaded microparticles prevented chondrocyte senescence and 

sustained sGAG production during genomic and oxidative stresses. Furthermore, intra-articular 

injection of fluorescently-labelled PLGA microparticles into mouse knee joints indicated longer 

residence times with detectable levels after 30 days, while localization of the microparticles in 

various tissues of the knee joint was confirmed at 19 days post-injection [70]. 

 Deloney et al. (2020) synthesized a hollow nanoparticle system capable of increased drug 

loading compared to solid nanoparticles. These were utilized to load an anti-inflammatory peptide 

as cargo, and successfully reduced IL-6 production in IL-1b treated chondrocytes in vitro. In vivo 

experiments confirmed that these hollow nanoparticles could be retained in the joint of mice for 7 

days following intra-articular injection [71]. Wei et al. (2021) loaded micellular nanoparticles with 

an inhibitor of phospholipase A2, an inflammatory mediator involved in OA development. These 

10 nm nanoparticles accumulated and penetrated into the deep zone of cartilage explants. 

Fluorescently-labelled nanoparticles were used to evaluate in vivo retention in healthy and early 

OA knee joints of mice, which demonstrated an improved retention over 28 days compared to the 

free fluorophore, and in OA compared to healthy joints, potentially due to synovial thickening. 

Furthermore, biweekly injections of the drug-loaded nanoparticles following OA induction in mice 

improved the overall morphology of the AC, with no proteoglycan loss after 4 months unlike with 

free phosphatase A2 inhibitor [72]. In another study, Wei et al. (2021) successfully utilized these 
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micellular nanoparticles for delivery of TGFa, which similarly attenuated cartilage degeneration 

in an OA model [73]. 

 

2.4 Polyphosphate 

Polyphosphate (polyP) is an inorganic polymer comprised of repeating orthophosphate units. In 

fact, previous studies have identified pro-anabolic effects of polyP in chondrocytes. St-Pierre et 

al. (2012) demonstrated that treatment of chondrocytes with 1 mM of soluble polyP resulted in a 

significant increase in sGAG content (normalized to DNA) at 2 and 4 weeks of culture, as well as 

a significant increase in collagen content (normalized to DNA) by 4 weeks of culture using in vitro 

tissue cultures [74]. Ex vivo cultures of cartilage explants also demonstrated a significant increase 

in sGAG content by approximately ~45%, as well as an increase in collagen by ~30% after 1 week 

of treatment with 2 mM of polyP [74]. These results identify polyP as a molecule of interest for 

cartilage tissue engineering and regenerative medicine applications. Further studies have also 

demonstrated that this anabolic response is mediated by calcium signaling in chondrocytes [75]. 

Wang et al. (2016) developed a bio-matrix coating composed of hyaluronic acid and Mg-polyP. 

Chondrocytes that were cultured on these matrix-coated slides exhibited significant upregulation 

of chondrogenic genes SOX9 and COL3A1 after 21 days of culture, compared to the controls, as 

well as compared to hyaluronic acid or Na-polyP alone [76]. 

Therefore, it is postulated that polyP may be a therapeutic of interest for the regeneration 

of AC due to its pro-anabolic effects in chondrocytes, giving it the potential to stop or reverse the 

degeneration of AC in OA. However, drug delivery systems need to be established to effectively 

deliver and retain polyP within afflicted joints, allowing for improved residence times. Previous 

work by others have developed ionically crosslinked inorganic polyP-based particles [76–86], 
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which may be utilized as a drug delivery system into the joint to improve residence times. While 

other alternatives have been discussed, it is thought that nanoparticles offer a great compromise, 

typically having longer residence times than hydrogels while also exhibiting a greater capability 

to penetrate into the dense ECM network of AC compared to microparticles [87]. Combinatorial 

strategies for particle-based drug delivery systems may be performed, such as inclusion of carrier 

molecules to facilitate targeted drug delivery [58,88–93], and delivery within a hydrogel network 

to enhance sustained release [94–99], making particle-based strategies an attractive option. Herein, 

we aim to develop, optimize, and characterize these polyP-based particles for use in cartilage tissue 

engineering and drug delivery. 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1 Materials 

Sodium polyphosphate (Na-polyP; average chain length of 40 orthophosphate units) was a kind 

gift from Budenheim, Germany. Details of the procurement of other materials will be provided as 

they appear in the methods. 

 

3.2 Polyphosphate-Based Particle Synthesis 

Calcium polyphosphate (Ca-polyP) and strontium polyphosphate (Sr-polyP) particles were 

prepared by dropwise addition of Na-polyP solution into the corresponding crosslinking bath. 

Briefly, 5 mL of 4% w/v Na-polyP in deionized water (diH2O) at pH = 10 was added at a rate of 

60 mL/h using a syringe pump to 5 mL of 0.762 M CaCl2 or SrCl2 in diH2O at pH = 10, 

respectively. Concurrently, 2 mL of 1 M NaOH in diH2O was added dropwise at a rate of 25 mL/h 

using a syringe pump to maintain the pH of the solution at or above 10. The solution was stirred 

continuously at 300 rpm through the addition step (5 min) and for a total of 3 hours. Particles were 

then washed by centrifuging for 2 min at 2000 rcf, removal of supernatant, and resuspending in 

diH2O. Washes were repeated five times. Following the final wash, particles were resuspended in 

70% ethanol to a total volume of 10 mL and stored at –20℃ until further use. 

 

3.3	 Particle Dispersion by Probe Sonication 

Sonication was performed using a Q500 Sonicator (Qsonica) equipped with a microtip probe with 

a 1.6 mm tip diameter (#4417, Qsonica). Ca-polyP or Sr-polyP particles were diluted to an 
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appropriate particle concentration in diH2O, and sonication was performed on ice at an amplitude 

of 50% for 30 seconds on and 30 seconds off, repeated for a total of 10 cycles. 

 

3.4 Synovial Fluid Collection and Preparation 

Synovial fluid was aspirated aseptically from the metacarpophalangeal joints of 2 to 4 year old 

cows sourced from a local abattoir (Tom Henderson Meats and Abattoir Inc.) within 24 hours of 

death, and frozen at -80℃ until further use. Hyaluronidase (0.02 M phosphate buffer, 77 mM 

NaCl, 0.01% bovine serum albumin (BSA; VWR), pH = 7; Sigma-Aldrich) was added to the 

synovial fluid at a final concentration of 0.01 wt% and incubated for 30 minutes at 37℃ on an 

orbital rocker. Following enzymatic digestion, the synovial fluid was centrifuged at 2000 rcf for 

10 minutes, and the supernatant was filtered with a 0.20 µm cellulose acetate syringe filter (VWR) 

to remove cell debris and protein aggregates.  

 

3.5 Particle Size and Surface Charge Characterization 

For particle size and surface charge characterization, washed Ca-polyP and Sr-polyP particles were 

diluted 1:100 by volume in diH2O unless otherwise stated and sonicated as described previously. 

Particle size distributions were measured by dynamic light scattering (DLS) at daily intervals over 

the course of 4 days, and the zeta potential was measured in folded capillary zeta cells (Malvern 

Panalytical) by electrophoretic mobility measurements. DLS and zeta potential measurements 

were performed using the Zetasizer Nano ZS (Malvern Panalytical) at a temperature of 25℃ and 

a final particle dilution of 1:200. 

In comparing size distributions of the as synthesized or sonicated particles over time as 

described previously, the particles were stored in diH2O. For the pH experiment, particles were 
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instead sonicated and incubated in 8 mM Tris-HCl at the corresponding pH. For the osmolarity 

experiment, sonicated particles were stored at varying concentrations of NaCl. For the experiments 

in Dulbecco’s modified Eagle’s medium (DMEM; Corning), the particles were stored in low 

glucose DMEM (1 g/L glucose) supplemented with 3.7 g/L NaHCO3, and 100 units/mL penicillin, 

100 units/mL streptomycin, and 250 ng/mL amphotericin B (1X antibiotic-antimycotic; Gibco), 

with or without 10% fetal bovine serum (FBS; VWR) and incubated at 37℃ over the 4 days. For 

the cationic surface coatings, sonicated particles were incubated at varying concentrations of 

cetyltrimethylammonium bromide (CTAB; Sigma-Aldrich), chitosan (0.2 M acetic acid, pH = 6.5, 

≥75% deacetylated; Sigma-Aldrich), linear polyethyleneimine (PEI) (MW ~60,000; Alfa Aesar), 

or branched polyethyleneimine (MW ~600, ~2000, or ~10,000; Thermo Fisher Scientific). For the 

synovial fluid experiment, the particles were stored in 10% synovial fluid with 1X antibiotic-

antimycotic and incubated at 37℃ over the 4 days. The data of sonicated particles stored in diH2O 

was replicated for the osmolarity and cationic surface coating experiments as the control sample 

which contains no NaCl or cationic molecules. 

 

3.6 Scanning Electron Microscopy (SEM) and Elemental Analysis 

Particles were sonicated in diH2O and dried directly on aluminum stubs for imaging, while the as 

synthesized particles were dried on conductive tape for elemental analysis. Samples were sputter 

coated with gold using a Q150T ES (Quorum Technologies) at a thickness below 10 nm and 

imaged using a VEGA-II XMU Scanning Electron Microscope (TESCAN) equipped with an 

INCA Energy X-Act (Oxford Instruments) spectroscope for energy dispersive X-ray spectroscopy 

(EDX) operating at 20.00 kV. Particle diameters were measured manually from SEM images using 

ImageJ (NIH; version 1.51). 
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3.7 Fourier-Transform Infrared (FTIR) Spectroscopy 

Ca-polyP and Sr-polyP particles were dried, and FTIR was performed using a Cary 630 FTIR 

Spectrophotometer with attenuated total reflectance (ATR) sampling module (Agilent) at a spectral 

range of 650 – 4000 cm-1 and a resolution of 2 cm-1. Spectra were compared to Na-polyP starting 

material and hydroxyapatite nanoparticles (Sigma-Aldrich). Spectral analysis consisted of boxcar 

smoothing using ResolutionsPro (Agilent; version 5.2.0). 

 

3.8 Raman Spectroscopy 

Raman spectroscopy was performed on Na-polyP starting material and hydroxyapatite using an 

alpha300 RS Raman-SNOM Microscope (WITec) equipped with a 532 nm He-Ne laser (WITec) 

and EC Epiplan 20x/0.4 M27 objective (Zeiss). Spectral reads were performed at an integration 

time of 10 seconds with 10 accumulations. Spectral analysis consisted of Savitzky-Golay 

smoothing, asymmetric least squares baseline subtraction, and z-score normalization using 

OriginPro 2018 (OriginLab; version 9.5.1.195). 

 

3.9 Cartilage Tissue Extraction and Chondrocyte Isolation 

Full thickness articular cartilage (AC) was extracted aseptically from the metacarpophalangeal 

joints of 2 to 4 year old cows sourced from a local abattoir (Tom Henderson Meats and Abattoir 

Inc.) within 24 hours of death. The excised cartilage was maintained in high glucose DMEM (4.5 

g/L glucose) supplemented with 1X antibiotic-antimycotic for 3 days in a cell incubator kept at 

37℃, 95% relative humidity and 5% CO2. The cartilage tissue was first digested with 0.2% w/v 

Pronase protease (EMD Millipore) in high glucose DMEM for 2 hours, followed by 3 washes in 

DMEM. The tissues were subsequently digested with 0.1% w/v collagenase (Sigma-Aldrich) in 



 

28 

high glucose DMEM for 1 or 2 days in a cell incubator. Following digestion, the cell suspension 

was passed through a 100 µm cell strainer and centrifuged at 500 rcf for 5 min to pellet the cells, 

and the supernatant was removed. Chondrocytes were resuspended in fresh DMEM, and the 

washing steps were repeated a second time, at which point cells were counted using a 

haemocytometer. Finally, the cells were washed once more and resuspended in Ham’s F12 

medium with L-glutamine (Corning) supplemented with 5% FBS and 1X antibiotic-antimycotic 

to an appropriate concentration for each experiment. 

For tissue penetration and retention experiments, the excised cartilage was punched into 6 

mm diameter full thickness discs with biopsy punches (Integra). The wet weight of each cartilage 

explant was measured, and the tissues were briefly maintained in phosphate buffered saline (PBS; 

Sigma-Aldrich) until further use. 

 

3.10 Determination of Cellular Particle Uptake 

Ca-polyP and Sr-polyP particles were diluted to 2 mg/mL in diH2O and incubated with 0.1 mg/mL 

of 4’,6-diamidino-2-phenylindole (DAPI) overnight. The binding of DAPI to polyP causes a shift 

in its fluorescence emission peak, permitting the visualization of the particles in the yellow-green 

spectrum rather than the blue spectrum associated with nucleic acids or GAGs [100]. DAPI-stained 

particles were then washed five times as previously described in sterile diH2O. Chondrocytes were 

seeded onto 24-well tissue culture plates at 400,000 cells/well in Ham’s F-12 medium with L-

glutamine supplemented with 5% FBS and 1X antibiotic-antimycotic. After 24 hours, the medium 

was replaced with 2 mL of low glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X 

antibiotic-antimycotic, 10% FBS, and 100 µg/mL of DAPI-stained particles. After 24 hours of 

treatment, cells were washed three times with Hanks’ Balanced Salt Solution (HBSS; Wisent 
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Bioproducts). Finally, trypan blue was added to a final concentration of 0.1% w/v for 1 minute. 

Trypan blue has been demonstrated to quench green fluorescence and is unable to pass through 

the cell membrane of viable cells, allowing for the visualization of DAPI-stained particles 

localized intracellularly [101,102]. Fluorescent microscopy was performed using an Axio 

Observer 7 (Zeiss). 

 

3.11 Live-Dead Assay 

Chondrocytes were seeded onto 24-well tissue culture plates at 25,000 cells/well in 1 mL of low 

glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X antibiotic-antimycotic, and 10% heat-

inactivated FBS. Following 1 day of cell attachment, the culture medium was replaced with 1 mL 

of fresh medium containing 0 – 100 µg/mL of Ca-polyP or Sr-polyP, as synthesized or sonicated 

as described previously. After 1 day of treatment, cells were stained with 2 µM of calcein 

acetoxymethyl ester (calcein-AM; Life Technologies) and 4 µM of ethidium homodimer-1 (EthD-

1; Sigma-Aldrich) in culture medium and incubated at 37℃ for 30 minutes. Calcein-AM may be 

hydrolyzed by intracellular esterases that are present in viable cells, forming calcein which is 

fluorescent and impermeable to the cell membrane, allowing for staining of live cells. Meanwhile, 

EthD-1 is a cell impermeant dye that strongly binds to nucleic acids, passing through compromised 

cell membranes of non-viable cells [103]. Five images were taken for each condition using the 

Axio Observer 7, and live and dead cells were counted using ImageJ. 

 Similarly, this was repeated in 48-well tissue culture plates at 80,000 cells/well in 400 µL 

of low glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X antibiotic-antimycotic, and 10% 

heat-inactivated FBS to match the culture and particle exposure conditions used for the MTT, 

DNA, and EdU assays. 
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3.12 EdU Cell Proliferation Assay 

Chondrocytes were seeded onto 48-well tissue culture plates at 80,000 cells/well in 400 µL of low 

glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X antibiotic-antimycotic, and 10% heat-

inactivated FBS. Following 1 day of cell attachment, the culture medium was replaced with 400 

µL of fresh medium containing 0 – 100 µg/mL of Ca-polyP or Sr-polyP, as synthesized or 

sonicated as described previously. 

After 1 day of treatment with the particles, 300 µL of medium in each well was removed 

and replaced with 100 µL of fresh medium without particles containing 20 µM of 5-ethynyl-2’-

deoxyuridine (EdU) in DMSO and incubated for 4 hours. As EdU is a nucleoside analogue of 

thymidine, it can be incorporated into the DNA of proliferating cells undergoing DNA replication. 

After labelling proliferating cells with EdU, the cells were fixed in 3.7% formaldehyde in PBS for 

15 minutes and washed twice in 3% BSA in PBS. The cells were then permeabilized in 0.5% 

Triton X-100 in PBS for 20 minutes on an orbital rocker, followed by two washes in 3% BSA in 

PBS. EdU detection was performed using the Click-iT EdU Cell Proliferation Kit for Imaging 

(Invitrogen) as per the manufacturer’s protocol using an Alexa Fluor 488 azide via the copper (I)-

catalyzed azide-alkyne cycloaddition (CuAAC) click reaction to covalently couple with the alkyne 

moiety of EdU, forming a stable triazole ring and labelling proliferating cells [104]. The cells were 

then washed once more in 3% BSA in PBS, followed by another wash in PBS. Nuclear staining 

was then performed using 5 µg/mL of Hoechst 33342 in PBS for 30 minutes on an orbital rocker, 

protected from light. The cells were washed twice in PBS prior to imaging with the Axio Observer 

7. Five images were taken for each condition, and both proliferating and total cells were counted 

using ImageJ. Total cell numbers were additionally quantified by imaging the entire surface of the 

well with the Axio Observer 7 by counting the total number of nuclei using ImageJ. 
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3.13 MTT and DNA Assay 

Chondrocytes were seeded onto 48-well tissue culture plates at 80,000 cells/well in 400 µL of low 

glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X antibiotic-antimycotic, and 10% heat-

inactivated FBS in triplicate wells for each condition. Following 1 day of cell attachment, the 

culture medium was replaced with 400 µL of fresh medium containing 0 – 100 µg/mL of Ca-polyP 

or Sr-polyP, as synthesized or sonicated as described previously. 

For the MTT assay, after 1 day of treatment with the particles, the medium was replaced 

with 100 µL of fresh medium without particles. Subsequently, 10 µL of 12 mM 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Calbiochem) in sterile PBS was 

added to each well. As MTT may be reduced in the cell into insoluble, purple formazan crystals 

by mitochondrial activity, the amount of formazan produced can correspond to a measure of 

metabolic activity [105]. The cells were incubated for 4 hours, after which 220 µL of dimethyl 

sulfoxide (DMSO) was added and incubated for an additional 10 minutes at 37℃. Each well was 

then thoroughly mixed and 100 µL was added to 96-well plates in triplicates and absorbance was 

read at 540 nm using a Synergy H1 Microplate Reader (BioTek). 

For the DNA assay, after 1 day of treatment with the particles, the medium was replaced 

with 200 µL of diH2O. The plates were frozen at -80℃ and underwent three freeze-thaw cycles to 

facilitate cell lysis. To each well, 200 µL of 80 µg/mL of papain (Sigma-Aldrich) in 10 mM of 

cysteine-HCl and 10 mM of ethylenediaminetetraacetic acid (EDTA) dissolved in PBS was added. 

The cell lysates were transferred to microtubes and digested at 65℃ for 24 hours. DNA 

quantification was performed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) as per 

the manufacturer’s instructions using a Synergy H1 Microplate Reader. 
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3.14 ATP Assay 

Chondrocytes were seeded onto 48-well tissue culture plates at 80,000 cells/well in 400 µL of low 

glucose DMEM supplemented with 3.7 g/L NaHCO3, 1X antibiotic-antimycotic, and 10% heat-

inactivated FBS. Following 1 day of cell attachment, the culture medium was replaced with 400 

µL of fresh medium containing 0 or 100 µg/mL of Ca-polyP or Sr-polyP, as synthesized or 

sonicated as described previously. 

After 1 day of treatment with the particles, ATP was quantified using CellTiter-Glo 2.0 

Reagent (Promega) based on the manufacturer’s instructions. Briefly, the culture plate was 

equilibrated to room temperature for 30 minutes, and 300 µL of medium in each well was 

transferred to 1.5 mL microtubes. One volume of CellTiter-Glo 2.0 reagent was added to each well 

and mixed thoroughly to facilitate cell lysis for the measurement of intracellular ATP levels. 

Similarly, one volume of CellTiter-Glo 2.0 reagent was added to the corresponding media for the 

measurement of extracellular ATP levels. After 10 minutes in room temperature, 150 µL of each 

solution was transferred to a white and opaque 96-well plate. Luminescence was measured using 

a Synergy H1 Microplate Reader (BioTek). 

 

3.15 Evaluation of Cartilage Tissue Penetration and Retention 

Circular full thickness cartilage discs were rinsed in PBS and incubated in 400 µL of fresh PBS 

supplemented with 10% heat-inactivated FBS and 100 µg/mL of DAPI-stained particles for 3 days 

on an orbital rocker at 37℃. The fluorescence of the solution was then measured at 415 nm 

excitation and 485 nm emission using a Synergy H1 Microplate Reader and the fluorescence was 

compared to the corresponding solution incubated without cartilage tissue (control). Similarly, 

PBS supplemented with 10% heat-inactivated FBS incubated with and without the cartilage 
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explants were used as respective blanks. Some of the cartilage explants were briefly rinsed in PBS 

and subsequently cut into thin slices using a custom-made device comprising a number 22 scalpel 

blade and a cryotome blade and tissue fluorescence was observed using an Axio Observer 7. 

Fluorescent profiles of the cartilage cross-sections were measured using ZEN software (Zeiss; 

version 3.2). Meanwhile, all remaining cartilage explants were briefly rinsed in PBS, transferred 

to 400 µL of fresh PBS supplemented with 10% heat-inactivated FBS, and incubated for an 

additional 3 days on an orbital rocker at 37℃ to assess retention of the particles within the tissue. 

Fluorescence of the solution was measured as previously described and compared to the initial 

fluorescent particle solution incubated without cartilage tissue. 

 

3.16 3D Tissue Culture 

Millicell cell culture inserts (EMD Millipore; diameter = 12 mm, hydrophilic PTFE membrane, 

pore size = 0.4 µm) were coated with 50 µg of collagen type II from chicken sternal cartilage 

(Sigma-Aldrich) dissolved in 0.1 N acetic acid and allowed to dry sterilely overnight in a biosafety 

cabinet. The inserts were subsequently subjected to UV irradiation for 15 minutes. Chondrocytes 

were seeded at 1,000,000 cells per insert. The preculture medium utilized was comprised of Ham’s 

F12 medium with L-glutamine supplemented with 5% FBS or heat-inactivated FBS depending on 

the culture medium used following preculture, and 1X antibiotic-antimycotic. Tissues were 

precultured for 5 days, and the medium outside the insert was changed with fresh preculture 

medium on day 2 of preculture. 

 After 5 days of preculture (which corresponds to day 0 of culture), the medium outside the 

insert was replaced with 500 µL of fresh culture medium, while the medium inside the insert was 

replaced with 500 µL of particle addition medium. Four different culture media were tested, all of 
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which were supplemented with 1X antibiotic-antimycotic and 100 µg/mL of ascorbic acid: (1) 

high glucose DMEM with pyruvate and L-glutamine, supplemented with 10% FBS, (2) high 

glucose DMEM with pyruvate and L-glutamine, supplemented with 10% heat-inactivated FBS, 

(3) high glucose DMEM without pyruvate and L-glutamine (Gibco), supplemented with 10% heat-

inactivated FBS, and (4) Ham’s F12 with L-glutamine, supplemented with 10% heat-inactivated 

FBS. Particle addition medium was always composed of high glucose DMEM without pyruvate 

and L-glutamine supplemented with 10% of the corresponding FBS, 1X antibiotic-antimycotic, 

100 µg/mL of ascorbic acid, and 200 µg of sonicated Ca-polyP or Sr-polyP particles, or without 

polyP-based particles as the control. After 24 hours of particle addition, the inserts were fully 

submerged by addition of 1 mL of the corresponding culture medium. Media changes were 

performed twice a week (after 2 and 4 days of particle addition), and particle addition was repeated 

weekly (at days 7, 14, and 21) for a total of 4 applications over the 28-day culture period. 

 

3.17 Biochemical Characterization of In Vitro Tissues 

Tissues were cut out from the Millicell cell culture inserts and briefly rinsed in PBS. Excess liquid 

was removed gently with absorbing paper, and the wet weight of each tissue was measured. The 

tissues were frozen at -80℃ and lyophilized in a FreeZone Plus 6 Liter Cascade Console Freeze 

Dry System (Labconco) overnight. The dry weight of the lyophilized tissues was measured, and 

subsequently digested in 40 µg/mL of papain (Sigma-Aldrich) in PBS containing 5 mM cysteine-

HCl and 5 mM EDTA at 65℃ for 2 days. 

Sulfated glycosaminoglycan (sGAG) content was quantified using 1,9-dimethylmethylene 

blue (DMMB). Briefly, 10 µL of tissue digest appropriately diluted in PBS was added to a 96-well 

plate, followed by 200 µL of DMMB solution (16 µg/mL DMMB, 40 mM glycine, 40 mM NaCl, 
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pH = 1.5) in technical triplicates. Chondroitin sulfate was utilized as the standard. Absorbance was 

read at 525 and 590 nm using a Synergy H1 Microplate Reader, and the A525/A590 ratio was 

correlated to the sGAG content in each sample. 

Collagen content was estimated by quantification of hydroxyproline. Tissue digests were 

subjected to acid hydrolysis to release free hydroxyproline from collagen. Briefly, 100 µL of tissue 

digest was combined with 100 µL of 6 N HCl in a Pyrex tube and heated to 110℃ for 18 hours. 

Samples were cooled on ice, briefly centrifuged, and neutralized by addition of 100 µL of 5.7 N 

NaOH. Samples were appropriately diluted and aliquoted to a final volume of 120 µL in diH2O, 

and to each of these samples, 60 µL of 0.05 N chloramine-T prepared in 20% v/v diH2O, 30% v/v 

2-methoxyethanol, and 50% v/v assay buffer (0.05 g/mL citric acid, 0.12% v/v glacial acetic acid, 

72.3 mg/mL sodium acetate, pH = 6) was added and allowed to stand for 20 minutes. Next, 60 µL 

of 3.15 N perchloric acid was added to each sample for 5 minutes. Lastly, 60 µL of 0.2 g/mL of p-

dimethylaminobenzaldehyde in 2-methoxyethanol was added, mixed, and incubated at 60℃ for 

20 minutes. Samples were briefly cooled in a water bath, and 100 µL of sample was added to a 96-

well plate in technical duplicates. Absorbance was measured at 560 nm using a Synergy H1 

Microplate Reader and compared to L-hydroxyproline standards. In determining collagen content, 

it was assumed that all hydroxyproline is attributed to collagen, and that collagen contains 13 wt% 

of hydroxyproline. 

DNA content was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) 

as per the manufacturer’s instructions using a Synergy H1 Microplate Reader. 
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3.18 Statistical Analysis 

Data are presented as means ± standard deviation unless otherwise stated. Statistical analyses were 

performed with SPSS (IBM; version 28.0.1.1). Statistical differences between groups were 

evaluated by univariate multi-way analysis of variance (ANOVA). Pairwise comparisons were 

performed within groups using one-way ANOVA with post-hoc Tukey’s HSD. The level of 

significance was set at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Physicochemical Characterization of Polyphosphate-Based Particles 

 

4.1.1 DLS and Zeta Potential 

Ca-polyP and Sr-polyP particles were synthesized by drop-wise addition of polyP into respective 

cation baths. In this study, Ca2+ and Sr2+ were selected as the ionic crosslinkers of polyP to compare 

potential differences in biological activity as a result of the counterion. The choice of calcium is 

mainly attributed to the fact that Ca-polyP have been studied in other cell types by others [77–

80,82,83,85,86]. Furthermore, it has been proposed that calcium may stimulate the synthesis of 

proteoglycans in cartilage [106]. Importantly, the anabolic effects of polyP in chondrocytes have 

been attributed to calcium signalling [75], suggesting a synergistic effect of Ca-polyP particles for 

cartilage tissue engineering. Meanwhile, strontium has been demonstrated to stimulate 

proteoglycan and collagen synthesis in chondrocytes in vitro [107–109]. Additionally, strontium 

promotes chondrogenesis in adipose-derived dedifferentiated fat cells and mesenchymal stem cells 

[110–112]. In vivo studies have also confirmed a pro-anabolic effect, with strontium upregulating 

anabolic pathways [112], as well as inhibiting key proteases and IL-1b, reducing the progression 

of OA [113]. Results obtained from clinical studies and reviews have also suggested positive 

outcomes of strontium ranelate on reducing the progression of OA in patients [114–116]. 

To assess the particle size stability of Ca-polyP and Sr-polyP, both the as synthesized and 

sonicated particles were stored in diH2O, and DLS was performed daily over the course of 4 days 

(Figure 4.1, A – B). Three-way ANOVA indicates a significant effect of cation type (p < 0.0001) 

and time (p < 0.0001) on the particle size. However, probe sonication successfully reduced the size 
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Figure 4.1 – Size of polyP-based particles in deionized water. PolyP-based particle size was 
measured by DLS in deionized water for (A) Ca-polyP and (B) Sr-polyP particles. Measurements 
were performed every day for 4 days to assess size stability. Representative particle size 
distributions and the average PDI for (C) Ca-polyP particles as synthesized or (D) sonicated and 
(E) Sr-polyP particles as synthesized or (F) sonicated obtained from Day 0 measurements are 
indicated. Data are presented as averages ± standard deviation for n ≥ 4 experiments. 
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of particle agglomerates of Ca-polyP from 1257 ± 184 nm to 277.7 ± 45.0 nm (p < 0.0001) and 

Sr-polyP from 1322 ± 231 nm to 250.7 ± 25.9 nm (p < 0.0001), bringing the size of the particles 

to a submicron scale. Interestingly, particles in the range of 100 to 300 nm in size have been 

reported to selectively enter OA cartilage but not healthy cartilage [117,118], suggesting that these 

particles may be feasible for our applications. As can be seen in the particle size distributions 

(PSD) of Ca-polyP and Sr-polyP (Figure 4.1, C – F), the particle population for all conditions 

exhibit a unimodal distribution that is moderately polydisperse based on the average polydispersity 

index (PDI) [119,120]. Furthermore, as the PDI of the sonicated Ca-polyP and Sr-polyP are below 

0.4, the particle population is considered to be sufficiently uniform in size, making them feasible 

for biomedical applications [121]. 

While the size of Ca-polyP and Sr-polyP are quite similar, it is evident that Ca-polyP 

exhibits much poorer size stability compared to Sr-polyP. Comparing the particles as synthesized, 

Ca-polyP particles increase in size after 1 day of incubation (p < 0.05), however the particle size 

remains quite stable thereafter, with a 1.7-fold increase by day 4. Meanwhile, Sr-polyP particles 

remain similar in size throughout the entire 4 days, with no significant differences in the size 

between all timepoints. These trends in size stability are also observed for the sonicated polyP-

based particles. The sonicated Ca-polyP particles rapidly agglomerate following sonication, with 

a significant increase between the Z-average of day 0 and day 1 (p < 0.01), even exceeding the 

size of the as synthesized Ca-polyP particles, with an over 13-fold increase by day 4. In contrast, 

Sr-polyP particles agglomerate at a slower rate, with a statistically significant increase beginning 

between day 0 and day 2 (p < 0.01) but overall, the Z-average remains much smaller than the as 

synthesized Sr-polyP throughout the entire 4 days, with an over 2-fold increase by day 4. Of note, 
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sonication of agglomerates formed after incubating sonicated particles for 4 days in diH2O allowed 

to recover their initial size following sonication (data not shown). 

The mechanism causing the improved size stability of Sr-polyP is unknown. The zeta 

potential of Ca-polyP and Sr-polyP in diH2O was measured to be -22.7 ± 3.2 mV and -21.5 ± 2.6 

mV respectively, indicating negligible differences in the surface charge. Therefore, the stability of 

Sr-polyP is not likely attributed to increases in the electrostatic repulsive forces between individual 

particles. While calcium and strontium ions contain many similarities, their chemistry and 

interactions with other molecules may differ drastically. For example, the ionic radii of strontium 

ions are slightly larger than calcium ions, which may affect its bonding and crosslinking with polyP 

due to potential changes in the crystallinity, lattice parameters, crystal size, morphology, solubility, 

and stability of the material [122]. Through XRD analysis, Qiu et al. (2006) observed a monoclinic 

crystal system in Ca-polyP and a rhombohedral crystal system in Sr-polyP [123]. Low substitution 

of Ca-polyP scaffolds with strontium does not alter the crystal structure [123–126], however at 

higher strontium substitutions above 50%, the crystal structure of the Sr/Ca-polyP scaffolds switch 

from monoclinic to rhombohedral [123]. It is plausible that these differences in crystal structure 

may also be present between our Ca-polyP and Sr-polyP particles. As crystallinity may influence 

the size stability of nanoparticles [127], this may be a contributing factor in the improved size 

stability of Sr-polyP. 

 

4.1.2 SEM and EDX Analysis 

SEM was performed on both sonicated Ca-polyP and Sr-polyP particles, which revealed that the 

particles exhibit a spherical morphology (Figure 4.2, A – B). Importantly, SEM was performed on 

the as synthesized Ca-polyP and Sr-polyP particles, which indicated similar morphologies in all 
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Figure 4.2 – PolyP-based particle morphology and composition. SEM images of (A) Ca-polyP 
and (B) Sr-polyP particles along with estimated particle size distributions of (C) Ca-polyP and (D) 
Sr-polyP particles. EDX spectra of (E) Ca-polyP and (F) Sr-polyP particles. Scale bar = 500 nm.  
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samples (data not shown). This confirms that sonication merely breaks up agglomerates of 

particles, as opposed to forming smaller particles. Interestingly, having a spherical morphology 

can be beneficial in terms of biocompatibility. For instance, Zhao et al. (2013) found that both 

spherical and rod-shaped hydroxyapatite nanoparticles exhibited less cytotoxicity than needle or 

plate-like hydroxyapatite nanoparticles. Additionally, both needle and plate-like nanoparticles 

induced inflammatory signals due to an increase in IL-6 production, which was absent in the 

spherical and rod-shaped particles [128]. 

The average particle diameter measured directly from SEM imaging is estimated to be 

approximately 74 ± 16 nm (n = 517 particles) and 72 ± 18 nm (n = 487 particles) for Ca-polyP and 

Sr-polyP respectively (Figure 4.2, C – D). While this measurement may not be very accurate, it 

does suggest that DLS measurements may overestimate the actual size of the individual polyP-

based particles. This discrepancy in measurements can be partially explained due to the difference 

in size definition. DLS is an indirect method which provides the Z-average based on an intensity 

average of the hydrodynamic diameter dependent on the diffusion coefficient of particles 

undergoing Brownian motion, as measured by the scattering intensity [129]. As the scattering 

intensity is proportional to the square of size, DLS results are biased towards large particles [129]. 

Meanwhile, SEM allows for a direct measurement of the geometric size of a particle [130]. 

Importantly, the SEM results suggests that the particles are within a nanoscale range, and 

therefore may be feasible for cartilage tissue applications. However, these conclusions rely on the 

assumption that ultrasonication is sufficient to break up the particle agglomerates into individual 

spherical particles. It is possible that the particles are stable as aggregates of multiple particles in 

solution even after sonication, leading to the larger sizes as measured in DLS. From the SEM 

imaging, it is not possible to discern whether the particles were individual particles that aggregated 
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due to the drying process, or if the particles were initially in an aggregated form in solution even 

after sonication. While individual particles were visualized under some areas using SEM (data not 

shown), further work is required to validate the dimensions of these polyP-based particles. This 

can be facilitated by imaging using less particles. Additional size characterization methods such 

as transmission electron microscopy (TEM) and atomic force microscopy (AFM) [131] to 

supplement DLS and SEM measurements would also be highly beneficial. 

EDX analysis was also performed on the particles (Figure 2, E – F), confirming that the 

particles are composed of calcium or strontium, phosphate, and oxygen. This also confirms that 

the particle preparation was mostly clean, with minimal impurities of sodium and chloride ions 

present during the synthesis. EDX suggests an approximate 1:1 atomic ratio of Ca:P and Sr:P for 

Ca-polyP and Sr-polyP respectively. Meanwhile, similar materials such as hydroxyapatite are 

characterized by a theoretical Ca/P ratio of 1.67, while the Ca/P ratio in a calcium polyP scaffold 

was found to be 0.45 [132]. 

 

4.1.3 FTIR Spectroscopy 

Fourier-transform infrared spectroscopy was performed on dried Ca-polyP and Sr-polyP particles 

and compared to both the Na-polyP starting material as well as hydroxyapatite nanoparticles as a 

control (Figure 4.3). The spectra observed for Na-polyP closely matches that as reported by others 

[76,77,81,84,133–135]. Meanwhile, similar spectra were obtained for Ca-polyP [76,77,80,84] and 

Sr-polyP [81] as previously reported. Importantly, the spectral shift of Na-polyP to two main peaks 

at approximately 908 cm-1 and 1107 cm-1 in both Ca-polyP and Sr-polyP can be attributed to ionic 

crosslinking of polyP with the divalent cations, which crosslinks the free oxygen of the phosphate 

groups in polyP and increases interacting bond strengths between polyP chains [76]. Meanwhile, 
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Figure 4.3 – FTIR spectra of polyP-based particles. The peaks at approximately 908 cm-1 and 
1107 cm-1 are both characteristic of polyP, representing P–O–P and PO32- respectively. Meanwhile, 
the 1028 cm-1 peak represents PO4- as observed in hydroxyapatite. 
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the peak at approximately 3259 cm-1 may be attributed to the hydroxyl end-groups of polyP 

[133,136] or water that may be adsorbed to the sample [76]. 

 Of possible concern is the matching phosphate peak observed in the spectra for Ca-polyP, 

Sr-polyP, and hydroxyapatite at approximately 1028 cm-1, which may suggest partial hydrolysis 

of polyP into free phosphate groups. While peaks are found around this wavenumber in previously 

reported spectra [76,77,80], the peak observed in our samples are notably much larger. A possible 

explanation for this result is the drying process required for FTIR analysis, which leads to a 

prolonged exposure to moisture. A preliminary test comparing drying overnight or by heating at 

50℃ indicated no differences in the phosphate peak (data not shown). Additionally, given that the 

particle washing step was done in diH2O, this may also facilitate hydrolysis. However, washing in 

95% ethanol also failed to remove this peak (data not shown). It can also be ruled out that the Na-

polyP utilized in the experiment was degraded due to the absence of this peak in the Na-polyP 

spectra. Additional validation was performed on the Na-polyP starting material compared to 

hydroxyapatite by Raman spectroscopy, which also illustrates the absence of a phosphate peak in 

Na-polyP (Supplementary Figure 1). Therefore, it appears that polyP degradation occurs during 

the synthesis process, and further optimization of the synthesis procedure would be required to 

minimize degradation of the base polymer. 

 

4.1.4 Effect of pH 

As polyP is a highly ionizable inorganic polymer, the effect of pH on the size stability and surface 

charge was explored. Both Ca-polyP and Sr-polyP were sonicated in 8 mM Tris at pH values 

between 7.0 – 11.5, and DLS was performed over 4 days to assess size stability (Figure 4.4, A – 

B). The particles were maintained in 8 mM Tris to ensure that the pH remained stable throughout 
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Figure 4.4 – Effect of pH on polyP-based particle size and surface charge. Sonicated polyP-
based particle size was measured by DLS in 8 mM Tris for (A) Ca-polyP and (B) Sr-polyP particles 
at varying pH values. Measurements were performed every day for 4 days to assess size stability. 
Zeta potential was also measured for sonicated (C) Ca-polyP and (D) Sr-polyP particles at varying 
pH. Data are presented as averages ± standard deviation for n = 3 experiments. 
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the entire experiment. Three-way ANOVA using cation type, pH, and time indicates a significant 

effect on particle size for each factor (p < 0.0001). As observed from the data, pH has a notable 

effect on size stability, especially for the Ca-polyP particles. While similar trends are observed in 

Sr-polyP, due to the inherently higher stability of these particles, the Z-averages at all pH values 

are quite similar to each other. Zeta potential measurements were also performed at day 0 (Figure 

4.4, C – D), and two-way ANOVA suggests a significant effect of pH on the zeta potential (p < 

0.0001). Logically, the surface charge of the particles would be affected by pH due to changing 

the degree of ionization of the phosphate groups of polyP. As the pH is increased, the zeta potential 

measured increasingly becomes more negative. This explains the improved size stability at more 

alkaline pH, as this results in increased electrostatic repulsive forces between individual particles, 

which hinders particle agglomeration. A zeta potential greater than +30 mV or less than -30 mV 

is generally considered to be sufficient for a stable colloid system [137,138]. 

Each phosphate subunit within a polyP chain contains a strongly acidic hydrogen, having 

a pKa of approximately 0 – 3. Meanwhile, the terminal phosphates of polyP each contain one 

weakly acidic hydrogen, having a pKa of approximately 7 – 9 [136]. As an estimate, the degree of 

ionization was calculated using the Henderson-Hasselbalch equation with the pH values utilized 

in this experiment and the estimated pKa range, with the assumption that all groups behave as a 

weak acid (Supplementary Table 1). As can be seen from these estimates, it is expected that the 

degree of ionization for each strongly acidic hydrogen would not change, given that all values are 

essentially equal to 1, suggesting complete ionization. However, there would be a large effect of 

pH within the range investigated on the ionization status of the weakly acidic hydrogen present on 

the end-groups. As a result, it is thought that the increasingly negative zeta potential at more 

alkaline pH may be attributed to increased ionization of the end-groups. Interestingly, the polyP 
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utilized in the experiment has an average length of ~40 orthophosphate subunits, and with one 

subunit on each terminal end of the polymer containing a weakly acidic hydrogen, the contribution 

of the end-groups to the overall charge is expected to be 2/42, or under 5%. Despite this, the zeta 

potential decreases significantly between pH = 7.0 to 11.5 for Ca-polyP (p < 0.0001) and Sr-polyP 

(p < 0.001). Therefore, it is thought that the end-groups are enriched at the surface of the particles, 

possibly due to the preferred orientation of the polyP molecules when crosslinked with the divalent 

cations, resulting in a large contribution towards the surface charge. However, further work would 

be required to confirm this. One strategy can involve end-group titration which exploits the 

different pKa of the terminal ends, allowing for quantification of the end-group concentration 

[136,139]. By quantifying the end-group concentration at the surface, it may then be compared to 

the overall polyP or end-group concentration of the bulk material. However, this heavily relies on 

the assumption that only the surface of the particle may participate in the titration, which may not 

be valid. Another possible strategy involves the use of 31P NMR, which is able to distinguish the 

terminal, penultimate, and core phosphate groups of polyP from one another [136,140,141]. Solid-

state 31P NMR has been used to deduce core-shell structures and surface chemistry of nanoparticles 

[142,143], potentially allowing for the quantification of terminal phosphates at the surface relative 

to the bulk. 

 Of course, as the goal is to utilize these polyP-based particles for in vitro experiments and 

eventually for biomedical applications, the pH of the environment would be the physiological pH. 

The pH of synovial fluid has been reported to be 7.43 ± 0.02 [144] or weakly basic at 

approximately 7.77 ± 0.05 [145] in normal joints. Measurements performed on the synovial fluid 

of osteoarthritic (OA) joints have indicated a weakly basic pH of 7.55 ± 0.04 [145] or 7.78 ± 0.38 

[146]. Meanwhile, cartilage tissue itself is weakly acidic, having a depth-dependent pH ranging 
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from 7.3 at the surface of the superficial zone down to 6.9 in the deep zone [147]. In a study, the 

average pH of grade 0 (normal) cartilage surfaces was reported to be 7.1 ± 0.4, with increasing 

acidity observed in OA with a pH of 6.2 ± 0.9, 5.7 ± 1.0, and 5.5 ± 1.0 for OA grades of 1 to 3 

respectively [148]. Therefore, further work to explore the size stability and zeta potential at more 

acidic pH values may be beneficial to better understand the particle behaviour under pathological 

conditions, where drug delivery applications would be more relevant. From the results obtained, it 

is expected that particle stability would decrease at more acidic pH due to a decrease in the absolute 

value of the zeta potential. This also provides the potential for incorporating pH-responsive 

strategies to facilitate drug delivery in OA-afflicted cartilage. 

 

4.1.5 Effect of Ionic Strength 

The effect of ionic strength on the particle size stability was also evaluated. Both Ca-polyP and 

Sr-polyP were incubated in varying concentrations of NaCl, and DLS was performed to assess size 

stability over time (Figure 4.5, A – B). The concentration of 0.9% w/v NaCl, also known as normal 

saline solution, is at a physiological osmolarity, and was selected as the highest salt concentration 

as it is reflective of in vitro and physiological environments. Three-way ANOVA with cation type, 

NaCl concentration, and time indicates a significant effect on particle size for each factor (p < 

0.0001). It is observed that increasing salt concentration results in a decrease in particle size 

stability, which is similarly reported by others [149–151]. This can be explained from the classical 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which presents a mathematical model to 

predict the stability of colloidal systems based on the attractive van der Waals forces and the 

repulsive forces due to the electrical double layer [152,153]. According to the DLVO theory, an 

increase in the ionic strength results in screening of the electrostatic interactions by reducing the 

 



 

50 

  

  
Figure 4.5 – Effect of ionic strength on polyP-based particle size and surface charge. 
Sonicated polyP-based particle size was measured by DLS in varying concentrations of sodium 
chloride for (A) Ca-polyP and (B) Sr-polyP particles. Measurements were performed every day 
for 4 days to assess size stability. Zeta potential was also measured for sonicated (C) Ca-polyP and 
(D) Sr-polyP particles at varying osmolarities. Dotted lines represent the average zeta potential 
measured in deionized water. Data are presented as averages ± standard deviation for n = 3 
experiments. 
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double layer thickness. This reduces the energy barrier preventing coagulation, thereby facilitating 

particle agglomeration. 

Similarly, the zeta potential as a function of ionic strength was characterized (Figure 4.5, 

C – D). Two-way ANOVA indicates a significant effect on zeta potential for NaCl concentration 

(p < 0.0001). However, as can be observed, there is no clear trend with increasing NaCl 

concentration. Based on classical DLVO theory, one would expect a decrease in the surface charge 

of the particle due to the screening effect, which has been reported by others with different particles 

[154–156]. While no trend is observed, this can explain the increase in zeta potential observed at 

0.9% w/v NaCl for both Ca-polyP and Sr-polyP. Interestingly, despite the lack of data points to 

confirm these claims, it does appear that the zeta potential has a parabolic trend as a function of 

salt concentration, in which a potential minimum (or maximum absolute value) is present around 

0.09% w/v NaCl for both Ca-polyP and Sr-polyP. Many studies have also reported observing an 

ionic strength-dependent maximum zeta potential [157–160], and this phenomenon has been 

determined to be system-dependent [161]. Currently, there are three main interpretations used to 

explain these maxima, and of these, multiple factors may even be considered: (i) there is specific 

ionic adsorption at the interface; (ii) the particles are covered with flexible chains containing ionic 

groups repelled from the particle surface, known as the “hairy layer model”; and (iii) an anomalous 

change of surface conductivity [161]. With regards to the polyP-based particles, all explanations 

may be plausible, especially as the results of the pH experiment suggested enrichment of terminal 

phosphate groups of polyP at the particle surface. While not confirmed, this may support the hairy 

layer model hypothesis whereby polyP chains are surrounding the particle. 

The zeta potentials of the particles were also measured in PBS, which reflects a high ionic 

strength at a physiological pH. As expected, the absolute value of the zeta potential drops towards 
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a more neutral surface charge within the same range as normal saline solution due to their similar 

ionic strengths, at -13.7 ± 1.6 mV and -14.9 ± 3.8 mV for Ca-polyP and Sr-polyP respectively. In 

contrast, Müller et al. (2018) measured a zeta potential of -33.6 ± 2.3 mV for Ca-polyP in PBS 

[82], however this discrepancy may be explained due to differences in the particle synthesis 

procedures. 

 

4.1.6 In Vitro and In Vivo Environment 

As the goal is to apply these polyP-based particles for in vitro experiments, the particles were 

characterized in cell culture medium to replicate the in vitro environment, which also better 

resembles a physiological environment in the synovial joint. As synthesized and sonicated Ca-

polyP and Sr-polyP particles were stored in DMEM with or without 10% FBS supplementation, 

incubated at 37℃, and DLS was performed over 4 days (Figure 4.6, A – D). Four-way ANOVA 

indicates a significant effect of FBS (p < 0.0001) and time (p < 0.001) on particle size. Evidently, 

all particles agglomerated immediately when added to DMEM, which matches our previous 

observations with normal saline solution given its similar ionic strength to that of DMEM. 

However, for the particles added to DMEM with 10% FBS, the size remained essentially constant 

throughout the 4 days. It has been well established that proteins readily adsorb onto the surfaces 

of particles to form a protein corona, which is dependent on the particle composition, size, shape, 

surface charge and chemistry, as well as environmental factors [162–164]. Similar studies have 

also demonstrated an improved colloidal stability in serum-supplemented media [165–171]. In 

contrast, Cohen et al. (2013) demonstrated that supplementation of 10% FBS destabilized 

nanoparticles exhibiting a negative zeta potential in RPMI medium, but stabilized nanoparticles 

with a positive zeta potential [172]. Furthermore, Chern et al. (1999) have also indicated differing 
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Figure 4.6 – Size of polyP-based particles in cell culture medium with and without FBS. 
PolyP-based particle size was measured by DLS in low glucose DMEM with or without 10% FBS 
supplementation for (A) Ca-polyP as synthesized or (B) sonicated and (C) Sr-polyP as synthesized 
or (D) sonicated. The particles were incubated at 37℃, and measurements were performed every 
day for 4 days to assess size stability. Data are presented as averages ± standard deviation for n = 
3 experiments. 
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results, with chitosan latex particles losing their positive charge in the presence of BSA, resulting 

in destabilization. However, increasing the BSA concentration eventually restabilizes the particles 

by induction of a negative charge instead [173]. Adsorption of proteins typically leads to steric 

stabilization by preventing attractive van der Waals forces between particles through osmotic 

pressure and elastic recoil effects [174]. 

 Zeta potential measurements were also compared in different media (Table 4.1). As also 

observed in normal saline solution and PBS, there is a decrease in the magnitude of the zeta 

potential in DMEM as compared to diH2O, which is in agreement with observations in previous 

reports with various cell culture media [171,175,176]. This can similarly be explained by screening 

due to the increase in ionic strength. Despite having similar osmolarities, there does appear to be 

additional screening effects in DMEM as there is a greater decrease in the absolute value of the 

zeta potential. This can be partially explained by the presence of multivalent ions in DMEM. Based 

on DLVO theory, the Schulze-Hardy rule states that increasing ion valency increases the 

electrostatic screening effect [174,177], resulting in a more neutral zeta potential compared to 

normal saline solution and PBS which contains only monovalent ions. However, other factors can 

also be at play due to the many compositional differences between these solutions. 

For particles with a negative zeta potential, addition of serum proteins results in a reduction 

in the absolute of the zeta potential [165,178–180]. While a slight decrease may be observed from 

our results, with a zeta potential of -12.0 ± 0.5 mV and -12.1 ± 1.5 mV for Ca-polyP and Sr-polyP 

respectively, there is no significant difference between DMEM compared to DMEM supplemented 

with 10% FBS, which has also been similarly reported by others [171]. Importantly, Müller et al. 

(2018) corroborates our results, demonstrating that the zeta potential of Ca-polyP significantly 

decreases towards a more neutral surface charge in DMEM with 10% FBS, and is comparable to 
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Table 4.1 – Zeta potential of sonicated polyP-based particles in various media. Data are 
presented as averages ± standard deviation for n ≥ 3 experiments. 

 
 

Medium 
Zeta Potential [mV] 

Ca-PolyP Sr-PolyP 

diH2O -22.7 ± 3.2 -21.5 ± 2.6 

Normal Saline Solution -16.1 ± 1.0 -17.4 ± 1.0 

PBS -13.7 ± 1.6 -14.9 ± 3.8 

DMEM -13.2 ± 2.5 -12.9 ± 0.8 

DMEM + 10% FBS -12.0 ± 0.5 -12.1 ± 1.5 

10% Synovial Fluid -21.8 ± 0.5 -19.9 ± 1.1 
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the values observed for our particles [82]. To confirm the effect of serum protein adsorption on 

the zeta potential, it would be necessary to perform readings in diH2O supplemented with 10% 

FBS to minimize the already established effects of ionic strength on zeta potential as seen in normal 

saline solution, PBS, and DMEM. However, this would not necessarily lead to results independent 

of ionic strength, given that FBS is also an isosmotic solution. A 10% FBS solution in diH2O 

would have a similar osmolarity to 0.09% w/v NaCl (or 0.1X normal saline solution), which was 

found to be sufficient enough to affect the zeta potential (Figure 4.5, C – D). Another alternative 

would be to utilize a serum protein such as BSA, which is abundant in FBS and can be prepared 

in the absence of ions. Regardless, it may be stated that FBS supplementation has negligible effects 

on the zeta potential when used in the presence of cell culture medium such as DMEM. 

Müller et al. (2018) also demonstrated that Ca-polyP particles may be transformed into a 

coacervate state in the presence of serum, observed through a significant decrease in the absolute 

value of the zeta potential similar to that measured of Ca-polyP coacervate after 10 and 30 minutes 

of incubation in DMEM with 10% FBS [82]. However, it has been established that our polyP-

based particles behave differently, as observed from the notable difference in the zeta potential. 

Furthermore, the size stability of the particles in DMEM with 10% FBS does not suggest a loss of 

particles into a coacervate phase. To verify this, a preliminary test was performed to measure the 

zeta potential of Ca-polyP and Sr-polyP following a much longer incubation of 24 hours in DMEM 

supplemented with 10% FBS at 37℃, which better reflects the amount of time the particles are in 

the culture media during in vitro cell culture experiments. No observable differences in the zeta 

potential were measured from this study (data not shown), suggesting that Ca-polyP and Sr-polyP 

remain as particles in the presence of serum. Again, this difference in behaviour is likely attributed 

to differences in the particle synthesis protocols. 
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Synovial fluid is rich in proteins, containing approximately 19 to 28 mg/mL in humans 

[181]. Comparatively, DMEM with 10% FBS supplementation has a much lower protein content, 

containing between 3 to 4.5 mg/mL [174]. Furthermore, serum albumin is the primary protein in 

both synovial fluid and FBS, each containing approximately 12 mg/mL [181] and 3.3 mg/mL [174] 

respectively. While synovial fluid has been reported to be hyperosmolar, having an osmolality of 

404 ± 57 mmol/kg in healthy patients at rest [182,183], more typical osmolality values (comparable 

to blood serum) are reported in patients suffering from OA at 297 ± 17 mmol/kg [182] and post-

exercise at 301 ± 19 mmol/kg [183]. These differences in osmolarity and composition may impact 

the stability and charge of the particles. 

To verify the feasibility of these particles in a more physiologically relevant environment, 

characterization was performed in synovial fluid. However, manipulation of synovial fluid is 

technically challenging due to its high viscosity, and particulates within the synovial fluid may 

interfere with DLS measurements. Therefore, synovial fluid was first digested with hyaluronidase, 

which breaks down the dense hyaluronic acid network, allowing for more ease of use [184]. 

Subsequent clarification was then performed by centrifugation and filtration to remove cell debris 

and protein aggregates. As synthesized and sonicated Ca-polyP and Sr-polyP particles were stored 

in 10% synovial fluid, incubated at 37℃, and DLS was performed over 4 days (Supplementary 

Figure 2). The results suggest that the particles may be unstable under these conditions given that 

the size of sonicated particles increase, while the size of as synthesized particles decrease over 

time. However, it is possible that digestion by hyaluronidase may affect these results, given that 

hyaluronic acid is highly abundant in synovial fluid at 1 – 4 mg/mL [185]. Therefore, any possible 

interactions between hyaluronic acid and the particles will be hidden. It is also possible that the 

viscosity affects interactions between the particles and synovial fluid. Furthermore, depending on 
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its affinity and interactions with the particle surface, the addition of hyaluronidase may influence 

the results. However, more work needs to be done to characterize the stability of these particles in 

synovial fluid to confirm size stability following intra-articular injection into the joint. 

 

4.1.7 Physicochemical Characterization Summary 

Both Ca-polyP and Sr-polyP particles have been characterized to be within a nanoscale size and 

exhibit a negative surface charge. Interestingly, the pH of the solution has been found to have a 

profound effect on particle size stability and zeta potential. However, these polyP-based particles 

have poor size stability under physiologically relevant conditions, agglomerating in cell culture 

medium as a result of the high ionic strength. Supplementation with 10% FBS successfully allows 

for improved colloidal stability, likely as a result of protein adsorption onto the particle surface 

which prevents agglomeration. As a result, these particles may be applied for in vitro cell culture 

experiments. 

 

4.2 Identification of Cationic Molecules as Potential Surface Coatings 

As AC has a highly fixed negative charge due to the abundance of GAGs, it has been proposed 

that positively charged particles would facilitate drug delivery into AC [45]. PolyP-based particles 

were incubated in varying concentrations of CTAB (Figure 4.7), chitosan (Figure 4.8), linear PEI 

(Figure 4.9), and branched PEI of different MW (Figures 4.10 and 4.11), and both the size stability 

and zeta potential were evaluated. These data show that the cationic surface coatings generally 

improve the size stability of both Ca-polyP and Sr-polyP. All cationic molecules reduced 

agglomeration of Ca-polyP, with the exception of the low and medium MW branched PEIs. This 

was also observed with Sr-polyP, with the addition of chitosan also failing to improve the size 
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Figure 4.7 – Effect of CTAB on particle size and surface charge. PolyP-based particle size and 
the zeta potential were measured in varying concentrations of CTAB for (A) Ca-polyP and (B) Sr-
polyP particles. Measurements were performed every day for 4 days to assess size stability. Zeta 
potential was also measured for sonicated (C) Ca-polyP and (D) Sr-polyP particles at varying 
CTAB concentrations. Data are presented as averages ± standard deviation for n ≥ 3 experiments. 
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Figure 4.8 – Effect of chitosan on particle size and surface charge. PolyP-based particle size 
and the zeta potential were measured in varying concentrations of chitosan for (A) Ca-polyP and 
(B) Sr-polyP particles. Measurements were performed every day for 4 days to assess size stability. 
Zeta potential was also measured for sonicated (C) Ca-polyP and (D) Sr-polyP particles at varying 
chitosan concentrations. Data are presented as averages ± standard deviation for n ≥ 3 experiments. 
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Figure 4.9 – Effect of linear PEI on particle size and surface charge. PolyP-based particle size 
and the zeta potential were measured in varying concentrations of linear PEI for (A) Ca-polyP and 
(B) Sr-polyP particles. Measurements were performed every day for 4 days to assess size stability. 
Zeta potential was also measured for sonicated (C) Ca-polyP and (D) Sr-polyP particles at varying 
linear PEI concentrations. Data are presented as averages ± standard deviation for n ≥ 3 
experiments. 
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Figure 4.10 – Effect of branched PEI on Ca-polyP particle size and surface charge. Sonicated 
Ca-polyP particle size was measured by DLS in varying concentrations of branched PEI having 
an average molecular weight of (A) 600, (B) 2,000 and (C) 10,000 g/mol. Measurements were 
performed every day for 4 days to assess size stability. (D) Zeta potential was also measured at the 
varying concentrations of branched PEI of different molecular weights. Data are presented as 
averages ± standard deviation for n ≥ 3 experiments. 
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Figure 4.11 – Effect of branched PEI on Sr-polyP particle size and surface charge. Sonicated 
Sr-polyP particle size was measured by DLS in varying concentrations of branched PEI having an 
average molecular weight of (A) 600, (B) 2,000 and (C) 10,000 g/mol. Measurements were 
performed every day for 4 days to assess size stability. (D) Zeta potential was also measured at the 
varying concentrations of branched PEI of different molecular weights. Data are presented as 
averages ± standard deviation for n ≥ 3 experiments. 
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stability of Sr-polyP but it did not increase agglomeration in the long term either. All cationic 

molecules successfully induced a positive surface charge at all concentrations tested, except for 

low MW branched PEI, as indicated by the zeta potential measurements. 

 The poor results observed with low MW branched PEI may possibly be attributed to the 

zeta potential. As mentioned, a zeta potential greater than +30 mV or lower than -30 mV typically 

results in a stable colloid due to the electrostatic repulsive forces to prevent agglomeration 

[137,138]. However, low MW branched PEI led to a more neutral zeta potential, suggesting a loss 

of electrostatic repulsion. Furthermore, compared to the high MW branched PEI, there may not be 

sufficient steric effects to prevent particle agglomeration. This can similarly be the cause for 

medium MW branched PEI failing to prevent agglomeration despite having a relatively positive 

zeta potential. Meanwhile, the high MW branched PEI has the most positive zeta potential of the 

three tested and would have improved steric hindrance due to being a bulkier polymer. Therefore, 

both the low and medium MW branched PEIs were not investigated further. 

Despite some success, both CTAB and chitosan were also ruled out as possible candidates 

as surface coatings. Given that CTAB is a cationic surfactant, it has been demonstrated to be quite 

cytotoxic due to interfering with the cell membrane and facilitating cell lysis [186–188]. It was 

also thought that due to only possessing a single positive charge, the ionic binding stability to the 

polyP-based particles would be weak, potentially resulting in poor CTAB retention following 

washes. Meanwhile, despite chitosan being a polycationic carbohydrate, the amino groups have a 

pKa of approximately 6.5, which requires the pH to be at or below 6.5 to dissolve in aqueous media 

and have a sufficient positive charge [189]. This makes chitosan very difficult to work with, and 

potentially incompatible due to being much more acidic than the physiological pH. Furthermore, 
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polyP is susceptible to hydrolysis under acidic media [190], making chitosan unsuitable for our 

application. 

Therefore, only linear PEI and the high MW branched PEI were subsequently tested as 

cationic surface coatings. As PEI tends to exhibit some cytotoxicity [191–193], it is desired to 

wash the particles following coating to remove any excess PEI prior to application to biological 

systems. Preliminary tests using linear or branched PEI indicated poor retention on the particle 

surface following washing with diH2O, as suggested by a near-neutral zeta potential (data not 

shown). While the less negative zeta potential than uncoated polyP-based particles suggest some 

retention of the PEIs on their surface, the goal was to obtain a positively charged surface rather 

than a less negative surface. Furthermore, due to the near-neutral zeta potential, this resulted in a 

loss of electrostatic repulsion, and probe sonication subsequently failed to properly disperse the 

particles and instead resulted in immediate agglomeration (data not shown). Incorporation of linear 

or branched PEI during the synthesis of the nanoparticles was also attempted to test the idea that 

PEI chains may become partially embedded within the particle, which would improve stability of 

the surface coating; however, similar results were obtained following washing, with a near-neutral 

zeta potential and inability to disperse the particles via sonication (data not shown).  

Therefore, it is thought that ionic interactions are insufficient for surface coatings of these 

particles. It may be required to improve the binding stability of these cationic molecules to the 

surface, such as through covalent modifications. The terminal phosphates of polyP may be coupled 

with primary amines via a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC)-mediated 

reaction [194–196]. Choi et al. (2010) successfully utilized this EDAC-mediated chemistry to 

couple polyP with a variety of molecules, including immobilizing polyP onto PEI-coated surfaces 

[194], demonstrating the potential to coat these polyP-based particles with PEI or other amine-
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containing compounds. This also adds the potential for modulating the surface of the particles by 

conjugation of bridging molecules to add additional reactive moieties, including peptides [196]. 

However, as the reaction occurs only on the terminal phosphates, this relies on the assumption that 

the terminal phosphates will be enriched at the surface of the particle, at sufficient levels to endow 

a positive surface charge via EDAC-mediated coupling. Nonetheless, this opens many possibilities 

outside of simply changing the surface charge of the particle, as the biological activities of these 

particles can be modulated dependent on the chosen surface functionalization. 

 

4.3 Biological Characterization in Chondrocytes and Cartilage Tissue 

 

4.3.1 Cellular Uptake 

To confirm the feasibility of applying these polyP-based particles for drug delivery applications, 

biological characterization was performed of their interactions with primary bovine chondrocytes. 

Firstly, the ability for chondrocytes to uptake these particles was tested via incubation with DAPI-

stained polyP-based particles. Binding of DAPI to polyP shifts the fluorescence emission peak in 

the yellow-green spectrum, permitting the visualization of polyP from DNA and GAGs [100]. To 

ensure that only particles that were uptaken by chondrocytes were visualized, extracellular 

fluorescence was quenched with 0.1% trypan blue. Trypan blue has been demonstrated to quench 

green fluorescence, and as it is a vital dye, it is unable to pass through the cell membrane of viable 

cells, allowing for visualization of DAPI-stained particles localized intracellularly only [101,102]. 

Validation was performed on the DAPI-stained polyP-based particles alone, which confirmed 

visualization of the particles via fluorescent microscopy and the efficacy of trypan blue to quench 

the fluorescent signal of the particles entirely (Supplementary Figure 3). 
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 Cellular uptake was confirmed through fluorescent microscopy (Figure 4.12). Images were 

taken after 1 minute of trypan blue incubation to ensure sufficient time to quench any extracellular 

fluorescence, and to minimize cell death which would result in intracellular quenching. As can be 

observed, chondrocytes were able to internalize both the as synthesized and sonicated polyP-based 

particles. No clear differences in cellular uptake are observed. However, due to the unreliability of 

fluorescent microscopy imaging for quantitative analysis, a comparison of cellular uptake cannot 

be made, and the results can only qualitatively demonstrate cellular uptake. To solve for this, 

protocols have been developed utilizing flow cytometry [197] and microplate-based assays [198] 

as quantitative methods for the measurement of cellular uptake of fluorescently labelled particles. 

Additionally, as can be observed from the fluorescence imaging, the nuclei are also labelled by 

DAPI. Since no DAPI was added to the cells for nuclear staining, this is a result of DAPI 

dissociating from the polyP-based particles. As this would also affect the quantification of the 

fluorescent signal, it may be necessary to conjugate the polyP-based particles to a fluorophore by 

EDAC-mediated end-group labelling [194,195]. 

 Particles may be uptaken by cells through a variety of mechanisms and pathways, including 

phagocytosis and pinocytosis. Phagocytosis is a process which first relies on opsonization, where 

opsonins coat the surface of the particle. These opsonins physically bind to specific cell surface 

receptors, which results in assembly of actin filaments and protrusion of the cell membrane, which 

then engulfs and internalizes the particle into the phagosome. As a result, phagocytosis is typically 

done for larger particles above 500 nm in size [199–205]. While this process is primarily performed 

by professional phagocytes (such as macrophages, monocytes, or neutrophils) in response to 

pathogens, diseased cells, and foreign material, many cells (termed non-professional phagocytes) 

have some capacity to perform phagocytosis, including chondrocytes [206]. Pinocytosis may be 
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Figure 4.12 – Intracellular uptake of polyP-based particles. Primary bovine chondrocytes were 
treated with 100 µg/mL of DAPI-stained (A) Ca-polyP as synthesized or (B) sonicated and (C) Sr-
polyP as synthesized or (D) sonicated for 24 hours. Extracellular fluorescence was quenched with 
0.1% trypan blue prior to fluorescent imaging to confirm intracellular localization. Representative 
images for each condition have both nuclei (blue) and polyP-based particles (green) stained by 
DAPI. Scale bar = 20 µm. 
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divided into three main processes: macropinocytosis, clathrin-mediated endocytosis, and caveolin-

dependent endocytosis. Macropinocytosis is another endocytic process which enables the uptake 

of large particles and can be done by almost all cell types. Like phagocytosis, macropinocytosis 

relies on forming cell membrane extensions from actin filaments. However, it is a non-specific 

process that is initiated by actin signalling as opposed to binding events on cell surface receptors 

[199–205]. Meanwhile, clathrin-mediated endocytosis involves the assembly of clathrin-coated 

pits on the cytosolic side of the cell membrane, which invaginates and pinches off to form clathrin-

coated vesicles. Typically, this process involves uptake of smaller nanoparticles up to 100 nm in 

size. The process is initiated by binding of nanoparticle surface ligands to cell receptors [199–

205], such as binding to low density lipoprotein receptor-related protein 1 (LRP1) in chondrocytes 

[207]. Caveolin-dependent endocytosis relies on flask-shaped, caveolin-coated plasma membrane 

invaginations known as caveolae. As the openings of caveolae are small, with estimates of 50 nm, 

this pathway is also limited to smaller nanoparticles [199–205]. Importantly, while caveolae are 

not present in all cell types, they are present on the cell membrane of chondrocytes [208]. 

It is likely that the process of phagocytosis is involved in cellular uptake of the larger, as 

synthesized polyP-based particles. Similarly, macropinocytosis may be important in the uptake of 

both the as synthesized and sonicated particles. Interestingly, observations have been made that 

negatively charged nanoparticles are often uptaken by cells via caveolin-dependent endocytosis 

[199,209–211], which may suggest this as a potential entry route for these polyP-based particles. 

However, studies are required to elucidate the exact mechanisms by which polyP-based particles 

are uptaken by chondrocytes. This can be done through inhibiting select cellular uptake pathways 

and measuring a decrease in particle uptake. However, much care is required in developing these 

experiments, as many of the typical inhibitors utilized are not specific to one pathway, and there 
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are no established or appropriate concentrations used with variations of up to 20,000-fold reported 

between studies [205]. Furthermore, as already discussed, more quantitative methods would be 

required to quantify particle uptake, which would be essential to confirm small decreases in uptake 

by inhibition of a single pathway. 

Regardless of the uptake mechanism, all pathways ultimately lead to the endocytic system. 

Vesicles fuse with early endosomes to be trafficked intracellularly to the desired location. Early 

endosomes then mature to late endosomes, and eventually integrate with lysosomes, degrading the 

cargo which contains the particles [199–202,204,205]. In some cases, the particles may also escape 

the endocytic pathway to bypass lysosomal degradation [201–203]. However, in terms of the 

polyP-based particles, it has been well established that the endosomal environment is acidic, which 

may facilitate acid hydrolysis of polyP [190]. Therefore, it may be necessary to facilitate endocytic 

escape to minimize particle degradation during the intracellular trafficking process, and ultimately 

by lysosomes, for them to have a maximum therapeutic effect for drug delivery. One strategy 

involves the use of membrane-disrupting modifications to the particles to rupture the endosomes 

and release their cargo into the cytosol. This can be done by modifying the surface of the particles 

with PEI, cell-penetrating peptides, and by lipid fusion [204], which may be achieved by EDAC-

mediated end-group labelling [194,196]. 

 

4.3.2 Cytotoxicity 

Cytotoxicity of the polyP-based particles was evaluated through live-dead assays. After staining, 

the cells were imaged by fluorescent microscopy (Supplementary Figures 4 and 5), and the total 

number of live and dead cells were counted from five different images per condition (Figure 4.13). 

Three-way ANOVA demonstrates a significant effect of particle concentration (p < 0.0001) and 
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Figure 4.13 – Cytotoxicity of polyP-based particles. Primary bovine chondrocytes were treated 
with (A) Ca-polyP as synthesized or (B) sonicated and (C) Sr-polyP as synthesized or (D) 
sonicated at varying concentrations for 24 hours. Chondrocytes were incubated with calcein-AM 
(green) and EthD-1 (red) to stain live and dead cells respectively and imaged under fluorescent 
microscopy. Data are presented as averages ± standard deviation for n = 4 biological replicates. 
Significance is defined as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).  
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sonication (p < 0.0001) on chondrocyte viability. As can be observed, there appears to be both a 

concentration-dependent and size-dependent cytotoxicity exhibited by the particles. While there 

are no significant differences in cell viability for the as synthesized Ca-polyP and Sr-polyP 

particles, the sonicated particles appear to have appreciable cytotoxic effects. Interestingly, no 

significant cell death is observed at 1 or 2 ng/cell compared to the control for both sonicated Ca-

polyP and Sr-polyP. However, as the concentration increased to 4 ng/cell, significant differences 

are observed between the 4 ng/cell condition compared with all other conditions. The control group 

had an average cell viability of 90.0 ± 3.3%, while chondrocytes treated with either sonicated Ca-

polyP and Sr-polyP at 4 ng/cell exhibited a cell viability of 65.1 ± 10.0% and 70.9 ± 6.3% 

respectively. This level of cytotoxicity is not unexpected, given that the mass of a mammalian cell 

is estimated to be 3 – 4 ng [212], which is roughly equivalent to the mass of particles applied per 

cell. 

As no cytotoxic effects are observed at all concentrations for the as synthesized particles 

and knowing that cellular uptake occurs for all conditions (Figure 4.12), it is unlikely that the 

composition of the particle is at play. However, as particle uptake has not been quantified between 

conditions, it is possible that the smaller, sonicated particles are internalized more readily, resulting 

in potential cytotoxic effects due to an increased dosage. Therefore, it is possible that cytotoxicity 

is related to increased release of either polyP or the counterions. As discussed previously, the fate 

of nanoparticles following endocytic uptake ultimately ends with lysosomal degradation. This may 

cause a surge of free polyP or free cations in the cell. As the environment of the endosome and 

lysosome is acidic, this would also facilitate degradation of polyP into inorganic phosphates, which 

may influence cytotoxicity [213–215]. Similarly, altering calcium homeostasis by addition of Ca-

polyP could potentially affect cell viability [216]. However, if this were the case, as no significant 
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differences are observed between the cytotoxicity of Ca-polyP and Sr-polyP, this makes polyP or 

inorganic phosphate the likelier candidates. 

It has been well established that smaller nanoparticles typically exhibit greater cytotoxic 

effects [217–219], with multiple studies reporting a decrease in cell viability for smaller particles 

and at higher particle concentrations [176,220–225]. However, many studies have also reported 

size-dependent trends that differ from this. Pan et al. (2007) observed size-dependent cytotoxicity 

in gold nanoparticles, however there appeared to be an intermediate size (1.4 nm) that resulted in 

the greatest cytotoxicity, with smaller and larger particles being less cytotoxic [226]. Meanwhile, 

Bayal et al. (2019) highlights an increase in cytotoxicity at increasing sizes of ZnS nanoparticles 

[227]. Some studies have also indicated inconclusive results regarding size-dependence [228,229], 

as well as significantly different responses between different cell types [230]. Overall, this supports 

the idea that size-dependence of nanoparticle cytotoxicity can be highly variable, depending on 

the particle composition, material, and the cell type studied. Regardless, there is strong rationale 

which explains the cytotoxicity of smaller nanoparticles. Decreasing the particle size results in a 

greater surface area, which presents a larger contribution of the surface atoms as compared to the 

bulk material. As interactions with cellular components and nanoparticles occur at the surface, the 

potential for unwanted interactions will increase [231]. This can be of great concern, given that 

nanoparticles may be of similar scale to biomacromolecules, such as proteins (~2 – 10 nm), DNA 

(~2 nm) and cell membranes (~10 nm), which facilitates these undesired interactions [232]. 

Furthermore, smaller nanoparticles will also more accessibility to areas within the cell. For 

example, Huo et al. (2014) identified that gold nanoparticles smaller than 10 nm may enter the 

nucleus of cells [233], providing opportunities for off-target effects. In fact, as mentioned in the 

study performed by Pan et al. (2007), gold nanoparticles having a size of 1.4 nm exhibited the 



 

74 

greatest cytotoxicity compared to all other sizes [226], and this has been attributed to interactions 

with the major groove of DNA resulting in inhibition of transcriptional processes [234]. 

 

4.3.3 Cell Proliferation 

The EdU cell proliferation assay was similarly performed on primary bovine chondrocytes treated 

with varying concentrations of as synthesized or sonicated Ca-polyP or Sr-polyP particles, and 

cells were counted from five images per condition (Supplementary Figures 6 and 7). Due to the 

variability of proliferating cells between biological replicates, the percentage of proliferating cells 

was normalized to the control samples (Figure 4.14, A – B). Three-way ANOVA indicates a 

significant effect of particle concentration (p < 0.001) and sonication (p < 0.0001) on chondrocyte 

proliferation. As can be seen, while the as synthesized particles have little effect on cellular 

proliferation, the sonicated particles resulted in a significant decrease in cell proliferation at 50 

µg/mL and 100 µg/mL for Ca-polyP and at all concentrations of Sr-polyP compared to the control. 

Furthermore, there appears to be a slight concentration-dependent effect, with a greater reduction 

in cell proliferation as the particle concentration is increased. However, this is only significant 

between 25 µg/mL and 100 µg/mL of sonicated Sr-polyP (p < 0.05). Additional work to confirm 

that a reduction in cell proliferation ultimately leads to reduced cell numbers would be required 

over a longer culture period. 

St-Pierre et al. (2012) demonstrated that treatment of chondrocytes with 1 mM of polyP 

resulted in significant decrease in DNA content of the in vitro grown tissues at 2 and 4 weeks of 

culture. While the DNA content of non-treated tissues increased by over 125%, polyP-treated 

tissues exhibited a more modest increase of 75% [74]. Meanwhile, Gawri et al. (2022) observed 

minor decreases in the DNA content of tissues grown with 1 mM of polyP with or without 1.5 mM 
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Figure 4.14 – Cell proliferation in response to incubation with polyP-based particles. Primary 
bovine chondrocytes were treated with (A) Ca-polyP and (B) Sr-polyP as synthesized or sonicated 
at varying concentrations for 24 hours. Cell proliferation was assessed by the EdU cell proliferation 
assay. Proliferating cells were labelled with an Alexa Fluor 488 azide and the total number of cells 
was characterized by nuclear staining with Hoechst 33342, imaged under fluorescent microscopy. 
Values were normalized to the control samples cultured in the absence of particles, represented by 
the dotted lines. Data are presented as averages ± standard deviation for n = 4 biological replicates. 
Significance is defined as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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CaCl2 supplementation after 2 weeks of culture [75]. Conversely, polyP increased proliferation in 

human and mouse fibroblast cells through the FGF signaling pathway [235], as well as in human 

breast cancer cell lines through mTOR signaling pathway [236]. Müller et al. (2015, 2018) 

performed an XTT assay on mouse calvaria cells and human mesenchymal stem cells treated with 

Ca-polyP particles and noted significant increases at a concentration of 30 µg/mL after 72 hours, 

suggesting an increase in cell viability and proliferation [78,83]. Similar findings in human 

mesenchymal stem cells were observed with Sr-polyP after 3 days of incubation [81]. However, 

differences in the response to polyP and polyP-based particles may be attributed to the cell type 

utilized, suggesting that polyP has cell-specific effects [74]. Overall, these results appear to be 

consistent from previous studies in chondrocytes; however, the mechanism at which polyP inhibits 

proliferation has not been identified. 

 

4.3.4 Metabolic Activity 

MTT assays were performed on primary bovine chondrocytes following incubation with varying 

concentrations of the as synthesized or sonicated Ca-polyP or Sr-polyP particles (Figure 4.15). 

Three-way ANOVA indicates significant effects of the cation type (p < 0.05), sonication (p < 

0.0001), and particle concentration (p < 0.0001) on the metabolic activity. As can be observed, 

statistically significant decreases in metabolic activity were observed in almost all conditions 

compared to the control, suggesting that these polyP-based particles may have a biological effect 

on chondrocytes. However, the MTT assay has many critiques and limitations, which makes the 

interpretation of the results difficult [105]. In particular, the MTT assay is often used as a cell 

viability assay due to metabolic activity (or formazan production) correlating with cell numbers. 

While the results of the MTT assays are supported by the EdU assays, given that a decrease in cell 
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Figure 4.15 – Metabolic activity in response to incubation with polyP-based particles. Primary 
bovine chondrocytes were treated with (A) Ca-polyP and (B) Sr-polyP as synthesized or sonicated 
at varying concentrations for 24 hours. Metabolic activity was assessed with the MTT assay, and 
values were normalized to the control samples cultured in the absence of particles. Data are 
presented as averages ± standard deviation for n = 4 biological replicates. Significance is defined 
as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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proliferation would also suggest a decrease in metabolic activity due to the energy demands of 

biosynthetic pathways for biomacromolecules required for cell growth [237], this can also lead to 

a decrease in cell numbers which may result in the decrease in formazan production. To discern 

whether this is attributed to a decrease in cell numbers, a decrease in the metabolic activity per 

cell, or a combination of these factors, additional experiments were performed in parallel. 

DNA quantification was performed following identical culture conditions to that of the 

MTT assay as an estimate of cell numbers (Supplementary Figure 8). However, the results were 

found to be unreliable due to a high variability that was not seen in the MTT data. Furthermore, 

the estimated cell numbers from the DNA assay were consistently much lower than the expected 

80,000 cells that were initially seeded, suggesting that there may have been potential issues with 

the procedure, most likely related to the DNA recovery process. To circumvent these issues, two 

other methods of validation were performed. Firstly, live-dead assays were similarly performed 

under identical culture conditions to the MTT assay (Supplementary Figures 9 – 11) to verify 

whether a decrease in formazan signal was due to a decrease in cell viability. This can be of concern 

due to the cytotoxic effects of high concentrations of polyP-based particles as observed previously 

(Figure 4.13). However, no significant differences in cell viability were observed for Ca-polyP 

and Sr-polyP, and at all particle concentrations under the conditions used for the evaluation of 

metabolic activity. The average cell viability of the control was 96.6 ± 2.1%, while the average 

cell viability of all the treated conditions combined (0.125 – 0.5 ng/cell) was 95.4 ± 0.3%. This 

also demonstrates that the particle mass per cell is more important than the particle concentration 

in solution, as the same particle concentrations (25 – 100 µg/mL) were used. 

As an additional validation, the total cell numbers were counted from nuclear staining with 

Hoechst 33342 and normalized to the control (Supplementary Figures 12 and 13). On average, the 
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control wells contained 72,707 ± 8680 cells, while the average cell count of all treated conditions 

contained 71,204 ± 5821 cells, confirming negligible differences in cell numbers due to treatment 

with the polyP-based particles. Furthermore, while there may be some aspects that make these 

total cell counts unreliable, such as the loss of cells by accidental contact with the surface of the 

well (during media change, cell fixation, washing, and/or staining steps), the total cell counts all 

fall very closely with the 80,000 cells initially seeded unlike the DNA assays, suggesting these 

errors have minimal effects on the results, and can even be attributed to the inherent uncertainty 

of cell counting with a hemocytometer used for cell seeding. It should be noted that the culture 

conditions selected for these experiments cause limited chondrocyte proliferation, such that a cell 

number slightly below the seeding number at the timepoint investigated was expected. Overall, 

this supports the possibility of the MTT assay results suggesting a decrease in metabolic activity 

per cell. 

PolyP has been implicated in having a major biological role on metabolic processes. Firstly, 

polyP is a polymer of phosphate residues linked by high-energy phosphoanhydride bonds, similar 

to those found in ATP [238], suggesting the potential for polyP as a means for energy storage. It 

is present in the cytosol, nucleus, lysosomes, and mitochondria of eukaryotic cells [239], and 

localization of polyP to the mitochondria implicates a functional role in metabolic processes. PolyP 

levels have been linked to mitochondrial activity, with decreased levels as a result of mitochondrial 

inhibition, and increased levels from supplementation of glutamine and pyruvate, both substrates 

of complex I, as well as supplementation of succinate, a substrate of complex II [240]. F0F1 ATP 

synthase and ATPase activity has also been proposed to be involved in the synthesis and hydrolysis 

of polyP respectively [241]. Additionally, altered levels of polyP have also been demonstrated to 

directly affect metabolic activity and processes. Depletion of mitochondrial polyP in HEK293 cells 
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via expression of exopolyphosphatase resulted in a metabolic switch, with a reduction in oxidative 

phosphorylation and elevated glycolysis activity, indicating that polyP may have a regulatory role 

in metabolic pathways [242]. Similarly, depletion of mitochondrial polyP in neuroblastoma cells 

resulted in dysregulation of mitochondrial physiology and bioenergetics [243]. Conversely, Müller 

et al. (2015) found that treating osteoblast-like cells with Ca-polyP particles resulted in an increase 

in the number of mitochondria, as well as an increase in intracellular and extracellular ATP levels 

[79]. While the exact mechanism for this observed decrease in metabolic activity because of Ca-

polyP and Sr-polyP treatment can only be speculated, it is clear that polyP modulates metabolic 

activity in mammalian cells. This decrease in metabolic activity may be a compensatory response 

in chondrocytes by reducing endogenous polyP synthesis, especially given that the production of 

polyP has been linked to mitochondrial activity. 

To better elucidate the bioactivity of these particles on the bioenergetics of chondrocytes, 

ATP assays were also performed following treatment of 100 µg/mL of polyP-based particles, given 

that this concentration had the highest effect on both cell proliferation and metabolic activity 

(Supplementary Figure 14). However, it was determined that the particles themselves have some 

level of interference with the assay, resulting in a decrease in luminescence (data not shown). 

While these results cannot be used quantitatively due to these technical issues, intracellular ATP 

levels were similarly reduced in chondrocytes treated with 0.5 mM and 1 mM of soluble polyP 

under the same culture conditions (data not shown), which has also been corroborated by others in 

murine preosteoblast cells [244]. It is possible that the reduction in luminescence may not solely 

be due to assay interference and can partially be attributed to an actual reduction in ATP levels. 

However, further work is required to validate this. 
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4.3.5 Cartilage Tissue Uptake 

To determine the potential for these polyP-based particles to be utilized as a drug delivery carrier, 

preliminary experiments were performed to establish whether the particles may penetrate through 

AC. This was done by incubating bovine cartilage explants in a bath containing DAPI-stained 

particles and evaluating the change in fluorescence in both the cartilage tissue explants and 

solution, based on previously published studies for particle uptake in cartilage tissues [245–248]. 

After 3 days of incubation, cross-sections of the cartilage explants were imaged under fluorescent 

microscopy (Figure 4.16, A – E), and fluorescent profiles were measured across the depth of each 

cartilage tissue and compared to the control which was incubated in the absence of DAPI-stained 

particles (Figure 4.16, F – I). As can be seen, the fluorescent green signal is higher at all depths of 

cartilage for both the as synthesized and sonicated particles, and for both Ca-polyP and Sr-polyP, 

suggesting successful uptake of the particles into the cartilage. 

To further validate these results, the fluorescent signal of the incubating bath was compared 

to an identical solution incubated in the absence of cartilage tissue to calculate the percentage of 

particles uptaken by the cartilage tissue explants from the original solution (Figure 4.17, A). An 

average percent uptake of 54.7 ± 3.1% and 53.0 ± 4.6% for the as synthesized Ca-polyP and Sr-

polyP respectively, and 49.0 ± 6.3% and 49.5 ± 7.7% for sonicated Ca-polyP and Sr-polyP 

respectively, with no significant differences observed between conditions. Particle retention was 

also evaluated by incubating the cartilage explants in a fresh wash solution for 3 days. The 

fluorescent signal of the wash solution was then compared to the initial particle solution incubated 

in the absence of cartilage tissue to calculate the percentage of particle retention by the cartilage 

tissue explants based on the initial amount uptaken (Figure 4.17, B). Consistent with the results 

observed in particle penetration, no significant differences were observed between the conditions, 



 

82 

     
 

 

 

 

    
Figure 4.16 – Fluorescent microscopy of cartilage tissue explants incubated with polyP-based particles. Bovine cartilage explants 
punched into 6 mm diameter discs were incubated with 100 µg/mL of DAPI-stained particles (green) for 3 days on an orbital rocker at 
37℃. Thin cross-sections of the cartilage incubated with (A) no particles as the control tissue, (B, F) Ca-polyP as synthesized or (C, G) 
sonicated, and (D, H) Sr-polyP as synthesized or (E, I) sonicated were imaged under fluorescent microscopy. Representative fluorescent 
profiles across the depth of cartilage were measured from three different regions of each cross-section and compared to the control tissue 
(the control profiles are reproduced in F – I). The normalized depth of “0” represents the superficial zone while the normalized value of 
“1” represents the deep zone. Data are presented as averages ± standard deviation of the three different regions. Scale bar = 100 µm. 
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Figure 4.17 – Quantification of particle penetration and retention in cartilage tissue explants. 
Bovine cartilage explants punched into 6 mm diameter discs were incubated with 100 µg/mL of 
DAPI-stained particles for 3 days on an orbital rocker at 37℃. (A) Quantification of fluorescence 
decrease in solution, corresponding to particle uptake into the cartilage tissue, compared to the 
initial solution. (B) Cartilage explants were then subsequently incubated in the absence of particles 
and fluorescence in solution was quantified after an additional 3 days, corresponding to particle 
release, and compared to the amount of uptake prior to washing to determine particle retention. 
Data are presented as averages ± standard deviation for n ≥ 3 biological replicates.  
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with an average percent retention of 58.3 ± 12.5% and 59.5 ± 3.9% for the as synthesized Ca-

polyP and Sr-polyP respectively, and 60.6 ± 13.6% and 62.3 ± 9.6% for sonicated Ca-polyP and 

Sr-polyP respectively. 

Both particle uptake and retention were much higher than expected. The wet weights of the 

explants were measured for each experiment, with an average mass of 21.2 ± 3.8 mg 

(Supplementary Table 2). Meanwhile, the thickness of the cartilage explants was measured to be 

0.70 ± 0.09 mm from one experiment. Therefore, for a 6 mm diameter cylinder, the average volume 

of each cartilage explant may be estimated to be about ~20 µL. This matches very closely with the 

measured wet weights, as the density of AC may be assumed to be close to that of water (~1 

mg/µL), as up to 80% of the wet weight of cartilage is attributed to water [1]. If particle uptake 

into the tissue was solely due to diffusion, incubating cartilage explants with an estimated volume 

of ~20 µL in 400 µL of solution would result in less than 5% of the particles entering the tissue. 

Therefore, this may suggest some preferential uptake into the tissue, despite the electrostatic 

repulsive forces between the negative surface charge of the polyP-based particles and the highly 

fixed negative charge of AC. 

It is important to note that particle uptake is most likely overestimated of what can actually 

be expected in an in vivo context due to the limitations of the experiment. Firstly, as can be 

observed in the fluorescent images of the cartilage explants, there is no obvious sign of surface 

binding of the particles. However, these tissues were briefly rinsed in PBS, which may remove 

weakly bound particles prior to imaging. Meanwhile, the solution along with the cartilage explant 

was well mixed prior to measuring the fluorescence of the bath to remove surface-bound particles 

from the cartilage tissue. However, there is a very high chance that mixing is insufficient given the 

cartilage explant remained in the same solution, and re-adsorption would most likely occur rapidly. 



 

85 

Therefore, the decrease in fluorescence may be partially attributed to loss of particles from surface-

binding as opposed to actual penetration into the tissue. 

Secondly, an indirect method of quantification was used to quantify particle uptake, based 

on the loss of fluorescence measured, rather than directly measuring the loss of the particles in 

solution, which would be difficult to achieve. Dissociation of DAPI from the DAPI-polyP complex 

and into the cartilage tissue will also result in a decrease in fluorescent signal in the bath. This can 

be cause for concern given that DAPI binds to DNA and GAGs [100], both of which are abundantly 

present in cartilage tissue. This was observed in the cellular uptake experiment, in which DAPI 

from the particles stained the nuclei (Figure 4.12). To prevent this potential issue, EDAC-mediated 

end-labelling may be utilized to covalently link the polyP-based particles with a fluorophore 

[194,195]. 

Thirdly, as the entire cartilage explant is exposed in the solution, this does not represent 

the application of particles in vivo. While only the superficial surface of the cartilage would be 

exposed given that the deep zone of cartilage is interfaced with the subchondral bone, here both 

sides, as well as the edges, are exposed to solution. As a result, more particles would be entering 

the tissue due to an increased surface area of contact. Furthermore, as cartilage is anisotropic, the 

kinetics of particle uptake would be different entering through the deep zone, due to the differences 

in tissue structure and composition compared to the superficial zone. Therefore, further work to 

improve the method, in which only the superficial zone would be exposed, would be beneficial to 

validate that entry can occur through the superficial zone. However, this would be technically 

challenging to accomplish quantitatively. Qualitative assessment of particle penetration through 

the superficial zone can be performed with ex vivo studies on cartilage including underlying bone, 

or quantitatively using in vivo studies through intra-articular injection of the particles. 
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Lastly, it is important to note the potential for tissue damage and degradation over time. To 

obtain the cartilage explants, the cartilage tissue was excised using a scalpel blade, which may 

cause physical damage to the tissue, particularly at the deep zone where the cut is made. Similarly, 

damage made to the tissue at the circumferential edge of the explants from the biopsy punch may 

also occur. Any damage to the tissue could facilitate particle entry into the cartilage. Degradation 

of the cartilage tissue would also occur over the course of the incubation, especially given that the 

cartilage was maintained in PBS supplemented with 10% heat-inactivated FBS for 3 days when 

assessing particle uptake, and an additional 3 days for assessing particle retention. This does not 

contain the required nutrients to maintain the cartilage tissue over a long period of time, resulting 

in potential degradation of the ECM due to chondrocyte death [249]. An initial attempt was made 

using phenol-free DMEM instead of PBS, however due to the high background signal in the green 

fluorescence range, both fluorescent microscopy and microplate readings failed to discriminate the 

signal of DAPI-stained particles from the background signal of DMEM (data not shown). To 

circumvent this, proprietary medium designed specifically for fluorescent imaging has been 

demonstrated to have comparable background to that of PBS in the green fluorescence range [250], 

which can be used to maintain the tissues over the long incubation period. 

On the contrary, the experiment may also underestimate particle uptake in a clinical context 

due to using healthy cartilage explants. As the proposed application of these particles is for the 

treatment of OA, it is expected that the target tissue would have some level of ECM degeneration 

or tissue defect which would facilitate particle entry. Conversely, this would also overestimate 

particle retention, given increased loss of particles will also occur. Similar studies have attempted 

to mimic OA-afflicted cartilage to better reflect this. For example, Brown et al. (2018, 2019) 

incubated cartilage explants with 0.2% collagenase for 30 minutes to partially digest collagen to 
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recapitulate the biomechanical properties of OA cartilage [246,247]. Meanwhile, Bajpayee et al. 

(2014) used either 0.1 U/mL of chondroitinase-ABC or 1 mg/mL of trypsin for 24 hours for GAG 

depletion [248]. Further work can be done using similar treatments to model the effect of OA on 

tissue penetration and retention. 

 

4.3.6 In Vitro Tissue Culture 

To evaluate the potential for these polyP-based particles to be used for cartilage tissue engineering 

applications and eventually in vivo, chondrocytes were cultured on inserts over 4 weeks in various 

cell culture media. After harvesting, the wet and dry weight, as well as the sGAG, collagen, and 

DNA content of the in vitro tissues were quantified (Tables 4.2 – 4.5). While the different media 

tested had a notable effect on ECM accumulation and chondrocyte proliferation of the tissues, the 

application of sonicated Ca-polyP and Sr-polyP had negligible effects for both. As such, these 

results conflict with previous studies done with soluble polyP which demonstrated a significant 

increase in sGAG content (normalized to DNA) at 2 and 4 weeks of culture, as well as a significant 

increase in collagen content (normalized to DNA) by 4 weeks of culture [74]. Further, these results 

also somewhat disagree with our results in 2D cultures, as cell proliferation was also expected to 

decrease as observed with the EdU assay (Figure 4.14). 

There are many potential factors resulting in the negligible effects observed. In comparing 

to previous studies, the frequency of polyP delivery may have been too low to observe anabolic 

effects. St-Pierre et al. (2012) suggested that anabolic effects require continuous administration of 

polyP, as no significant differences were found at 4 weeks of culture when supplementing 1 mM 

of polyP for only the first 1 or 2 weeks of culture [74]. For our experiment, polyP-based particles 

were applied continuously, but only on a once per week basis (on days 0, 7, 14, and 21), where 
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Table 4.2 – 3D tissue cultures grown in high glucose DMEM supplemented with 10% FBS 
over 4 weeks. Data are presented as averages ± standard deviation of 3 individual tissue cultures 
for n = 1 biological experiments. 

 
 Control Ca-PolyP Sr-PolyP 

Wet Weight [mg] 56.8 ± 6.4 57.6 ± 8.3 51.3 ± 6.8 

Dry Weight [mg] 3.3 ± 0.2 3.4 ± 0.3 3.3 ± 0.3 

Water Content [%] 94.2 ± 0.3 94.1 ± 0.3 93.6 ± 0.4 

sGAG [µg] 622 ± 107 617 ± 71 589 ± 82 

Collagen [µg] 464 ± 90 472 ± 66 387 ± 69 

DNA [µg] 33.7 ± 4.8 32.6 ± 4.2 33.6 ± 4.0 

sGAG/DNA [µg/µg] 18.5 ± 2.2 19.2 ± 3.5 17.5 ± 0.4 

Collagen/DNA [µg/µg] 13.8 ± 1.6 14.5 ± 0.5 11.6 ± 2.0 

Collagen/sGAG [µg/µg] 0.745 ± 0.024 0.771 ± 0.144 0.662 ± 0.115 
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Table 4.3 – 3D tissue cultures grown in high glucose DMEM supplemented with 10% heat-
inactivated FBS over 4 weeks. Data are presented as averages ± standard deviation of 3 – 4 
individual tissue cultures for n = 1 biological experiments. 

 
 Control Ca-PolyP Sr-PolyP 

Wet Weight [mg] 57.0 ± 5.4 59.4 ± 4.1 54.2 ± 4.5 

Dry Weight [mg] 5.4 ± 0.4 5.4 ± 0.2 5.1 ± 0.2 

Water Content [%] 90.6 ± 0.6 90.9 ± 0.6 90.7 ± 0.3 

sGAG [µg] 1326 ± 20 1370 ± 92 1293 ± 40 

Collagen [µg] 1089 ± 123 1022 ± 42 1093 ± 81 

DNA [µg] 39.0 ± 1.6 35.1 ± 0.6 33.7 ± 3.6 

sGAG/DNA [µg/µg] 34.0 ± 1.0 39.0 ± 2.9 38.7 ± 4.7 

Collagen/DNA [µg/µg] 27.9 ± 2.4 29.1 ± 1.4 32.5 ± 1.7 

Collagen/sGAG [µg/µg] 0.821 ± 0.090 0.749 ± 0.054 0.846 ± 0.066 
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Table 4.4 – 3D tissue cultures grown in high glucose DMEM without pyruvate or L-
glutamine and supplemented with 10% heat-inactivated FBS over 4 weeks. Data are presented 
as averages ± standard deviation of 2 – 3 individual tissue cultures for n = 1 biological experiments. 

 
 Control Ca-PolyP Sr-PolyP 

Wet Weight [mg] 22.2 ± 0.7 20.7 ± 2.7 23.6 ± 0.8 

Dry Weight [mg] 1.9 ± 0.2 1.8 ± 0.1 2.0 ± 0.1 

Water Content [%] 91.3 ± 1.0 91.4 ± 0.9 91.5 ± 0.3 

sGAG [µg] 130 ± 31 123 ± 6 149 ± 4 

Collagen [µg] 162 ± 33 156 ± 20 185 ± 5 

DNA [µg] 27.2 ± 4.7 27.8 ± 0.8 31.2 ± 0.1 

sGAG/DNA [µg/µg] 4.74 ± 0.56 4.43 ± 0.14 4.77 ± 0.11 

Collagen/DNA [µg/µg] 5.95 ± 0.82 5.60 ± 0.60 5.93 ± 0.16 

Collagen/sGAG [µg/µg] 1.26 ± 0.07 1.26 ± 0.10 1.24 ± 0.01 
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Table 4.5 – 3D tissue cultures grown in Ham’s F-12 supplemented with 1.5 mM CaCl2 and 
10% heat-inactivated FBS over 4 weeks. Data are presented as averages ± standard deviation of 
2 – 3 individual tissue cultures for n = 1 biological experiments. 

 
 Control Ca-PolyP Sr-PolyP 

Wet Weight [mg] 51.4 ± 2.9 54.4 ± 6.5 54.3 ± 3.6 

Dry Weight [mg] 3.0 ± 0.3 3.0 ± 0.2 3.1 ± 0.2 

Water Content [%] 94.2 ± 0.2 94.5 ± 0.5 94.3 ± 0.2 

sGAG [µg] 301 ± 34 325 ± 30 339 ± 11 

Collagen [µg] 349 ± 9 351 ± 35 370 ± 10 

DNA [µg] 35.5 ± 5.2 34.8 ± 5.4 37.2 ± 1.1 

sGAG/DNA [µg/µg] 8.48 ± 0.28 9.42 ± 0.96 9.11 ± 0.16 

Collagen/DNA [µg/µg] 9.92 ± 1.20 10.22 ± 1.54 9.95 ± 0.54 

Collagen/sGAG [µg/µg] 1.17 ± 0.10 1.08 ± 0.05 1.09 ± 0.07 

  



 

92 

previous experiments with soluble polyP involved administration every 2 – 3 days. Therefore, 

more frequent applications, such as during every media change (corresponding to three times a 

week), may lead to more promising results. 

In comparing to our 2D culture experiments, the mass of particles per cell is much lower 

in the 3D tissue cultures. This was due to limitations with sonication; at concentrations above 1 

mg/mL, the polyP-based particles would fail to disperse (data not shown). As a result, the amount 

of particles added within the insert was 200 µg, which corresponds to 0.2 ng/cell based on the 

initial 1 million cells seeded onto the membrane. While the amount utilized in the MTT and EdU 

assays corresponds to 0.125 – 0.5 ng/cell, suggesting a similar dosage, the MTT and EdU assays 

were cultured for a total of 2 days (1 day for seeding, and 1 day of particle treatment), where 

minimal cell growth would occur. For the in vitro tissues, the average DNA content after 4 weeks 

of culture for all media conditions was 33.5 ± 3.4 µg, which is estimated to be approximately ~4.3 

million cells, assuming 7.7 pg of DNA per chondrocyte [251]. As a result of this over 4-fold 

increase in cell numbers, the particle mass per cell falls below 0.05 ng/cell. Meanwhile, the MTT 

and EdU assays exhibited the most prominent effects at the highest tested ratio of 0.5 ng/cell. In 

order to increase the amount of particles applied to the insert, the particles need to be concentrated 

following sonication without affecting their dispersion. 

Another possibility is the inability for these particles to reach the chondrocytes once the 

cells begin depositing their ECM. While preliminary results suggest that these particles may enter 

cartilage tissue explants (Figure 4.16 and Figure 4.17, A), the bioactivity of these particles may 

rely on cellular uptake, which has not been confirmed for our engineered tissues or native cartilage, 

given that the ECM may act as a barrier towards particle uptake. As a result, it may be beneficial 

to repeat these experiments under a shorter culture period to observe the effects of the polyP-based 
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particles on the initial ECM deposition, where minimal ECM is present which may disrupt particle 

uptake. Additionally, this could be beneficial as it is possible that the effect of polyP is lost over 

longer culture periods. Furthermore, at shorter culture periods, the particle mass to cell ratio will 

be at its maximum, which may not require efforts to increase the dosage to observe substantial 

effects. 

Another potential explanation may be the bioavailability of polyphosphate. While studies 

with 2D cultures indicate that the particles have a biological effect, there is a possibility that these 

effects are not directly a result of polyP. As discussed previously, following endocytic processes 

leading to particle internalization, ultimately the cargo will be degraded by lysosomes. Therefore, 

it is possible that the dosage of polyP is much lower than intended as currently, functionalization 

has not been performed on these particles to facilitate endocytic escape. Additionally, it is also 

possible that the polyP within the particles is not in a biologically active form. It has been suggested 

that polyP is only physiologically active as a coacervate, while the particles are biologically inert 

and used as a means of storage [82,85,86,252]. Overall, additional studies are required to evaluate 

the potential use of these polyP-based particles for cartilage tissue engineering applications. 

Ultimately, this will require further developmental studies to achieve and maintain improved 

colloid stability at high concentrations in culture media and other physiological fluids. 

 

4.3.7 Biological Characterization Summary 

Cellular uptake of these polyP-based particles was confirmed in chondrocytes, which also exhibit 

a size and concentration-dependent cytotoxicity based on live-dead assays. Importantly, these 

particles were identified to be bioactive in chondrocytes, decreasing both cell proliferation and 

metabolic activity as determined by EdU and MTT assays respectively. However, additional work 
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is required to validate the feasibility of these polyP-based particles for drug delivery applications 

into the joint and for the regeneration of cartilage tissue. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

Through the body of this work, we have successfully synthesized and characterized Ca-polyP and 

Sr-polyP particles. Sonication successfully broke up particle agglomerates, and both particles have 

a negative zeta potential. SEM imaging indicated that the particles have a spherical morphology 

and suggests that the particles are nanoscale in size. Sr-polyP exhibited much greater size stability 

than Ca-polyP, however the mechanism for this is not yet understood. The particles were tested 

under a variety of environmental conditions and have been determined to exhibit size stability for 

in vitro cell culture studies when incubated in culture medium supplemented with serum. Cellular 

uptake was validated in chondrocytes, and biological characterization demonstrated both a size- 

and concentration-dependent cytotoxicity at high particle loading, a reduction in metabolic activity 

for as synthesized and sonicated particles, and a decrease in cell proliferation for sonicated 

particles. Altogether, this study demonstrates that these polyP-based particles elicit a biological 

response in chondrocytes. Preliminary studies also indicate that polyP-based particles may 

penetrate and be retained in cartilage tissue explants. 

 

5.2 Ongoing and Future Work 

Further characterization of these polyP-based particles is required in synovial fluid in order to 

better recapitulate a physiological environment. This will be done as validation for the feasibility 

of the particles as a drug delivery strategy via intra-articular injection into the joint and position 

the study to eventually transition towards biological characterization of the particles towards an in 

vivo context. As previously discussed, our initial results appear to suggest that the particles may 
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exhibit instability in synovial fluid, due to the observation of agglomeration of sonicated particles 

and potential degradation of the as synthesized particles. However, more work is required as these 

results are inconclusive. 

While particle uptake by chondrocytes has been validated, the exact mechanism of cellular 

uptake remains unknown. Future experimental plans will involve inhibition of select endocytic 

mechanisms, allowing for the evaluation of the contribution each mechanism may have on the 

uptake of polyP-based particles in chondrocytes. EDAC-mediated end-group labelling will be 

utilized to covalently link a fluorophore to the particles, to ensure that the fluorescent signal 

remains stable and can therefore be reliably quantified. Secondly, cellular uptake will be quantified 

through methods such as flow cytometry or microplate-based assays to reliably identify decreases 

in the fluorescent signal following the inhibition of endocytic pathways compared to the control. 

The MTT assay results, while inconclusive, do suggest that these polyP-based particles 

modulate the metabolic activity of chondrocytes. Similarly, the evaluation of ATP levels was also 

inconclusion due to assay interference by the particles themselves. Other metrics, such as lactate 

levels following Ca-polyP and Sr-polyP treatment in chondrocytes can be done. Similarly, the EdU 

assays demonstrate a reduction in cellular proliferation for the sonicated polyP-based particles. 

However, additional work is required to demonstrate that this effect translates to a reduction in 

cell numbers over longer culture periods. This may be evaluated through DNA assays if the 

protocol can be improved and validated, or through total cell counts via nuclear staining and 

fluorescent microscopy. However, under the culture conditions utilized in the EdU assays, cell 

growth is expected to be very slow. 

The methodology in assessing cartilage tissue penetration and retention of the polyP-based 

particles is desired to be improved. As discussed, there are many shortcomings with the experiment 
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to strengthen the conclusions that can be derived from the data. Similar to the quantification of 

cellular uptake, the particles can be fluorescently labelled via EDAC-mediated end-group labelling 

to ensure that the fluorescent signal can be reliably correlated to the particle concentration. 

Secondly, it is highly desired to validate that tissue uptake occurs in the superficial zone of 

cartilage. While this can be done using in vivo animal studies, developing a methodology for ex 

vivo studies would be ideal. 

Our initial interest in utilizing these polyP-based particles stems largely from the anabolic 

effects of polyP previously observed in chondrocytes, suggesting that polyP may be a molecule of 

interest for cartilage tissue engineering applications. Despite this, treating chondrocytes with these 

polyP-based particles resulted in no beneficial effects on ECM accumulation in 3D tissue cultures. 

Therefore, future work is required to better determine optimal culture conditions and particle 

concentrations which demonstrate a therapeutic or regenerative effect of polyP for cartilage tissue. 

In particular, improving our ability to prepare stable colloidal solutions of particles at high 

concentrations will be important for these efforts. 

Lastly, it is desired to develop strategies to tailor the chemistry of particle surfaces. For 

example, we would like to endow a positively charged surface which remains stably bound to the 

particle. Again, this can potentially be accomplished by EDAC-mediated end-group labelling with 

cationic molecules. If successful, studies may be done to compare the efficacy of cartilage tissue 

uptake and retention between the unfunctionalized, negatively charged particles and the 

functionalized, positively charged particles. Of course, select experiments would also be repeated 

utilizing these positively charged particles to confirm that the size stability and biological activity 

remains unchanged due to these modifications. Importantly, assessing their behaviour in synovial 

fluid would be necessary to verify the feasibility of these particles for intra-articular injection, as 
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the ionic interactions between the particle and environment will be much different as compared to 

the naked particles. Furthermore, surface functionalization opens up opportunities to tune the size 

and degradation rate of the particles, as well as the co-delivery of other bioactive molecules, which 

may be used to impart additional effects and potentially broaden the application of these particles. 
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CHAPTER 6: ADDITIONAL CONTRIBUTIONS 

 

6.1 National Research Council of Canada (NRC) 

In collaboration with Dr. Ying Betty Li and Dr. Anna Jezierski in the Human Health Therapeutics 

Research Centre of the NRC, I have contributed towards a multidisciplinary project related to 3D 

bioprinting of alginate-collagen bioinks for the development of complex vascular networks. In this 

study, I was responsible for the design and performance of experiments related to the mechanical 

characterization of acellular alginate and alginate-collagen hydrogels by indentation testing and 

degradation assays to assess the feasibility and stability of these hydrogels for neurovascular tissue 

engineering. Furthermore, the mechanical properties of alginate-collagen constructs encapsulating 

adult rat brain endothelial cells were measured by indentation testing to assess structural changes 

in the construct due to extracellular matrix deposition and remodeling over long-term cultures. 

This work, performed jointly with Hannah Prazak and under the supervision of Dr. Jean-Philippe 

St-Pierre, has been included as part of a journal article in Bioprinting [253]. 

 

6.2 Western University 

In collaboration with Jue Gong and Dr. Elizabeth R. Gillies at Western University, I assisted in 

the evaluation of cartilage tissue uptake of novel polycationic polymers as well as the evaluation 

of the cytotoxicity of this polymer library, which were based on techniques developed specifically 

for the experiments presented within this thesis. This work, performed alongside Jue Gong and Dr. 

Jean-Philippe St-Pierre, will be included in a manuscript currently in preparation to be submitted. 
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APPENDICES 

A.1 Supplementary Figures and Tables 

 

 

Supplementary Figure 1 – Raman spectra of Na-polyP and hydroxyapatite. Characteristic 
peaks of Na-polyP are present at 695 cm-1 (P–O–P stretching of the phosphate ester linkage) and 
1174 cm-1 (symmetric stretching of PO2-). Meanwhile, characteristic peaks of hydroxyapatite at 
445 cm-1and 600 cm-1 (O–P–O bending), 972 cm-1 (symmetric stretching of P–O), and 1048 cm-1 
(asymmetric stretching of P–O) are absent in polyP. Peaks were assigned from [136,254]. 
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Supplementary Table 1 – Degree of ionization of phosphate groups of polyphosphate. Degree 
of ionization is defined as [A-]/[HA] and was estimated from the Henderson-Hasselbalch equation 
assuming each group behaves as a weak acid. 

 
P-Subunit pH = 7.0 pH = 8.5 pH = 10.0 pH = 11.5 

pKa = 0.0 1.00 1.00 1.00 1.00 

pKa = 1.5 1.00 1.00 1.00 1.00 

pKa = 3.0 1.00 1.00 1.00 1.00 

End-Group pH = 7.0 pH = 8.5 pH = 10.0 pH = 11.5 

pKa = 7.0 0.50 0.97 1.00 1.00 

pKa = 8.0 0.09 0.76 0.99 1.00 

pKa = 9.0 0.01 0.24 0.91 1.00 
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Supplementary Figure 2 – Size of polyP-based particles in synovial fluid. PolyP-based particle 
size was measured by DLS in 10% synovial fluid for (A) Ca-polyP and (B) Sr-polyP particles. 
Measurements were performed every day for 4 days to assess size stability. Data are presented as 
averages ± standard deviation for n = 3 experiments. 
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Supplementary Figure 3 – Trypan blue quenching of DAPI-stained polyP-based particles. 
DAPI-stained (green), as synthesized (A) Ca-polyP and (B) Ca-polyP with 0.1% trypan blue along 
with (C) Sr-polyP and (D) Sr-polyP with 0.1% trypan blue were imaged under fluorescent 
microscopy. Scale bar = 100 µm. 
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Supplementary Figure 4 – Representative images of live-dead assays on chondrocytes treated with Ca-polyP particles. Primary 
bovine chondrocytes were treated with (A) no particles as the control, Ca-polyP as synthesized at (B) 1 ng/cell, (C) 2 ng/cell, and (D) 4 
ng/cell respectively, or sonicated Ca-polyP at a concentration of (E) 1 ng/cell, (F) 2 ng/cell, and (G) 4 ng/cell respectively for 24 hours. 
Chondrocytes were incubated with both calcein-AM and EthD-1 to stain live (green) and dead (red) cells respectively. Scale bar = 100 
µm. 
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Supplementary Figure 5 – Representative images of live-dead assays on chondrocytes treated with Sr-polyP particles. Primary 
bovine chondrocytes were treated with (A) no particles as the control, Sr-polyP as synthesized at (B) 1 ng/cell, (C) 2 ng/cell, and (D) 4 
ng/cell respectively, or sonicated Sr-polyP at a concentration of (E) 1 ng/cell, (F) 2 ng/cell, and (G) 4 ng/cell respectively for 24 hours. 
Chondrocytes were incubated with both calcein-AM and EthD-1 to stain live (green) and dead (red) cells respectively. Scale bar = 100 
µm. 
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Supplementary Figure 6 – Representative images of EdU proliferation assays on chondrocytes treated with Ca-polyP. Primary 
bovine chondrocytes were treated with (A) no particles as the control, Ca-polyP as synthesized at a concentration of (B) 25 µg/mL, (C) 
50 µg/mL, and (D) 100 µg/mL respectively, or sonicated Ca-polyP at a concentration of (E) 25 µg/mL, (F) 50 µg/mL, and (G) 100 

µg/mL respectively for 24 hours. Proliferating cells were labelled with an Alexa Fluor 488 azide (green) and nuclei were stained with 
Hoechst 33342 (blue). Scale bar = 50 µm. 
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Supplementary Figure 7 – Representative images of EdU proliferation assays on chondrocytes treated with Sr-polyP. Primary 
bovine chondrocytes were treated with (A) no particles as the control, Sr-polyP as synthesized at a concentration of (B) 25 µg/mL, (C) 
50 µg/mL, and (D) 100 µg/mL respectively, or sonicated Sr-polyP at a concentration of (E) 25 µg/mL, (F) 50 µg/mL, and (G) 100 

µg/mL respectively for 24 hours. Proliferating cells were labelled with an Alexa Fluor 488 azide (green) and nuclei were stained with 
Hoechst 33342 (blue). Scale bar = 50 µm. 
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Supplementary Figure 8 – DNA content in response to incubation with polyP-based particles. 
Primary bovine chondrocytes were treated with (A) Ca-polyP and (B) Sr-polyP as synthesized or 
sonicated at varying concentrations for 24 hours. The cells were lysed and digested, and DNA was 
subsequently quantified from the cell digests. Values were normalized to the control samples 
cultured in the absence of particles, represented by the dotted lines. Data are presented as averages 
± standard deviation for n = 3 biological replicates. 
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Supplementary Figure 9 – Live-dead assay under identical culture conditions of MTT and 
EdU assays. Primary bovine chondrocytes were treated with (A) Ca-polyP as synthesized or (B) 
sonicated and (C) Sr-polyP as synthesized or (D) sonicated at varying concentrations for 24 hours. 
Chondrocytes were incubated with calcein-AM (green) and EthD-1 (red) to stain live and dead 
cells respectively and imaged under fluorescent microscopy. Data are presented as averages ± 
standard deviation for n = 4 biological replicates. 
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Supplementary Figure 10 – Representative images of live-dead assays on chondrocytes treated with Ca-polyP under identical 
culture conditions of MTT and EdU assays. Primary bovine chondrocytes were treated with (A) no particles as the control, Ca-polyP 
as synthesized at (B) 0.125 ng/cell, (C) 0.25 ng/cell, and (D) 0.5 ng/cell respectively, or sonicated Ca-polyP at a concentration of (E) 
0.125 ng/cell, (F) 0.25 ng/cell, and (G) 0.5 ng/cell respectively for 24 hours. Chondrocytes were incubated with both calcein-AM and 
EthD-1 to stain live (green) and dead (red) cells respectively. Scale bar = 100 µm. 
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Supplementary Figure 11 – Representative images of live-dead assays on chondrocytes treated with Sr-polyP under identical 
culture conditions of MTT and EdU assays. Primary bovine chondrocytes were treated with (A) no particles as the control, Sr-polyP 
as synthesized at (B) 0.125 ng/cell, (C) 0.25 ng/cell, and (D) 0.5 ng/cell respectively, or sonicated Sr-polyP at a concentration of (E) 
0.125 ng/cell, (F) 0.25 ng/cell, and (G) 0.5 ng/cell respectively for 24 hours. Chondrocytes were incubated with both calcein-AM and 
EthD-1 to stain live (green) and dead (red) cells respectively. Scale bar = 100 µm. 
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Supplementary Figure 12 – Total cells counts from EdU assays. Primary bovine chondrocytes 
were treated with (A) Ca-polyP and (B) Sr-polyP as synthesized or sonicated at varying 
concentrations for 24 hours. Cells were fixed and nuclei were stained with Hoechst 33342 (blue) 
and imaged under fluorescent microscopy. Values were normalized to the control samples cultured 
in the absence of particles, represented by the dotted lines. Data are presented as averages ± 
standard deviation for n = 4 biological replicates.  
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Supplementary Figure 13 – Representative whole-well image for total cell counting. (A) A whole-well image from the EdU assay, 
illustrating nuclei stained with Hoechst 33342 (blue). (B) Processed image utilized for cell counting, where nuclei are indicated as black 
dots. 
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Supplementary Figure 14 – ATP levels in response to incubation with polyP-based particles. 
Primary bovine chondrocytes were treated with 100 µg/mL of (A) Ca-polyP and (B) Sr-polyP as 
synthesized or sonicated for 24 hours. Intracellular and extracellular ATP levels were assessed 
using the CellTiter-Glo 2.0 ATP assay, and values were normalized to the control samples cultured 
in the absence of particles. Data are presented as averages ± standard deviation for n = 3 biological 
replicates. 
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Supplementary Table 2 – Wet weights of cartilage tissue explants. Data are presented as 
averages of 19 – 25 cartilage tissue explants ± standard deviation. 

 
Condition Wet Weight [mg] 

Control 21.6 ± 4.4 

Ca-PolyP, As Synthesized 21.0 ± 3.2 

Ca-PolyP, Sonicated 21.1 ± 3.9 

Sr-PolyP, As Synthesized 21.3 ± 3.3 

Sr-PolyP, Sonicated 20.8 ± 4.1 

Total (n = 107) 21.2 ± 3.8 
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