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Abstract 
Repair of skeletal tissues remains a significant challenge in patient care as there 

are high incidences of impaired fracture healing as well as irreversible cartilage 

degeneration following joint injuries. To improve the repair outcome, recent 

advancements have been made in regenerative medicine involving the administration of 

tissue-specific growth factors and transplantation of stem cells. While they have achieved 

some success, their broad clinical application is hindered by various challenges, notably 

high costs and safety concerns. Alternatively, strategies that enable innate repair 

mechanisms without addition of proteins or cells may hold great potentials for tissue 

repair. In this dissertation, I explore biomaterials that are low-risk, cost-effective, and 

capable of leveraging endogenous healing mechanisms to promote skeletal tissue health.  

Adenosine, a nucleoside ubiquitously present in the human body, is a potent pro-

healing small molecule. The surge in adenosine secretion ensuing from injury is integral 

to the natural repair mechanisms. There is growing evidence that harnessing adenosine 

signaling can be a powerful therapeutic strategy. However, the needed abundance of 

adenosine often does not persist throughout the healing process due to the fast clearance 

or imbalanced bone homeostasis. Herein, I describe a synthetic biomaterial containing 

boronate molecules that sequesters adenosine reversibly and sustains the pro-

regenerative signaling locally at the injury site. I demonstrate that implantation of the 
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biomaterial post-fracture establishes an in-situ stockpile of adenosine, resulting in 

accelerated healing by promoting both osteoblastogenesis and angiogenesis. This 

biomaterial-assisted approach can leverage the transient increase in extracellular 

adenosine following an injury to present adenosine to cells in a temporal manner. In 

addition to sequestering endogenous adenosine, the biomaterial is able to deliver 

exogenous adenosine to the site of injury, offering a versatile solution to utilizing 

adenosine as a potential therapeutic for tissue repair. Given the wide distribution of 

adenosine in the body, this biomaterial system can have a significant impact on a wide 

range of diseases by modulating local adenosine signaling, thus advancing its clinical 

applications beyond bone health. 

Hyaluronic acid is a key component of synovial fluid that protects cartilage and 

facilitates painless motion. Loss of hyaluronic acid after direct joint trauma disrupts the 

native protection mechanism and contributes to the deterioration of cartilage and 

subsequent osteoarthritis. Although replenishing native hyaluronic acid with 

viscosupplementation is commonly used in clinics, its therapeutic efficacy is largely 

inconsistent at least in part due to the short-term joint retention. To enhance the longevity 

and chondroprotective function of hyaluronic acid supplementation, I report a design of 

self-healing supramolecular biomaterial by incorporating dynamic physical crosslinking 

into hyaluronic acid. Consequently, the supramolecular biomaterial exhibits unique 

shear-thinning by reshuffling the crosslinking in response to mechanical force, resulting 
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in improved injectability and lubrication. Furthermore, the supramolecular biomaterial is 

rapidly reconstructed in the absence of force, forming a stable, crosslinked network. Using 

a murine model of anterior cruciate ligament injury, I confirm that the supramolecular 

biomaterial minimizes cartilage damage with an extended joint residence in comparison 

with the unmodified hyaluronic acid. Therefore, the introduction of physical crosslinking 

in creating such self-healing biomaterials can serve as an effective solution to 

chondroprotection. 

Together, this dissertation offers two novel biomaterial systems to support bone 

and cartilage health. They are developed to capture the potential of endogenous healing 

mechanisms, highlighting a new paradigm of biomaterial engineering for regenerative 

medicine.    
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1. Introduction  
The human skeleton is formed of skeletal tissues (Figure 1), including bony, 

cartilaginous, and ligamentous tissues, all of which give shape and structure to our body 

and collectively support body weight and movements [1]. Injuries or degenerations in 

skeletal tissues are common, which can be attributed to their load-bearing nature, active 

lifestyles, diseases, or simply aging. For example, there are almost 8 million bone fracture 

occurrences each year in the U.S. alone, and osteoarthritis (OA) affects over 250 million 

people worldwide [2, 3]. Currently, autografts and allografts are still the gold standard 

for repairing bone/cartilage defects, however, their supply is limited, and the process is 

costly and plagued with the risks of disease transmission. There is an unmet medical need 

to develop safe and cost-effective solutions for skeletal tissue repair. Herein, this 

dissertation aims to discover such solutions through biomaterial engineering. In 

particular, I utilize endogenous pro-healing molecules to develop novel biomaterials, 

investigate the composition-property relations of biomaterials, and explore how the 

biomaterials engage innate healing mechanisms for the protection of skeletal tissues in the 

event of bone or cartilage injury.   
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Figure 1: Illustration of human skeleton. Bone and cartilage tissues are colored and 
labeled. Reproduced with permission from [1]. Copyright 2006 Pearson Education, 

Inc. 
 

1.1 Bone fracture healing 

Bone fracture is very common with estimated 7.9 million annual occurrences in 

the U.S. alone [2]. In normal fracture repair, bone has the intrinsic capacity to heal itself 

and may result in complete restoration of function without scar formation [4]. However, 
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around 5-10% of all fractures fail to heal in a timely manner (delayed union) or are unable 

to heal at all (non-union), due to the severity of fracture, drug abuse, smoking, or age and 

diseases affecting bone homeostasis [5-11]. The unsatisfactory healing results are 

associated with treatment costs exceeding billions of dollars, productivity loss, disability, 

and mortality [12]. The aging of the population only exacerbates the situation, with the 

prevalence of bone fractures and the cost of associated medical care expected to double 

by 2020 [13, 14]. Thus, an effective treatment to accelerate fracture healing is highly 

warranted. In the following subsections, I briefly review the biology of fracture repair, 

survey the current strategies to promote fracture healing, and discuss the recent 

understanding of adenosine signaling in fracture healing as the foundation for this work.   

1.1.1 Fracture repair mechanisms 

Repair of bone fracture is a complex biological process ensuing from traumatic 

events. There are two main mechanisms of fracture repair, namely primary and secondary 

modes [15]. The primary mode, or intramembranous ossification, is rare, in which new 

bone is regenerated without any form of intermediate. The secondary mode, or 

endochondral ossification, is more common, in which a cartilaginous callus is formed 

around the fracture site and gradually remodeled into new bone. The type of repair 

mechanism that will occur is determined by the fracture stability or the amount of 

interfragmentary strain [16]. When the fracture is rigidly fixed through surgical 
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intervention, the interfragmentary strain is often reduced below 2%, and the primary 

repair may occur. When the fixation is non-rigid, as with fracture braces, bridge plating, 

and intramedullary nailing, the strain is over 2%, and the secondary repair ensues. Since 

the secondary mode is predominant in fracture repair, I focus on this mechanism in this 

dissertation. 

The fracture repair process involves an initial inflammatory phase as a quick 

response to injury, a subsequent endochondral phase laying down the cartilage template, 

and a coupled remodeling phase to reinstall the original bone structure (Figure 2) [15, 17]. 

While these temporal phases of healing are known to appear sequentially, they still 

overlap and influence each other extensively, orchestrating the interplay of evolving cell 

populations as well as healing pathways in the injured bone tissue.   
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Figure 2: Fracture repair process. Healing timeline is derived from a mouse model. Primary cell types found at each stage are 
labeled. Reproduced with permission from [17]. Copyright 2015 Nature Publishing Group. 
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In the inflammatory phase, immune cells including natural killer cells, T cells, 

neutrophils, and macrophages migrate to the fracture site. They are responsible for 

secreting cytokines (TNF-a, IFN-g, RANKL, IL-1, IL-6, IL-10) and growth factors (PDGF, 

TGF-b, VEGF, BMP2) to ensure proper onset of healing [18]. While the intense 

inflammatory response is brief, its effect is well spread throughout the healing process as 

it initiates the recruitment and activation of hematopoietic and mesenchymal progenitor 

cells. Conversely, the use of non-steroidal anti-inflammatory drugs (NSAIDs), which 

subdues the acute inflammatory event and interferes with cyclooxygenase-2 (COX-2) 

activity, is shown to delay healing [9, 19]. 

Along with capillary invasion into the newly formed hematoma around the 

fracture, fibroblasts and other mesenchymal progenitors from the periosteum and 

endosteum are recruited to the site of injury in response to growth factors secreted by the 

immune cells, replacing the hematoma with granulation tissues [19]. The mesenchymal 

progenitor cells with immunosuppressive capacity then help resolve the inflammatory 

phase and usher in the endochondral stage. In this phase, mesenchymal progenitors 

undergo chondrogenic differentiation under oxygen tension and produce cartilaginous 

callus matrix containing characteristic type II collagen and aggrecan. This soft callus 

bridges the fracture gap and improves mechanical stability [19]. 
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As the chondrocytes mature, they become angiogenic and hypertrophic with 

enlarged size and enhanced production of type X collagen [19]. This transition is 

accompanied by the loss of SOX9 expression and upregulation of Runx2 and b-catenin, 

both are osteogenic inducers. The fate of these terminally differentiated chondrocytes is 

debated as being replaced with newly recruited osteoprogenitor cells or directly 

differentiating into osteocytes [20, 21]. Together, these changes give rise to a bony callus. 

At this phase, vascularization is boosted in the callus, and osteoclasts with myeloid 

lineage were recruited to remodel and resorb the callus [15]. Eventually, the newly 

deposited bone tissue (woven bone) will be replaced by a more organized, mature bone 

structure (lamellar bone), concluding the fracture repair.  

Table 1: Fracture repair timeline for humans and rodents(Data source [22]). 

 Hematoma Soft callus Bony callus 
Complete 

remodeling 

Humans 6-8 hours 3 weeks 3-4 months 6 months 

Rodents Day 0-5 Day 5-16 Day 16-21 Day 21-35 

 

1.1.2 Current strategies to improve fracture healing 

Although bone can rely on an innate repair mechanism with a well-orchestrated, 

spatiotemporal control to heal itself, it is not uncommon to see cases of delayed union or 
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non-union. Non-union is largely affected by the fracture location/configuration, extent of 

tissue damage, health condition of the patient, and lifestyle factors, with an estimated 

incidence rate as high as 30% [12, 23-25]. Particularly, tibial fracture has the highest 

incidence of non-union [5, 25]. The unsatisfactory healing outcome is associated with 

substantial pain, protracted disability, and repeated surgical management [25]. In 

devastating scenarios, non-union can lead to amputation or mortality.     

Given the widespread occurrence of impaired healing and its impact on quality of 

life, various strategies including surgical interventions, biological therapeutics, and 

biophysical therapies have been explored to improve fracture repair [2, 17]. Among these 

current practices, autologous bone grafts (i.e. autografts) harvested from the patient’s 

healthy bone tissues (usually from the iliac crest) are considered as the gold standard [2]. 

However, it creates a second surgical site in the patient, which is costly and can inflict 

more pain as well as morbidity. Alternatively, allografts from donors/cadavers can be 

obtained at the risk of transmitting diseases, eliciting immune response, and losing 

efficacy during processing [26]. 

 Therefore, bone graft substitutes, mainly osteoconductive and osteoinductive 

materials, have been extensively studied. Commonly used osteoconductive materials 

include calcium phosphate (CaP), hydroxyapatite, tricalcium phosphate, calcium 

sulphate, and type I collagen [26]. They are designed to provide 3D porous structure that 
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resembles the native bone environment for osteoprogenitor cells to migrate into and 

proliferate. Osteoinductive materials/agents, rather, promote the differentiation of 

osteoprogenitor cells and actively induce bone formation [26]. They are generally growth 

factors or a concoction of proteins as in the case of demineralized bone matrix. 

Particularly, bone morphogenetic proteins (BMPs), part of the transforming growth 

factors β (TGF-β) superfamily, are by far the most potent osteoinductive agents [27, 28]. 

For instance, recombinant human BMP-2 is FDA-approved for its use in spinal fusion and 

tibial fractures, and BMP-7 for recalcitrant non-unions [29, 30]. InfuseTM Bone Graft is such 

a BMP-2 product currently marketed for bone repair. In spite of the apparent success, 

there are concerns against the biological therapeutics involving BMPs, as they are 

potentially associated with fracture site inflammation, osteolysis, ectopic bone formation, 

tumorigenesis, and many other deleterious effects [31-34]. 

Both bone grafts and substitutes are locally applied during surgical procedures to 

enhance fracture repair. To prevent possible osteomyelitis and other bone infections, the 

simultaneous use of antibiotics like ciprofloxacin, gentamicin, and vancomycin is a 

necessary prophylactic measure [35]. In addition to the local interventions, systemic 

administration of biologics with beneficial effects may serve as a noninvasive, safer 

option. Parathyroid hormone (PTH), a hormone that regulates calcium and phosphate 

metabolism, is one of the candidates. Recombinant human PTH 1-34 (teriparatide, or 
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ForteoÒ), administered intermittently, is FDA-approved for treating osteoporosis and has 

also been shown to improve fracture repair [36-39]. Bisphosphonates, a group of small 

molecules that inhibits osteoclastic activity and bone resorption, are another example [40]. 

They may be most useful in the case of impaired healing caused by excessive catabolism, 

as seen in osteoporosis and Paget disease [2].    

Biophysical stimulations, which are less invasive, are used to supplement the 

surgical or biological interventions. Electromagnetic fields, low-intensity pulsed 

ultrasonography, and extracorporeal shock wave are a few examples [17]. It is worth 

cautioning that their efficacy in fracture healing enhancement is contested due to 

inconsistent clinical data [41-43]. 

1.1.3 Adenosine signaling in fracture healing  

In addition to existing practices, there are on-going research efforts in developing 

cell and gene therapies to aid fracture repair [44-49]. Similar to the aforementioned 

biologics, cell and gene therapies are costly and connected to safety concerns. In this 

dissertation work, I set out to explore alternative approaches that are low-risk, cost-

effective, and capable of leveraging endogenous repair mechanisms.   

In the search of better strategies for improving bone healing, we previously 

demonstrated that a biomineralized matrix containing CaP supports osteogenesis of stem 

cells in the absence of osteogenic growth factors [50-58]. CaP minerals with specific 
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crystalline characteristics and a stoichiometric Ca to P ratio of 1.67 are a close mimic of the 

native bone mineral [59]. To prepare such minerals, we created a biomaterial with 6-

aminocaproic acid moieties to nucleate CaP nanocrystals in a solution containing Ca2+ and 

PO43- ions and to initiate a biomineralization process commonly seen in living systems in 

a modified simulated body fluid (Figure 3a) [51].   

 

Figure 3: Schematics of biomineralized matrix and adenosine signaling activation. a, 
Schematic of matrix with a 6-aminocaproic acid pendant and CaP crystal attached. 
Insert is a photo of biomineralized matrix. Reproduced with permission from [51]. 

Copyright 2012 WILEY-VCH Verlag GmbH & Co. b, Proposed mechanism for matrix-
induced osteogenesis through activation of adenosine signaling. Reproduced with 

permission from [60]. Copyright 2014 National Academy of Sciences. 
 

To elucidate the osteoinductive function of this biomineralized matrix, Shih et al. 

later revealed that the crystalline nature of CaP prepared by our method allows a dynamic 

dissociation/precipitation of the minerals, which provides osteoprogenitor cells with an 
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optimal inflow of Ca2+ and PO43- ions [60]. In particular, the freed PO43- ions are taken by 

cells via phosphate transporter SLC20a1 and used for ATP synthesis, and the ATP is in 

turn metabolized by ectonucleotidases CD39 and CD73 to generate adenosine, which 

activates osteogenesis through the adenosine receptor A2B signaling (Figure 3b).    

At the center of this biomineralized matrix-induced osteogenesis is adenosine 

signaling. Extracellular adenosine, a key signaling molecule, modulates a number of cell 

functions through four G-protein-coupled adenosine receptors, A1, A2A, A2B and A3 

(Figure 4) [61]. Adenosine receptor A2B activation not only has been identified to directly 

promote osteogenesis of stem cells as mentioned above, but also inhibits adipogenesis 

[55]. In addition to our previous works on the biomineralized matrix, other studies have 

demonstrated that adenosine plays a pivotal role in bone tissue regeneration and bone 

health [62-66]. A2B knockout mice have been shown to exhibit a delay in fracture repair 

[62]. Mice lacking ecto-5'-nucleotidase CD73, the cell membrane enzyme that generates 

extracellular adenosine, also display delayed bone healing [67]. Furthermore, rescue of 

adenosine signaling in ovariectomized mice shows its potential to alleviate 

postmenopausal bone loss [68]. 
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Figure 4: Adenosine and its receptors. Schematic shows the metabolism of adenosine 
and the signaling pathways associated with adenosine receptor subtypes. 

Extracellular adenosine is generated by CD39/73, regulated by nucleoside transporters 
(NTs), and catalyzed by adenosine deaminase (ADA). Reproduced with permission 

from [61]. Copyright 2013 Nature Publishing Group. 
 

Direct supplementation of adenosine induces osteogenic differentiation of human 

pluripotent stem cells in vitro, and the adenosine-treated cells become functional 

osteoblasts in vivo without teratoma formation, highlighting the therapeutic potential of 

adenosine [69]. In addition to these osteoanabolic functions, adenosine signaling regulates 

inflammation by attenuating macrophage-mediated inflammatory reactions and has been 

shown to stimulate M1-like phenotype (pro-inflammatory) to M2-like phenotype (anti-
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inflammatory) transition [70-72]. Adenosine also promotes the release of VEGF and blood 

vessel growth by recruiting and activating endothelial cells, contributing to a remodeling 

environment [61]. Both the regulation of inflammation and vascularization are beneficial 

to fracture healing as elaborated in 1.1.1. Therefore, leveraging adenosine signaling, an 

integral part of the endogenous healing mechanisms, is an attractive therapeutic strategy 

for bone repair. 

However, systemic administration of adenosine as a therapeutic molecule is 

problematic given the wide distribution of adenosine receptors in various organs [61, 73, 

74]. This dilemma calls for innovative solutions, and herein, I propose an approach that 

harnesses the osteoanabolic function of extracellular adenosine and regulates adenosine 

signaling locally at the fracture site for bone repair. Specifically, I developed a biomaterial 

system that can sequester adenosine and in turn localize adenosine signaling (Chapter 2), 

utilized the biomaterials to promote fracture healing by sequestering endogenous 

adenosine and prolonging the pro-healing signaling (Chapter 3), and finally determined 

the therapeutic efficacy of such a system to assist the impaired healing in advanced age 

(Chapter 4). The biomaterials can be prepared and adapted in a versatile manner, as either 

substrate/scaffold (Chapter 2), patch (Chapter 3), or injectable microgels (Chapter 4). 

Chapter 2 and 3 are a reprint of the material that has been submitted to Advanced 

Materials, titled “In Vivo Sequestration of Innate Small Molecules to Promote Bone 



 

 

15 

Healing”. As the first author in this manuscript, I designed the study with my advisor, 

executed the study, organized the results, and prepared the submission in collaboration 

with my co-authors Dr. Vernon Shih, Dr. Gurpreet Baht, and Dr. Shyni Varghese. 

Chapter 4 covers my research on delivery of adenosine by microgel-based 

biomaterials to enhance age-related fracture healing. As the leading investigator, I 

planned and completed this work together with my colleagues Cheryl Lee, Dr. Jiaul 

Hoque, and Dr. Shyni Varghese.  

 

1.2  Cartilage protection following injury 

Like bone, cartilage is an important skeletal tissue. Hyaline cartilage, the most 

common type of cartilage, serves as the articular surface of the joint by reducing friction 

and resisting wear in support of painless movements [75]. The normal function of cartilage 

can be impaired due to synovial inflammation and chondrocyte dysfunction following 

joint traumas, such as ligament/meniscus tears and direct articular surface injuries [76]. 

Among those knee traumas, anterior cruciate ligament (ACL) injuries account for nearly 

half of the cases [77]. People who suffer from traumatic events are likely to experience 

cartilage degeneration and eventually develop post-traumatic osteoarthritis (PTOA), 

which contributes to around 12% of the 250 million global osteoarthritis occurrences [3, 

77, 78]. For example, following ACL injury, 50-70% of patients develop PTOA within 10-
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15 years [79, 80]. PTOA causes significant musculoskeletal morbidity and great 

socioeconomic burden as it predominantly affects younger adults and the working-age 

population.  

In stark contrast to bone, cartilage is avascular and thus lacks intrinsic healing. 

Once the damage occurs, there is no cure, and existing treatments are mainly for 

managing the symptoms. Therefore, a significant amount of efforts has been placed on the 

prevention of cartilage damage. In the following subsections, I briefly examine the current 

regimens to protect cartilage following joint injury and present how constructing self-

healing supramolecular biomaterials may be used to enhance the endogenous protection 

mechanism for preventing cartilage degeneration. 

1.2.1 Current regimens for cartilage protection 

Surgical interventions can be used to repair joint injuries like ligament/meniscus 

tears and to prevent cartilage damage. Arthroscopic repair or meniscectomy stiches or 

removes the torn meniscus to regain normal knee function [81]. An ACL tear that causes 

great joint instability is often arthroscopically repaired or reconstructed. While ACL repair 

shows no significant improvement over nonoperative treatment, an invasive ACL 

reconstruction that drills tunnels in both femur and tibia and inserts a tendon graft as a 

replacement is preferred [82]. Note that the rate of graft failure within the first two years 

of reconstruction has been reported at 3.6%. In addition, about half of the patients still 
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experience PTOA progression in two decades after the ACL reconstruction [77]. It is clear 

that fixing the biomechanical instability alone by surgical measures is not sufficient to 

prevent cartilage deterioration. Biological changes in the joint environment following joint 

injuries, especially the alteration of synovial fluid, also need to be addressed [83].  

Synovial fluid is a viscous liquid in the diarthrodial joint that lubricates cartilage 

and maintains joint homeostasis [84]. Loss of synovial fluid not only results in 

compromised lubrication but also leads to abnormal joint biomechanics and 

mechanobiology, causing chondrocyte apoptosis and cartilage degeneration [85-88]. 

Synovial inflammation following joint trauma is a main trigger for the loss of synovial 

components by increasing capillary permeability and producing catabolic 

proinflammatory cytokines [89, 90]. Corticosteroids like dexamethasone, hydrocortisone, 

and triamcinolone are commonly prescribed in that regard. Prolonged exposure to 

steroids may affect cartilage health negatively, thus the use of corticosteroids should be 

limited to short-term [91]. Alternatively, various TNF-a inhibitors including adalimumab, 

etanercept, and infliximab are experimented for managing PTOA [92].  

Direct replenishment of synovial fluid with its key components, namely 

proteoglycan-4 (PRG4, or lubricin) and hyaluronic acid (HA), is also considered for 

restoring the protective functions of synovial fluid. For instance, lubricin is known for its 

cartilage-on-cartilage lubrication property, and its supplementation following injury has 
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been tested in animal models [93, 94]. With lubricin injection, it was reported that the 

cartilage damage and loss of collagen were attenuated post-injury. In the meantime, HA 

provides viscoelastic properties to synovial fluid, and intra-articular injection of HA as 

viscosupplementation is the most given option for chondroprotection [89, 95]. There are a 

number of FDA-approved, commercially available HA products in the market with 

varying molecular weights (MW), production methods, and injection routines (Table 2) 

[96]. 
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Table 2: Commercially available HA products.

 

* Multiple injections were given 1 week apart. 
† The costs were given in 2015 U.S. dollars, based on the mean wholesale price from Micromedex 2.0. 
‡ NA: not available. 
Reproduced with permission from [96]. Copyright 2016 The Journal of Bone and Joint Surgery, Inc. 



 

 

20 

Despite being popular, HA viscosupplementation yields inconclusive clinical 

outcomes since its approval in the late 1990s. Although the evidence supports that HA of 

high MW or crosslinking density significantly reduces pain in young patients with joint 

injury, many systematic reviews indicate that the probable effectiveness of HA is 

overshadowed by the inconsistency in HA preparation and usage as well as by the 

associated adverse effects [92, 96-99]. As the apparent benefits do not justify the risks, HA 

viscosupplementation has been removed from the American Academy of Orthopaedic 

Surgeons (AAOS) guidelines. Nevertheless, more randomized trials and large cohort 

studies are still going on involving HA. For instance, Cingal by Anika Therapeutics, 

currently in Phase III clinical trial, uses HA in combination with triamcinolone 

hexacetonide as a new intra-articular therapy [100]. 

1.2.2 Development of hyaluronic acid-based biomaterials 

HA offers many beneficial effects in the joint beyond improving the viscoelastic 

behavior of synovial fluid. The native HA dampens the impact of high shear movement 

on cartilage and thus acts as a shock absorber by rearranging its intermolecular structure 

[101]. It is also believed to mitigate inflammation by relieving oxidative stress and 

inhibiting macrophage phagocytosis [102-104]. However, a vast heterogeneity exists 

among the current HA viscosupplement designs, causing substantial variabilities in 

chondroprotection result (see 1.2.1). To fully utilize the HA-coupled endogenous healing 
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mechanisms, creative strategies for developing HA-based biomaterials need to be 

implemented. 

It is widely believed that the short-term retention of HA after intra-articular 

injection is a key factor affecting HA’s therapeutic performance. Unmodified HA can only 

stay in an injured knee for up to 24 h following injection [105]. The low retention of HA 

viscosupplement is likely due to an enzymatic breakdown, which yields pro-

inflammatory low MW HA fragments, and subsequent lymphatic drainage [89, 106]. 

Research efforts have been made to improve the joint residence time of HA through 

chemical modification [107-109]. After modification, individual HA molecules are bound 

together, or crosslinked, to form a large network that better resists clearance.   

Chemical crosslinking is often achieved by targeting the functional groups 

(carboxyl, primary/secondary hydroxyl, and N-acetyl groups) on HA with various 

crosslinking reagents (carbodiimide, hydrazide, aldehyde, divinyl sulfone, glycidyl 

methacrylate, etc.) [110]. These crosslinking methods sometimes leave behind 

contaminants, causing safety issues [96, 111, 112]. Heavily crosslinked HA also requires 

strong force and large needle gauge to facilitate administration, which sacrifices the 

injectability and may inflict secondary harm [107]. 

Several approaches that aim to increase the HA retention without chemical 

crosslinking have been developed instead. Singh et al. created such a method to localize 
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HA viscosupplement to the cartilage surface by utilizing a bifunctional linker, which 

connects with the HA molecules through an HA-binding peptide at one end and binds to 

the cartilage tissue through an collagen-binding peptide at the other end [113]. Through 

these non-covalent yet specific interactions, the residence time of HA molecules was 

prolonged by 12-fold. In another study, Maudens et al. reported a thermoresponsive HA 

by poly(N-isopropylacrylamide) conjugation [114]. The thermoresponsive HA remains as 

linear molecules at room temperature but spontaneously transitions to physically 

entangled aggregates in the joint, thus contributing to the extended in vivo lifetime. 

In this dissertation, I propose a unique physical crosslinking strategy to prepare 

the HA-based biomaterial. Specifically, I developed a cartilage-protecting agent by 

constructing a supramolecular assembly of HA, which aided injection as well as 

lubrication via shear-thinning and enhanced retention via self-healing (Chapter 5). 

Further, I adopted a murine ACL injury model to assess the effectiveness of this agent for 

preventing cartilage degeneration. 

Chapter 5 is a reprint of the material that is in preparation for submission to a 

scientific journal with the title “Enhanced Retention and Lubrication of Hyaluronic Acid 

through Self-healing”. As the first author in this manuscript, I oversaw and conducted the 

entire research with my co-authors Anna Gilpin, Dr. Jiaul Hoque, Dr. Ji Hyun Ryu, Dr. 

Nivedita Sangaj, Dr. William C. Eward, and Dr. Shyni Varghese.
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2. Design of biomaterials to sequester adenosine 
Adenosine is an innate small signaling molecule, and the extracellular adenosine 

modulates tissue function by activating G-protein-coupled adenosine receptors [61, 115-

117]. We and others have demonstrated the key role played by extracellular adenosine in 

bone homeostasis and regeneration [58, 60, 118-122]. Bone repair in mice lacking ecto-5'-

nucleotidase CD73, a cell membrane enzyme that generates extracellular adenosine, was 

reported to be delayed [67]. We have shown that the adenosine derived from ATP 

metabolism supports osteogenesis of human mesenchymal stem cells (MSCs) and 

induced pluripotent stem cells (iPSCs) via autocrine/paracrine signaling [58, 60, 69]. 

Subsequent analysis of molecular pathways has identified activation of adenosine 

receptor A2B as the main driver of the adenosine-mediated osteogenic differentiation. 

Adenosine receptor A2B activation not only promotes osteogenesis but also inhibits 

adipogenesis of MSCs [55]. Furthermore, studies have revealed that A2B knockout mice 

display a delay in fracture repair, and our recent study indicates that A2B signaling has 

the potential to prevent bone loss in ovariectomized mice [62, 68].  

Based on current knowledge, adenosine can be a promising small molecule, non-

growth factor therapeutic for bone healing. Given the ubiquitous nature of adenosine 

receptors in various organs, however, systemic administration of adenosine is seemingly 

implausible [74, 123]. Local presentation of adenosine is an alternative, which demands 

the careful selection of loading/release mechanism. While assembly of adenosine and 
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potential delivery vehicles via physical entrapment may be straightforward, the 

interaction is weak and susceptible to dissolution in vivo, resulting in a bolus release [40]. 

Chemical conjugation offers a strong interaction but needs to be reversible so that the 

therapeutic function of adenosine is not compromised. In this chapter, I create a novel 

biomaterial scaffold (i.e. delivery vehicle) by molecular engineering to sequester and 

deliver adenosine via reversible chemical conjugation.  

This biomaterial-assisted strategy involves the use of boronic acid moiety, which 

can bind reversibly to cis-1,2 or cis-1,3 diols by forming a cyclic boronate ester (Figure 5) 

[124-129]. The stability of boronate/cis-diol conjugation is influenced by the chemical 

groups adjacent to boronic acid [130, 131]. Taken this into consideration, I selected two 

types of boronic acid, 3-(acrylamido)phenylboronic acid (PBA) and 4-vinylphenylboronic 

acid (4VPBA), and prepared macroporous scaffolds by copolymerizing PBA or 4VPBA 

with polyethylene glycol (PEG), a widely used bioinert polymer. The adenosine 

sequestration/release profile of these scaffolds was thoroughly characterized in vitro. The 

role of biomaterial scaffolds in supporting osteogenesis through locally confined 

adenosine was evaluated with bone marrow-derived human mesenchymal stem cells 

(hMSCs) both in vitro and in vivo. 
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Figure 5: Boronic acid and adenosine form cyclic boronate ester. 

 

2.1 Materials and methods 

2.1.1 Synthesis of polyethylene glycol diacrylate (PEGDA) 

10 wt% of PEG (MW~3.4 kDa, Sigma-Aldrich, Cat.# P4338) solution was made by 

dissolving it in anhydrous dichloromethane (DCM) at room temperature with stirring in 

an argon environment. To this, 1.5 molar equivalents of triethylamine (Sigma-Aldrich, 

Cat.# 471283) and acryloyl chloride (Sigma-Aldrich, Cat.# A24109) were added dropwise 

on ice. The reaction was continued overnight at room temperature followed by 

purification using Celite diatomaceous earth (Sigma-Aldrich, Cat.# 1026931000). The 

product was concentrated using a rotary evaporator and precipitated in ~10-fold chilled 

diethyl ether. The resultant PEGDA was dried under vacuum overnight and purified by 

using a Sephadex fine G-25 column (GE Healthcare Life Sciences), followed by 

lyophilization. 
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2.1.2 Synthesis of N-acryloyl-6-aminocaproic acid (A6ACA) 

1 M of 6-aminocaproic acid (Sigma-Aldrich, Cat.# A7824) was prepared by 

dissolving it in 1N sodium hydroxide, followed by reacting with 1.5 molar equivalent of 

acryloyl chloride added dropwise on ice. The reaction mixture was maintained at pH 8 

for an hour and then gradually decreased to 3 by titrating with 5N hydrochloric acid. The 

product was extracted using ethyl acetate, dried over anhydrous sodium sulfate, and 

precipitated in chilled hexane. The resultant A6ACA was collected and dried overnight 

under vacuum. The successful completion of the reactions was confirmed by nuclear 

magnetic resonance (NMR) spectroscopy as described previously [132]. 

2.1.3 Fabrication of macroporous biomaterial scaffolds  

PEG macroporous scaffolds containing the PBA moieties were fabricated using a 

poly(methyl methacrylate) (PMMA) leaching method [54]. The polymer precursor 

solution was prepared by mixing PEGDA (10% w/v), 3-(acrylamido)phenylboronic acid 

(PBA, 1 M or 0.5 M; Sigma-Aldrich, Cat.# 771465) or 4-vinylphenylboronic acid (4VPBA, 

0.5 M; Sigma-Aldrich, Cat.# 417580), A6ACA (0.5 M), and Irgacure 2959 (0.5% w/v; Sigma-

Aldrich, Cat.# 410896) in 80% ethanol. 20 µL of the precursor solution was added into a 

cylindrical mold (5 mm in diameter) filled with 20 mg of PMMA microspheres (150-180 

µm, Cospheric), followed by UV irradiation (365 nm) for 10 min. The resultant structures 

were soaked in acetone for 3 d to remove the PMMA beads with daily change of solvent 

followed by washing with deionized water. The macroporous scaffolds were trimmed to 
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a uniform size of 6 mm in diameter and 2 mm in height. PEG macroporous scaffolds 

without PBA were also prepared in the same way. For sterilization, the scaffolds were 

soaked in 70% ethanol for 6 h, followed by washing in sterile PBS extensively for 3 d. The 

sterilized scaffolds were used for cell loading and in vivo experiments. 

2.1.4 Scanning electron microscopy (SEM) 

The biomaterial scaffolds prepared in 2.1.3 were cut into thin slices and freeze-

dried. To examine their porous structure, sliced scaffolds were sputter-coated with Au for 

100 s (Denton Desk IV) and imaged by using a Philips XL30 ESEM under high vacuum 

mode. 

2.1.5 NMR spectroscopy 

To examine the extent of PBA incorporation, freshly prepared PBA biomaterials 

were thoroughly washed with deionized water to remove the unreacted PBA and freeze-

dried. The samples were then minced and fully solvated in heavy water (D2O) as 

described earlier [132]. 1H NMR spectra were recorded for all the samples using a 400 

MHz Varian Inova spectrometer. 

2.1.6 Adenosine sequestration and release 

PBS supplemented with 6 mg/mL adenosine (Sigma-Aldrich, Cat.# A4036) for 6 h 

and washed thoroughly to remove unbound adenosine. To measure the amount of 

sequestered adenosine, the scaffolds were soaked in acetate buffer (0.1 M, pH 4.5) for 2 h 

to completely release adenosine into the buffer, which was subsequently analyzed by 
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using a UV/vis spectrophotometer (Beckman Coulter) at a wavelength of 260 nm. The 

concentration of the released adenosine was determined from a standard curve generated 

using adenosine solutions with known concentrations, ranging from 0.5 mM to 5 mM. To 

characterize the release profile of adenosine, the scaffolds were incubated in PBS with or 

without glucose (50 mM), or incubated in αMEM (Gibco, Cat.# 12561056) containing 10% 

(v/v) fetal bovine serum at 37 °C. The concentration of adenosine in the buffer or medium 

was monitored as a function of time through UV/vis spectrophotometry. 

2.1.7 Cell culture and loading 

Primary hMSCs were maintained and expanded in growth medium (GM) 

containing high-glucose DMEM (Gibco, Cat.# 11995065), 10% (v/v) fetal bovine serum 

(HyClone, Cat.# SH3007103HI), 4 mM L-glutamine (Gibco, Cat.# 35050061), and 50 U/mL 

Penicillin/Streptomycin (Gibco, Cat.# 15140122). Cells were passaged at 70-80% 

confluency and used at Passage 5. Prior to cell loading, the sterilized scaffolds with and 

without adenosine were equilibrated in growth medium at 37°C for 1 d. Cell loading was 

performed according to a published method [57]. Briefly, 20 µL of cell suspension 

containing 1 million hMSCs was loaded onto partially dehydrated scaffolds. The cell-

laden scaffolds were kept in GM at 37°C for 1 d to allow for cell infiltration. For in vivo 

study, these cell-laden scaffolds were then implanted subcutaneously in mice for 28 d. For 

in vitro study, the cell-laden scaffolds were cultured in GM supplemented with 3 mM 

phosphate at 37°C and 5% CO2 with medium change every other day. As a positive control 
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for in vitro osteogenesis, a group of cell-laden scaffolds without adenosine were cultured 

in osteogenic-inducing medium (OM) made of GM supplemented with 10 mM β-

glycerophosphate (Sigma, Cat.# G9422), 50 µM ascorbic acid (Sigma, Cat.# A4403), and 

100 nM dexamethasone (Sigma, Cat.# D2915) [133]. 

2.1.8 Cell viability in scaffolds 

Scaffolds loaded with hMSCs were cultured in vitro in GM. At 3 d and 7 d, scaffolds 

were rinsed and incubated in PBS containing 0.05% calcein acetoxymethyl and 0.2% 

ethdium homodimer-1 from Live/Dead Cell Viability Assays kit (Life technologies, Cat.# 

L3224) for 30 min at 37°C. After thorough wash, the scaffolds were imaged using a 

Keyence (BZ-X710) microscopy system. The percentage of live cells in the scaffolds was 

determined from six different fields of the images using ImageJ (v1.52g) [134]. 

2.1.9 DNA measurement 

Both PBA1.0 and PBA1.0-ADO scaffolds loaded with hMSCs were cultured in vitro 

in either GM or OM for 21 d. The DNA content in the scaffolds as a function of time was 

quantified following a fluorescent method (n=3) [51]. The scaffolds were thoroughly 

washed in PBS and homogenized in 0.2% Triton X-100. The lysate was then diluted as 

needed and combined with a same volume of 1X PicoGreen dsDNA reagent in 1X TE 

buffer provided in PicoGreen Assay Kit (Invitrogen, Cat.# P11496). After 5 min, the 

fluorescence intensity of the mixture at 480 nm/520 nm (excitation/emission) was 
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measured. The DNA content was determined according to a standard curve of lambda 

DNA. 

2.1.10 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Osteogenic differentiation of the hMSCs as a function of time was evaluated by 

using qRT-PCR. The cell-laden scaffolds were lysed and homogenized in TRIzol Reagent 

(Invitrogen, Cat.# 15596018). Total RNA was extracted with chloroform and precipitated 

in isopropanol. 1 µg of each RNA sample was reverse transcribed with the iScript Reverse 

Transcription Supermix (Bio-Rad, Cat.# 1708841) following the manufacturer’s 

instructions. The obtained cDNA was mixed with the forward and reverse primers of the 

target gene along with the iTaq SYBR Green Supermix (Bio-Rad, Cat.# 1725124) for qRT-

PCR according to the manufacturer’s protocol. The qRT-PCR was conducted in a Bio-Rad 

Thermal Cycler (CFX96) following the steps of an initial denaturation at 95°C for 30 s for 

1 cycle, amplifications at 95°C for 5 s and 60 °C for 30 s for 40 cycles, and finally 95°C for 

10 min. The primer sequences are: osteocalcin (OCN; forward: TGA GAG CCC TCA CAC 

TCC TC; reverse: ACC TTT GCT GGA CTC TGC AC), osteopontin (OPN; forward: AAT 

TGC AGT GAT TTG CTT TTG C; reverse: CAG AAC TTC CAG AAT CAG CCT GTT), 

osterix (OSX; forward: CAT CTG CCT GGC TCC TTG; reverse: CAG GGG ACT GGA 

GCC ATA), and 18s (forward: CCC TGT AAT TGG AAT GAG TCC ACT T; reverse: ACG 

CTA TTG GAG CTG GAA TTA C). The expression level of each target gene was calculated 

as DCt relative to the corresponding housekeeping gene (18s), converted to 2^(-DDCt) by 
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normalizing to the group of PBA scaffolds cultured in growth medium for 7 days, and 

presented as fold change. 

2.1.11 Calcium assay 

To quantify the calcium deposition, cell-laden scaffolds were washed in deionized 

water, freeze-dried, lyophilized, and homogenized in 0.5 N HCl. The resultant 

homogenate was added into a Calcium Assay solution (Pointe Scientific, Cat.# C7503) and 

the absorbance at 570 nm was recorded using a Multimode Detector [60]. The amount of 

free calcium ions (Ca2+) in the mixture was determined from a standard curve of calcium 

chloride solutions with known concentration and normalized to the dry weight of the 

corresponding scaffold.  

2.1.12 Subcutaneous implantation 

All animal studies were conducted with the approval of the Institutional Animal 

Care and Use Committee (IACUC) at Duke University and complied with NIH guidelines 

for laboratory animal care. Female immunodeficient NOD.CB17-Prkdcscid/J mice (4-

month-old, Jackson Lab) were used for subcutaneous implantation of hMSC-laden PBA 

scaffolds with and without adenosine. The mice were anesthetized with 2% isoflurane and 

administered with buprenorphine (1 mg/kg, sustained release, ZooPharm) through 

subcutaneous injection prior to surgical procedure. A roughly 1 cm-long incision was 

made on the back of each anesthetized mouse, and each cell-laden scaffold was implanted 

to the right side of the subcutaneous pouch [57]. Upon completion, two drops of 
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bupivacaine (0.5%, Hospira) were applied topically along the incision line, followed by 

closure with wound clips. 

2.1.13 Microcomputed tomography (µCT) 

Scaffolds retrieved from the subcutaneous pouches of mice were collected, 

processed in 4% paraformaldehyde at 4°C for 3 d, and rinsed with PBS. The fixed samples 

and a phantom were loaded into a µCT scanner (vivaCT 80, Scanco Medical) and scanned 

at 55 keV with a pixel resolution of 10.4 µm. Reconstruction of the scanned images was 

performed using µCT Evaluation Program V6.6 (Scanco Medical), followed by generation 

of radiographs and 3D images using µCT Ray V4.0 (Scanco Medical). Bone mass was 

evaluated based on the reconstructed images and presented as a percentage of bone 

volume over total volume (%BV/TV). Bone mineral density (BMD) was determined by 

using the phantom with known hydroxyapatite content as a reference. 

2.1.14 Histological analyses 

Fixed samples were decalcified in 14% EDTA (pH 8.0) at 4°C for 5 d, rinsed in PBS, 

dehydrated and embedded in paraffin, and cut into 5 µm-thick sections by using a Leica 

rotary microtome. Prior to staining, each section was deparaffinized in CitriSolv (Decon 

Labs, Cat.# 1601) and rehydrated through graded alcohols and deionized water. For H&E 

staining, rehydrated sections were immersed in hematoxylin solution (Ricca Chemical, 

Cat.# 3536-16) for 4 min and then switched in eosin-Y solution (Ricca Chemical, Cat.# 2845-

16) for 1 min. For osteocalcin (OCN) immunohistochemical analysis, rehydrated sections 
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were immersed in a blocking buffer made of PBS, 3% bovine serum albumin and 0.1% 

Tween-20 for 1 h, and incubated with OCN primary antibody (1:100 in blocking buffer, 

rabbit polyclonal; Abcam, Cat.# ab93876) overnight at 4°C. After rinsing thoroughly with 

PBS, the sections were treated with horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:100 in blocking buffer, HRP-donkey anti-rabbit; Jackson ImmunoResearch, 

Cat.# 711-035-152) at room temperature for 1 h, followed by incubating in a developing 

solution containing 3-3’ diaminobenzidine (DAB) peroxidase substrate (Vector 

Laboratories, Cat.# SK-4100) for 5 min to produce a brown reaction product. All the 

stained sections were subsequently dehydrated, covered with a mounting medium 

(Fisher Scientific, Cat.# SP15-100), and imaged using Keyence microscopy system. 

2.1.15 Statistical analysis 

The means with standard deviations (n ≥ 3) is presented in the results. All the data 

were subjected to either two-tailed Student’s t-test or one-way analysis of variance 

(ANOVA) with post hoc Tukey-Kramer test for multiple comparisons using GraphPad 

Prism 7. Any P-value of less than 0.05 was indicated with asterisk and considered 

statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). P-value 

greater than 0.05 was considered n.s. (not significant). 
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2.2 Results and discussion 

2.2.1 Scaffolds are functionalized with PBA 

To examine the boronic acid-assisted sequestration and release of adenosine, I 

created macroporous PEG scaffolds containing varying amounts of boronic acid (0, 0.5 M 

and 1 M of PBA, and 0.5 M of 4VPBA as in the reaction mixture), termed as PBA0, PBA0.5, 

PBA1.0, and 4VPBA0.5, respectively. The macroporous scaffolds were developed by using 

polymethyl methacrylate (PMMA) microspheres as a porogen, resulting in an 

interconnected macroporous architecture (Figure 6) [54, 56]. As shown in Figure 7, the 

microscopic pore structures of PBA0 and PBA1.0 are similar regardless of PBA.  

 

Figure 6: Preparation of macroporous scaffold. a, Chemical structures of the key 
precursors. b, Schematic of the PMMA leaching method. c, Photo showing a hydrated 

PBA scaffold. 
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Figure 7: SEM images of macroporous scaffolds. a, Pore architecture of PBA1.0 
scaffold. b, Pore architecture of PBA0 scaffold. 

 

Due to the low solubility and low reactivity of PBA and 4VPBA in aqueous 

solution [135], I used an ethanol/water mixture as solvent and supplemented A6ACA in 

the precursor solution prior to copolymerization. Still, 1 M of PBA or 0.5 M of 4VPBA was 

the highest concentration achieved. To evaluate the efficiency of copolymerization as the 

amount of boronic acid being incorporated into the copolymer, the residual boronic acid 

after photopolymerization was collected and measured at 264 nm using UV/vis 

spectroscopy. The spectroscopic analyses showed that 91.5% of the PBA in the precursor 

solution were incorporated into the PBA1.0 scaffold, the boronic acid incorporation 

efficiency for the PBA0.5 scaffold was 93.3%, and 85.7% for the 4VPBA0.5 scaffold (Table 3).   
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Table 3: Summary of scaffold properties. 

 

Boronic acid 

incorporation 

efficiency 

Theoretical 

ADO 

sequestration 

(mg) 

Actual ADO 

sequestration 

(mg) 

ADO 

sequestration 

efficiency 

ADO 

loading 

capacity 

PBA1.0 scaffold 91.5% 5.34 3.66 75% 28% 

PBA0.5 scaffold 93.3% 2.67 1.47 59% 11% 

4VPBA0.5 scaffold 85.7% 2.67 0.74 32% 6% 

PBA0 scaffold 0 0 0 NA NA 

 

Similarly, the NMR spectra of PBA scaffolds suggest more than 90% of PBA 

molecules were reacted and incorporated into the network (Figure 8). The PBA0 (i.e. PEG) 

scaffold showed a peak at 3.5 ppm corresponding to -(OCH2CH2)n- protons from PEG. 

Peaks from 1.1-1.85 ppm corresponding to -(CH2)4- protons indicated the presence of 6-

aminocarpoic acid [132]. The PBA scaffolds (0.5 M and 1 M) showed a new peak at around 

7 ppm, clearly indicating the presence of aromatic protons and the successful 

incorporation of PBA into the scaffolds. 
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Figure 8: NMR spectra of macroporous scaffolds. 
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2.2.2 PBA scaffolds sequester adenosine in vitro 

To determine the PBA-mediated adenosine sequestration, the macroporous 

scaffolds with different levels of PBA were incubated in an excess adenosine solution (6 

mg/mL in PBS) for 6 h (Figure 9) and the bound adenosine was measured using UV/vis 

spectroscopy. As shown in Table 3 and Figure 10, the amount of sequestered adenosine 

increased as the amount of PBA within the scaffold increased. In Table 3, the values were 

averages of five scaffolds. Take PBA1.0 scaffold as an example, each scaffold was prepared 

from 20 µL of 1 M PBA precursor solution, having an average dry weight of 13.05 mg. The 

theoretical adenosine (ADO) sequestration capacity of PBA1.0 scaffold is calculated as 5.34 

mg if all the feeding PBA molecules were copolymerized and each of them conjugated to 

one ADO molecule. Thus, the ADO sequestration efficiency (!) of PBA1.0 scaffold was 

determined as follows: 

													!		 =
$%&'()	$*+	,-.'-,&/(&012

3ℎ-1/-&0%()	$*+	,-.'-,&/(&012	 × 	67$	02%1/81/(&012	efficiency
× 100% 

               = B.DD	EF
G.BH	EF	×	I.JKG

× 100% 

                = 75% 

The ADO loading capacity (%LC) of PBA1.0 scaffold was calculated: 

%NO =
$%&'()	$*+	,-.'-,&/(&012

P%(QQ1)R	S-0Tℎ&
× 100% 

																									=
3.66	WT
13.05	WT

× 100% 

																									= 28% 
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Figure 9: Schematic of PBA-mediated adenosine sequestration. 

 

 

Figure 10: PBA scaffolds sequester adenosine in vitro. Representative UV/vis spectra 
show absorption intensity of adenosine (in arbitrary units, a.u.) sequestered by 

scaffold in vitro. Gray: adenosine sequestered by PBA0; Cyan: adenosine sequestered 
by 4VPBA0.5; Blue: adenosine sequestered by PBA0.5; Magenta: adenosine sequestered 

by PBA1.0. 
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In sum, the PBA1.0 scaffolds had a sequestration efficiency (the amount of PBA 

moieties involved in adenosine binding) of 75% with a loading capacity (weight 

percentage of adenosine in the scaffold) of 28%, while those of the PBA0.5 scaffolds were 

59% and 11%, respectively. On the contrary, the PEG scaffolds without PBA moieties (i.e. 

PBA0) had no detectable adenosine content, suggesting that the loading of adenosine was 

primarily due to the PBA moieties. The adenosine sequestration efficiency of 4VPBA0.5 

was inferior to that of PBA0.5, indicating that 4VPBA has a lower adenosine affinity 

compared to PBA. Since the PBA1.0 scaffolds sequestered the most adenosine, they were 

used for the rest of the studies. 

2.2.3 PBA scaffolds release adenosine 

The release of adenosine was tested by incubating the PBA1.0 scaffolds in either 50 

mM glucose solution or cell culture medium depleted of nucleosides at 37°C. Due to the 

prevalence of glucose in the biological environment, I chose it as a model cis-diol to 

compete with adenosine in binding PBA moieties and replace the sequestered adenosine 

from the scaffolds [136]. The concentration of glucose used here is much higher than the 

normal plasma glucose level (up to 11 mM) according to the American Diabetes 

Association [137]. The concentration of freed adenosine in the solution was measured 

daily with UV/vis (Figure 11a). Only ~15% of adenosine was released at 5 d (Figure 11b), 

indicating a more favorable conjugation between PBA and adenosine compared to that of 

PBA and glucose. Scaffolds incubated in culture medium showed a robust release during 
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the first 10 d followed by a plateau, and ~45% of adenosine was still sequestered at 30 d 

(Figure 11c,d). 

 

Figure 11: Adenosine releases from PBA scaffolds. a, Cumulative release of adenosine 
from PBA1.0 scaffolds incubated in glucose solution. b, Dot map comprises blue dots 

representing the free adenosine at 5 d and gray dots representing the adenosine 
remained sequestered. c, Cumulative release of adenosine from PBA1.0 scaffolds 

incubated in culture medium. d, Dot map shows the free adenosine in blue at 30 d. 
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2.2.4 Sequestered adenosine by PBA supports in vitro osteogenesis 
of hMSCs 

It has been reported that free adenosine induces osteogenic differentiation of stem 

cells during in vitro culture [69]. Whether sequestered adenosine by PBA scaffolds has the 

similar function needs to be established. Therefore, the osteoanabolic potential of 

adenosine bound to the scaffolds was examined in vitro in a 3D culture by using hMSCs 

as a cell source. Toward this, macroporous scaffolds with and without adenosine (PBA1.0-

ADO and PBA1.0, respectively) were loaded with hMSCs and cultured in growth medium 

(GM). Cell-laden PBA1.0 scaffolds cultured in osteogenic-inducing medium (OM) were 

used as a positive control. We have previously shown that macroporous biomaterials with 

an interconnected macroporous structure can facilitate infiltration of the loaded cells, 

allowing their homogenous distribution within the scaffold [54, 56]. Here, both Live/Dead 

assay (Figure 12) and PicoGreen DNA assay as a function of culture time (Figure 13) 

showed good cell viability and comparable DNA content in all the scaffolds during in vitro 

incubation, respectively, indicating desirable biocompatibility of the scaffolds. 
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Figure 12: Cell viability in scaffolds. a, Representative images show live (green) and 
dead (red) cells in fluorescence staining of PBA0, PBA1.0, and PBA1.0-ADO scaffolds 

loaded with hMSCs at 3 d and 7 d. b, Quantitative estimation of the percentage of live 
cells in scaffolds. 

 

 

Figure 13: DNA content in scaffolds. 

 

Osteogenic differentiation of hMSCs in the scaffolds at different culture conditions 

was evaluated through time-resolved quantitative PCR analyses for multiple osteogenic 

genes, namely osteocalcin (OCN), osteopontin (OPN) and osterix (OSX). As shown in 

Figure 14, the expressions of OCN, OPN, and OSX were consistently up-regulated 

throughout 21 d of culture in the PBA1.0-ADO scaffolds in GM, which were similar to the 

positive control in OM. In contrast, the expressions of osteogenic markers remained low 

in GM cultures with scaffolds that lacked adenosine.  
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Figure 14: Expression of osteogenic markers in scaffolds. 

 

Consistent with the PCR findings, quantification of calcium content exhibited 

significantly higher calcium deposition in the PBA1.0-ADO scaffolds compared to the 

PBA1.0 scaffolds in the same culture condition at the end of 21 d (Figure 15). Together, 

these results suggest that the sequestered adenosine within the scaffolds promoted 

osteogenic differentiation of hMSCs akin to cultures supplemented with free adenosine 

[60, 69]. 
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Figure 15: Calcium content in scaffolds at 21 d. 

 

2.2.5 Sequestered adenosine by PBA promotes in vivo osteogenesis 
of hMSCs 

I next evaluated the potential of adenosine-bound scaffolds to support in vivo bone 

formation by adopting an ectopic model [57]. Biomaterial-induced bone regeneration at 

an ectopic site, an environment lacking osteogenic growth factors, is an indication for 

osteoinductivity.  

Both PBA1.0-ADO and PBA1.0 scaffolds loaded with hMSCs were implanted into 

the subcutaneous space of immunodeficient mice for 28 d. Upon retrieval, the PBA1.0-ADO 

scaffolds were found to be opaque and vascularized in comparison with the PBA1.0 

scaffolds (Figure 16).  
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Figure 16: Photos of scaffolds retrieved from subcutaneous implantation. Both PBA1.0 

and PBA1.0-ADO scaffolds loaded with hMSCs were implanted subcutaneously for 28 
d and excised to examine the tissue formation. 

 

Radiographs generated from µCT scan showed a strong optical signal from the 

PBA1.0-ADO scaffolds in accordance with the gross appearance, suggesting in vivo 

calcification and hard tissue formation (Figure 17a). In addition, the 3D rendering of the 

excised PBA1.0-ADO scaffolds showed an even distribution of mineral deposition within 

the biomaterials, as indicated by both top and oblique views (Figure 17b). Conversely, the 

excised PBA1.0 scaffolds did not display any apparent calcification. Based on the 

quantification of µCT results, the PBA1.0-ADO scaffolds had a bone volume ratio (BV/TV) 

of 14.4% and a bone mineral density (BMD) of 0.51 g/cm3, compared to 1.6% and 0.05 
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g/cm3 found within the PBA1.0 group (Figure 17c and 17d). Measurement of calcium 

content within the scaffolds, 97.3 ± 4.8 mg/g dry weight in the PBA1.0-ADO and 18.2 ± 0.8 

mg/g dry weight in the PBA1.0 (Figure 17e), further confirmed higher in vivo calcification 

of the cell-laden PBA1.0-ADO scaffolds. 

 

Figure 17: Calcification in scaffolds. a, Representative radiographs of cell-laden PBA1.0 
and PBA1.0-ADO scaffolds excised at 28 d post subcutaneous implantation. b, 3D 

reconstruction of cell-laden PBA1.0-ADO scaffold shows the distribution of mineral 
deposition, presented in both top view and oblique view. c, Bone volume ratio 

(BV/TV) of scaffolds was quantified based on µCT imaging. d, Bone mineral density 
(BMD) of scaffolds was quantified. e, Calcium content in scaffolds was measured 

based on calcium assay. 

 

Bone tissue formation was further evaluated by histological characterization. 

Hematoxylin and eosin (H&E) staining of the excised implants showed dense 
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extracellular matrix (ECM), resembling that of the bone tissue, in the cell-laden PBA1.0-

ADO scaffolds, whereas the corresponding PBA1.0 group had minimal bone tissue 

formation (Figure 18a). Furthermore, positive staining of OCN, an ECM protein secreted 

by osteoblasts, was seen throughout the PBA1.0-ADO scaffolds (Figure 18b). Together, 

these findings suggest that the adenosine-loaded scaffolds supported osteogenic 

differentiation of the transplanted hMSCs and induced ectopic bone formation, which 

further corroborates the osteoanabolic function of adenosine. 

 

Figure 18: Osteogenic differentiation of hMSCs in scaffolds. a, Representative 
microscopic images of H&E staining within scaffolds. b, Representative images of 

OCN immunohistochemical staining within scaffolds. 1, neo-bone tissue; 2, 
biomaterial; 3, OCN-positive tissue. 
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2.3 Conclusion 

In this chapter, I developed and optimized a macroporous biomaterial containing 

boronic acid moieties to sequester adenosine, a native small molecule. The sequestration 

and release of adenosine were achieved by harnessing the ability of boronate molecules 

to form dynamic covalent bonds with cis-diol molecules such as adenosine. The 

sequestration efficiency was largely dependent upon the type and quantity of boronic acid 

molecules in the biomaterial. Specifically, biomaterial scaffolds containing 1 M PBA 

(PBA1.0) exhibited 75% of adenosine sequestration efficiency, which translated into 28% of 

loading capacity. On the contrary, the non-PBA scaffolds (PBA0) had negligible adenosine 

content. 

I also demonstrated that PBA-mediated local sequestration of adenosine can be 

used to induce osteogenic differentiation of stem cells in vitro and to promote ectopic bone 

formation in vivo. The adenosine-sequestered PBA scaffolds supported the growth of 

hMSCs in 3D culture and stimulated the expression of key osteogenic markers in the 

absence of osteogenic-inducing growth factors. Further, examination of such scaffolds 

recovered from subcutaneous implantation showed calcification and bone-like tissue 

deposition throughout the biomaterials. 
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3. Sequestration of adenosine for fracture healing 
It is a leading concept in regenerative medicine to transplant tissue-specific cells, 

often supported by biomaterials, to promote tissue repair. The work in Chapter 2 

illustrated the potential of this concept by generating bone-like tissue from hMSCs via 

PBA-mediated adenosine sequestration. While cell transplantation has achieved some 

success, its broad clinical application is hindered by various challenges such as high costs, 

constraints associated with cell isolation and expansion, and limited in vivo engraftment 

of cells [138-140]. Instead, mobilizing endogenous cells to augment the innate regenerative 

ability of tissues has been explored as an alternative [53, 141-144]. Given that the function 

of endogenous cells is regulated by their microenvironment, potential of biomaterials 

and/or growth factors to create pro-healing niches for endogenous cells has been explored 

extensively [142, 145-150]. Meanwhile, naturally-occurring small molecules are also 

appealing and equally powerful in regulating various cellular functions including tissue-

specific differentiation of stem cells [69, 151, 152]. Although significant strides have been 

made in employing small molecules to direct cellular functions in vitro, harnessing small 

molecules toward tissue repair in vivo still remains limited.  

In this chapter, I explore whether sequestration of small molecules can be used to 

augment endogenous cell function leading to improved bone repair. Adenosine is an ideal 

small molecule to study due to its protective functions in the human body and its tight 

connection to bone homeostasis in particular [120, 153]. While the physiological 
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concentration of adenosine is often insufficient to activate adenosine signaling, an increase 

in extracellular adenosine is observed following tissue injury, which is integral to the 

natural repair mechanism [70, 121, 122, 153]. However, this increase is transient as 

adenosine is rapidly converted to less functional metabolites [123, 154-156]. Although 

systemic delivery of adenosine can be employed to activate adenosine signaling and 

address tissue dysfunctions, in practice, such an approach has remained elusive. This is 

mainly due to the ubiquitous nature of adenosine receptors and the associated off-target 

effects [123, 157, 158]. Instead, approaches that localize adenosine signaling at the targeted 

tissue site can circumvent these limitations and open up new viable therapeutic strategies.  

To this end, I have developed a biomaterial-based approach to sequester 

extracellular adenosine capitalizing on its transient surge following trauma or to deliver 

exogenous adenosine to sustain the activation of adenosine signaling strictly at the injury 

site. Specifically, I leveraged the ability of boronate molecule to bind adenosine via 

dynamic covalent bonding (Figure 5). By employing a PBA-functionalized biomaterial 

patch, I demonstrated in vivo sequestration of adenosine and its application to accelerate 

long bone repair in a murine model (Figure 19) [159].  
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Figure 19: Localization of adenosine signaling promotes fracture healing. a, 
Biomaterial patch containing PBA sequesters extracellular adenosine at the fracture 

site by leveraging the adenosine surge following injury and sustains localized 
adenosine signaling to accelerate bone repair. b, Concept of temporal in situ 

adenosine sequestration and release to modulate adenosine availability during 
fracture repair. 
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3.1 Materials and methods 

3.1.1 Preparation of biomaterial patches 

PEGDA and A6ACA were synthesized in-house as described in 2.1.1 and 2.1.2. 

Macroporous patches containing PBA were prepared by mixing PEGDA (10% w/v), 3-

(acrylamido)phenylboronic acid (1 M; Sigma-Aldrich, Cat.# 771465), A6ACA (0.5 M), and 

Irgacure 2959 (0.5% w/v; Sigma-Aldrich, Cat.# 410896) in PMMA-filled molds, followed 

by UV irradiation (365 nm) for 10 min. After removing PMMA, the patches were trimmed 

to a uniform size of 8 mm by 3 mm, sterilized using 70% ethanol and subsequently saved 

in sterile PBS. PEG macroporous patches without PBA were also prepared in the same 

way. 

3.1.2 Tibial fracture 

All animal studies were conducted with the approval of the Institutional Animal 

Care and Use Committee (IACUC) at Duke University and complied with NIH guidelines 

for laboratory animal care. Female C57BL/6J mice (4-month-old, Jackson Lab) were first 

anesthetized with 2% isoflurane and administered with buprenorphine (1 mg/kg, 

sustained release, ZooPharm) through subcutaneous injection prior to surgical procedure. 

The affected skin area was cleansed with 70% ethanol, Povidone Iodine, and 70% ethanol, 

consecutively, by using cotton swabs. After removing the skin proximal to right knee, 

tibia was stabilized by inserting a 0.7 mm pin from the tibial plateau through the 

medullary cavity, and a fracture was induced at the tibial midshaft using blunt scissors 
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[160]. To study biomaterial-mediated adenosine sequestration and fracture healing, a 

patch was applied adjacent to the fracture site and held tight underneath the muscle. 

Upon completion, two drops of bupivacaine (0.5%, Hospira) were applied topically along 

the incision line, followed by closure with wound clips. The mice were allowed to awake 

in atmospheric air. After waking, the mice were able to ambulate and continue normal 

function. 

3.1.3 Adenosine sequestration in vivo 

Freshly prepared PBA1.0 and PBA0 patches with identical dimensions were 

separately implanted into either subcutaneous pouches or tibial fracture site of mice. For 

adenosine sequestration in the subcutaneous space, each mouse received a subcutaneous 

injection of 600 µL sterile saline or adenosine solution (0.25 mg/mL, 0.5 mg/mL) at 1d after 

the subcutaneous implantation, and the patches were excised 1 h later. For adenosine 

sequestration at the fracture sites, the patches were excised at 3 d and 21 d after the 

implantation, respectively. The as-retrieved patches were rinsed in PBS, minced, and 

soaked in acetate buffer (0.1 M, pH 4.5) for 2 h. The supernatant was subsequently 

collected, neutralized, and used for adenosine measurement. 

3.1.4 Adenosine assay 

To measure the adenosine content in bone marrow, specimens from both the 

fractured limbs and the contralateral non-fractured limbs of the mice were collected at 30 

min, 3 h, and 1 d following tibial fractures, respectively. Plasma was isolated from the 
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bone marrow flush by centrifugation at 2,000 g, 4°C for 20 min, and was subsequently 

diluted with an adenosine-protecting solution containing 0.2 mM dipyridamole (a 

nucleoside transporter inhibitor), 5 µM erythro-9(2-hydroxy-3-nonyl)-adenine (an 

adenosine deaminase inhibitor), 60 µM a,b-methylene-adenosine 5’-diphosphate (a CD73 

inhibitor), and 4.2 mM ethylenediaminetetraacetic acid (EDTA).  

Adenosine content recovered from in vivo sequestration (3.1.3) and extracellular 

adenosine content in the diluted plasma were quantified by using an Adenosine Assay 

Kit (Fluorometric; Abcam, Cat.# ab211094) following the manufacturer’s instructions. 

Briefly, each sample was mixed with a series of reagents including Adenosine Detector, 

Adenosine Convertor, Adenosine Developer and Adenosine Probe in an Adenosine Assay 

Buffer, and the mixture was incubated in dark for 15 min. Fluorescence intensity of the 

mixture was measured at 535 nm (excitation)/590 nm (emission) using a Multimode 

Detector, and the adenosine concentration was determined based on known adenosine 

standards. 

3.1.5 Cell infiltration 

Patches implanted at the fracture site were excised at 3 d to evaluate the infiltration 

of endogenous cells. After thorough rinsing, the patches were fixed, embedded in paraffin 

blocks, and sectioned for DAPI (Invitrogen, Cat.# D1306) staining.  
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3.1.6 Radiographical analysis 

Fractured tibiae of mice were harvested at pre-determined time points (7 d, 14 d, 

and 21 d) post-fracture, processed in 4% paraformaldehyde at 4°C for 3 d, and rinsed with 

PBS. The fixed tibiae and a phantom were loaded into µCT scanner and scanned at 55 keV 

with a pixel resolution of 10.4 µm. Reconstruction of the scanned images was performed 

using µCT Evaluation Program V6.6 (Scanco Medical), followed by generation of 

radiographs and 3D images using µCT Ray V4.0 (Scanco Medical). Calluses of fractured 

tibiae were analyzed for %BV/TV based on 200 contiguous slices within 1 mm proximal 

and 1 mm distal of the fracture center according to a published study [160]. 

3.1.7 Histological analyses 

Fixed tibiae were decalcified in 14% EDTA (pH 8.0) at 4°C for 5 d, rinsed in PBS, 

dehydrated and embedded in paraffin, and cut into 5 µm-thick sections by using Leica 

rotary microtome. Prior to staining, each section was deparaffinized in CitriSolv and 

rehydrated through graded alcohols and deionized water. For Safranin-O staining of the 

fracture calluses, rehydrated tibia sections were immersed in 1% Safranin-O (Sigma, Cat.# 

S8884) at room temperature for 1 h and counter-stained with 0.02% Fast Green (Sigma, 

Cat.# F7258) and hematoxylin solution for 1 min. For tartrate-resistant acid phosphatase 

(TRAP) staining, rehydrated tibia sections were immersed in a 0.2 M sodium acetate 

buffer (pH 5.0) containing 50 mM tartaric acid (Sigma, Cat.# 228729), 0.5 mg/mL naphthol 

AS-MX phosphate (Sigma, Cat.# N5000), and 1.1 mg/mL fast red TR (Sigma, Cat.# F6760) 
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for 1 h at 37°C. After rinsing in deionized water, the sections were counterstained in 

Mayer’s hematoxylin solution (Sigma, Cat.# MHS16) for 1 min. All the stained sections 

were subsequently dehydrated, covered with a mounting medium (Fisher Scientific, Cat.# 

SP15-100), and imaged using Keyence microscopy system. 

3.1.8 Immunofluorescence imaging and vessel quantification 

Rehydrated tibia sections were steam-treated in a citrate buffer (pH 6.0; Abcam, 

Cat.# ab64236) for heat-induced antigen retrieval and further immersed in blocking buffer 

for 1 h at room temperature. The sections were then incubated with endomucin primary 

antibody (1:100 in blocking buffer, rat polyclonal; Abcam, Cat.# ab106100) overnight at 

4°C, followed by addition of secondary antibody (1:200 in blocking buffer, Alexa Fluor 

647-rabbit anti-rat; Abcam, Cat.# ab169349) at room temperature for 1 h. All the sections 

were subsequently rinsed in PBS and mounted with an antifade medium containing DAPI 

(Invitrogen, Cat.# P36971). Images were acquired using a Zeiss (Axio Imager Z2) 

microscopy system under the same exposure time for all groups. Quantification of blood 

vessel formation in calluses was conducted using ImageJ (v1.52g) and represented as the 

percentage of EMCN-positive vessel area (red) to the callus area (blue) based on the 

immunofluorescence images. Ten images from each mouse tibia were used, and five mice 

from each group were included for the analysis.  
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3.2 Results and discussion 

3.2.1 PBA patches sequester adenosine in vivo 

The ability of PBA patches to sequester and release adenosine in vitro was 

previously established in 2.2.2 and 2.2.3. Next, I investigated their potential to sequester 

adenosine in vivo. The ability of PBA1.0 patches to sequester adenosine in vivo was first 

assessed by using a subcutaneous model. Roughly, 600 µL of sterile saline solution 

containing varying amounts of adenosine (0, 0.25 or 0.5 mg/mL) was injected into an area 

adjacent to the patches, which had been implanted subcutaneously into mice for 1 d. The 

patches were retrieved within 1 h of injection and analyzed for the sequestered adenosine. 

As anticipated, the PBA1.0 patches retrieved from the cohort injected with 0.5 mg/mL 

adenosine had higher adenosine content compared to that received 0.25 mg/mL adenosine 

or saline alone (Figure 20 and Table 4). The PBA1.0 patches from the cohort that received 

only the saline injection were also positive for adenosine, albeit a small amount, which is 

attributed to the endogenous adenosine present at the subcutaneous site of implantation. 

On the contrary, no adenosine was detected in the PBA0 patches, further corroborating 

the necessity of PBA moieties for adenosine sequestration.   
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Figure 20: PBA patches sequester subcutaneously injected adenosine. 

 

Table 4: Adenosine sequestration in subcutaneous space. 

 Injection 
Adenosine 

injected (µg) 

Adenosine 

sequestered (µg) 

PBA1.0 patch 

Adenosine (0.5 mg/mL) 300 80 ± 5.8 

Adenosine (0.25 mg/mL) 150 30 ± 3.1 

Saline 0 10 ± 0.7 

PBA0 patch Saline 0 0 

 

Although the physiological extracellular adenosine concentration in most organs 

is low, its level in the extracellular milieu is known to increase following trauma or injury 

[121, 122]. Consistent with the existing knowledge, time-dependent analyses of 
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extracellular adenosine following unilateral tibial fracture of mouse showed a significant 

increase in the adenosine level at the injury site compared to that at the non-fractured 

contralateral site (Figure 21). A roughly 10-fold increase in extracellular adenosine was 

observed within 1 d following the injury.  

 

Figure 21: Fracture induces transient surge in extracellular adenosine. 

 

To determine the ability of PBA patches to sequester extracellular adenosine by 

leveraging its surge following fracture, patches were implanted at tibial fracture site upon 

injury and excised after 3 d. Compared to the PBA0 patches retrieved from the fracture 

site, those as-retrieved PBA1.0 patches contained a significantly higher amount of 

adenosine (Figure 22a). This increased adenosine content within the implant was found 

to be diminished to a concentration similar to pre-fracture levels by 21 d (Figure 22b). 

Together, the results suggest that biomaterials containing PBA molecules can be used to 

sequester and enrich extracellular adenosine locally in response to injury. 
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Figure 22: PBA patches sequester adenosine at fracture site. a, Patches were excised 
from the fracture site at 3 d post-implantation, and the sequestered adenosine was 
quantified. b, Patches were retrieved at 21 d following fracture and analyzed for 

remaining adenosine content. 

 

3.2.2 PBA patches induce cell infiltration 

Macroporous architecture has been shown to promote cell infiltration, which is 

important for repair actively involving endogenous cells and biomolecules [161, 162]. In 

2.2.4, I also demonstrated that the macroporous PBA patches supported the survival and 

growth of hMSCs. When the PBA patches were implanted at the injury site, they attracted 

cell migration in addition to sequestration of adenosine (Figure 23). In contrast, the PEG 

patches without PBA exhibited limited cell infiltration at 3 d post-implantation. 
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Figure 23: PBA patches induce infiltration of cells in vivo. 

 

3.2.3 PBA patches promote fracture healing through adenosine 
sequestration 

Fracture repair is a complex process involving cartilaginous callus formation at 

the injury site, endochondral ossification within the callus, and callus/bone remodeling 

[17]. To investigate the role of biomaterial-assisted sequestration of adenosine in bone 

repair, a stabilized fracture model was adopted by creating a unilateral cut at the tibial 

midshaft in mice [160], and biomaterials with uniform dimensions were used to cover the 

fracture sites (Figure 19a). In addition to PBA0 and PBA1.0 patches, patches pre-loaded with 

exogenous adenosine (PBA1.0-ADO) were tested. The time series, 7 d to 21 d, was chosen 

to understand the changes in each fracture healing phase. 7 d post-injury is an optimal 

time to examine changes in chondrogenesis and callus formation, 14 d for late-stage 

chondrogenesis and early-stage osteoblastogenesis, and 21 d post-fracture for late-stage 
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osteoblastogenesis and onset of callus remodeling. The fracture healing as a function of 

time was examined using radiographic and histomorphometric analyses. 

Figure 24 displays 3D reconstructed images (intact and cut views) and their 

corresponding radiographs of the injured tibiae during fracture healing. The evolution of 

callus as bone repair progresses is represented in Figure 25a.  

 

Figure 24: PBA patches facilitate callus maturation. 3D reconstructions (intact and cut 
views) and corresponding radiographs of the fractured tibiae are presented. Tissues 
were harvested at 7 d, 14 d, or 21 d following injury (n = 7 mice for each treatment). 

White boxes cover the callus regions. 

 

At 7 d, the fractures were still evident in all groups owing to the minimal 

mineralization of the calluses. As time progressed, the calluses calcified, and the extent of 
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mineralization was found to correlate with the type of intervention, where both the PBA1.0-

ADO and the PBA1.0 groups exhibited a better bridging of the fracture. By 21 d, growing 

calluses eventually bridged the fracture gaps in all groups. Interestingly, radiographic 

images at 21 d showed cortical bridging only in the groups treated with PBA1.0-ADO and 

PBA1.0 (Figure 24 and 25) [17], suggesting a faster healing compared to those treated with 

PBA0. Concomitant with these observations, analysis of the fracture sites at 21 d from axial 

view (Figure 25b) revealed better remodeled patterns and more organized lamellar bone 

formation in cohorts that received either PBA1.0-ADO or PBA1.0 patches. 

 

Figure 25: PBA patches improve callus remodeling. a, Magnified 3D reconstructions 
of the callus regions show the evolution of calluses during fracture healing with black 

arrowheads indicating fracture sites. b, Representative axial views of fracture sites 
show remodeling outcome within calluses by 21 d. 
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These findings were further confirmed by the quantification of the µCT scans at 

14 d and 21 d, by which callus ossification was more evident compared to 7 d. By 14 d 

(Figure 26a), bone volume was higher in both the PBA1.0-ADO and the PBA1.0 groups, 

albeit with no statistical significance. The differences in bone formation were apparent by 

21 d (Figure 26b), where the fractures treated with PBA1.0-ADO and PBA1.0 exhibited 

significantly higher bone volume ratio within the calluses compared to those treated with 

PBA0. Together, the results demonstrated the prevalent role of localized adenosine 

signaling in promoting callus maturation and fracture healing. When the biomaterial 

patch was dosed once with exogenous adenosine, as in the case of the PBA1.0-ADO group, 

the healing was further improved, mostly due to the higher amount of adenosine 

available. 

 

Figure 26: Quantification of bone volume in calluses. a, Bone volume ratio of calluses 
at 14 d post-fracture. b, Bone volume ratios of calluses at 21 d were quantified. 

 

Given the importance of the evolution of cartilaginous tissue, vascularization, and 

osteoclast-driven bone resorption in fracture healing [17], I also studied the effect of 
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biomaterial-mediated adenosine signaling on cartilaginous tissue, blood vessel formation, 

and osteoclastic activity during healing. Intense cartilage formation (stained red) within 

the calluses of both the PBA1.0-ADO and the PBA1.0 groups was observed at 7 d (Figure 

27), followed by cartilage resorption over time suggesting endochondral ossification. In 

contrast, the animals treated with the PBA0 showed delayed cartilaginous tissue formation 

and dissolution, as the cartilaginous tissue still remained in the calluses at 21 d (Figure 

27).  

Concurrent with these findings, an intervention-specific change in vascularization 

of the calluses was also observed (Figure 28). Specifically, more endomucin (EMCN)-

positive blood vessels were detected in both the PBA1.0-ADO and the PBA1.0 groups 

compared to the PBA0 cohort at 7 d (Figure 29a) and 14 d (Figure 29b). The improved callus 

vascularization in the presence of PBA-mediated adenosine signaling may be directly 

linked to the established role of adenosine in promoting angiogenesis [61, 163]. The 

improved osteoblastogenesis observed in these groups could also contribute to the 

increased angiogenesis [164, 165]. While there were differences in angiogenesis among the 

different groups at early time points, no intervention-dependent differences in blood 

vessel content were observed at 21 d (Figure 29c). 
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Figure 27: PBA patches accelerate evolution of cartilage template in calluses. 
Representative safranin-O staining images of fractured tibiae treated with various 

biomaterial patches show the evolution of cartilaginous tissues (red) in calluses as a 
function of time. 
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Figure 28: PBA patches enhance vascularization in calluses. Representative immunofluorescence images of endomucin (EMCN, 
red) show the vascularization in calluses. Nuclei were stained with DAPI (blue). White dashed lines delineate the callus 

boundary. Magnified images of the region covered in white boxes are displayed with white arrowheads indicating EMCN-
positive vessels. 
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Figure 29: Quantification of vascularization in calluses. a,b,c, Ratio of the EMCN-

positive vessel area to the total callus area at 7 d (a), 14 d (b), and 21 d (c) based on 

immunofluorescence images (n = 5 mice from each treatment; each data point is 

averaged from 5 images for each mouse). 

 

Analyses of osteoclastic activity via TRAP staining (Figure 30a) showed increased 

TRAP-positive area with time in all the groups. Particularly, higher percentage of TRAP-

positive area in the PBA1.0-ADO cohort at 21 d (Figure 30b), indicating higher bone 

remodeling, which could be associated with high levels of bone formation.  
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Figure 30: Osteoclastic activity within calluses. a, Osteoclastic activity within the 

calluses was assessed with time by TRAP staining. Osteoclasts were stained in bright 

red, with nuclei counterstained in blue. b, Quantification of the TRAP-positive area to 

the callus area at 21 d based on the images (n = 5 mice from each treatment; each data 

point is averaged from 5 images for each mouse). 
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3.3 Conclusion 

Innovative biomaterials that engage and utilize endogenous molecules in the 

tissue environment to promote bone healing will be superior to current biological (growth 

factors) and exogenous cell-based approaches in terms of safety and cost. Unlike most 

studies which use biomaterials functionalized with relevant molecules, I demonstrated 

the utilization of biomaterial to sequester endogenous pro-healing molecules, i.e. 

adenosine. The implanted PBA patches sequester endogenous adenosine by leveraging 

the surge in extracellular adenosine at the initial inflammatory stage following bone 

injury, which is consistent with the prior understanding that trauma induces a temporary 

increase in extracellular adenosine.  

Time-resolved characterization of fracture healing in a murine model revealed that 

the PBA-mediated sequestration of endogenous adenosine presented the pro-healing 

molecules to cells in a temporal manner and thus prolonged the local adenosine signaling, 

resulting in accelerated repair, as evidenced by the extent of callus maturation, 

endochondral calcification, and angiogenesis. In fact, this process mimics one of the 

functions of extracellular matrix components, which are known to sequester growth 

factors and regulate their function in a tissue-specific manner [166, 167]. Furthermore, the 

increased adenosine concentration from the biomaterial-mediated sequestration recedes 

to the physiological level with healing (Figure 22b), which underscores the translational 

potential of the described strategy.  
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While PBA-mediated sequestration of endogenous adenosine alone promoted 

fracture healing, the augmentation of adenosine level with a one-time supplement of 

exogenous adenosine (i.e. PBA1.0-ADO) further improved callus vascularization and 

healing outcome. Note that the PBA1.0 sequestered only a small fraction of the adenosine 

being released by cells (Figure 22a), further improvement of biomaterial design, such as 

increasing PBA content or changing the architecture to increase surface-to-volume ratio, 

can be used to enhance the sequestration efficiency. Such an approach will imbibe more 

adenosine from the milieu following injury and sustain its local concentration, thus 

eliminate the need for exogenous adenosine entirely. Nonetheless, the results presented 

in this chapter showed the potential of using a PBA-containing biomaterial to boost the 

adenosine concentration at the fracture site and of leveraging the endogenous repair 

mechanism involving adenosine signaling to promote fracture healing. 
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4. Local modulation of adenosine to assist healing in 
advanced age 

The occurrence of bone fracture is high, with more than 500,000 patients receiving 

some sort of interventions to repair bone in the U.S. alone each year, accounting for ~$2.5 

billion in healthcare costs [168]. This number does not include fractures associated with 

diseases like diabetes and osteoporosis. The prevalence of bone diseases and the cost of 

repair are expected to double by 2020, primarily due to an aging population [13, 14]. For 

example, there will be ~89 million people over age 65 in the U.S. by 2050, twice as much 

as the population of the same age bracket in 2010 [169]. 

While a higher rate of bone fracture is observed in the elderly, the healing potential 

is in decline with age [170, 171]. Impaired bone healing in advanced age is multifactorial 

and poses a serious problem [171-174]. At a macroscopic level, aging causes bone fragility 

in both men and women [175]. Osteoprogenitor cells in bone marrow not only diminish 

in number with age, but also lose their osteogenic potential partially due to senescence 

[176-179]. Vascular system in bone is also affected by aging, with reduced expression of 

CD31 and endomucin as well as less blood flow [180, 181]. In addition, old macrophages 

become more pro-inflammatory and cease to secrete some key healing factors [10, 182-

184].       

Despite the tremendous advances in understanding the molecular mechanisms 

involved in fracture healing, the only drug to enhance fracture healing with FDA approval 
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is BMP-2, which is often associated serious side effects [185, 186]. Other anabolic 

molecules such as PTH have been proven effective in treating osteoporosis, but failed to 

accelerate or enhance fracture healing in clinical trials [187]. Therefore, identifying new 

regenerative strategies to accelerate fracture healing in advanced age is paramount.  

In Chapter 3, I established the approach to harness the transient surge in 

extracellular adenosine following injury toward bone repair by confining adenosine and 

regulating adenosine signaling at the injury site. However, the effectiveness of 

modulating adenosine signaling in the elderly is unknown, especially when the bone 

homeostasis is perturbed with age. Herein, we determine how local modulation of 

adenosine signaling can be utilized to rejuvenate tissue repair in advanced age by 

employing a clinically relevant in vivo model. Murine models of bone injury show 

impaired healing with age (Table 5), making them a good and cost-effective model to 

study age-associated fracture healing [183, 188, 189].  

Table 5: Fracture healing is delayed with age in rodents (Data source [189]). 

Age Healing time* 

6-week-old ~4 weeks 

20-week-old ~10 weeks 

1-year-old > 6 months 

 
* Time to regain normal biomechanics of bone. 
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4.1 Materials and methods 

4.1.1 Measurement of adenosine in aged mice 

Bone marrow and blood samples from both young (3-month-old) and aged (20-

month-old) C57Bl6/J mice were measured for adenosine content [190]. Briefly, bone 

marrow flushed out of hindlimbs and blood drawn from cardiac puncture were 

centrifuged at 2,000 g, 4°C for 20 min to collect plasma. The freshly isolated plasma was 

mixed with an equal volume of adenosine-protecting solution containing 0.2 mM 

dipyridamole, 5 µM erythro-9(2-hydroxy-3-nonyl)-adenine, 60 µM a,b-methylene-

adenosine-5’-diphosphate, and 4.2 mM EDTA. To the diluted plasma, reagents from 

Adenosine Assay Kit (Abcam, Cat.# ab211094), including Adenosine Detector, Adenosine 

Convertor, Adenosine Developer and Adenosine Probe, were subsequently added on ice 

per the manufacturer’s instruction. After incubation for 15 min in dark, the mixture was 

measured for fluorescence intensity at 535 nm (excitation)/590 nm (emission) using a 

TECAN plate reader (Infinite F200 PRO) and compared against adenosine standards. 

4.1.2 Isolation of mouse bone marrow stromal cells (mBMSCs) 

C57Bl6/J mice (male and female, 3-month-old and 27-month-old; Jackson Lab) 

were sacrificed to isolate BMSCs. In brief, bone marrow from the hindlimbs were collected 

in a sterile condition and homogenized in αMEM (Gibco, Cat.# 12571063) based growth 

medium (GM) containing 10% (v/v) fetal bovine serum. After centrifugation at 1,200 rpm 

for 5 min, the cells were treated in red blood cell lysis buffer (Roche, Cat.# 11812389001) 
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for 75 s. The resulting BMSCs were counted and plated at a density of 1´106/cm2 with GM 

refreshed every 3 d. Upon reaching confluence, cells were sub-cultured or cryo-preserved. 

4.1.3 Cell culture and adenosine treatment 

At Passage 2, BMSCs were seeded in 24-well plates at a density of 2´104/cm2 and 

cultured for 21 d in either GM, GM supplemented with 60 µg/mL adenosine (AM), or 

osteogenic medium (OM) containing 10 mM β-glycerophosphate, 50 mM ascorbic acid-2-

phosphate, and 100 nM dexamethasone. GM, AM, and OM were refreshed daily during 

culture. 

4.1.4 Quantitative real-time polymerase chain reaction (qRT-PCR) 

At 7 d, 14 d, and 21 d, BMSCs were collected for qRT-PCR. Cells were lysed in 

TRIzol Reagent (Invitrogen, Cat.# 15596018), followed by RNA extraction using 

chloroform and isopropanol. Each obtained RNA sample was then added into iScript 

Reverse Transcription Supermix (Bio-Rad, Cat.# 1708841) to generate cDNA, which was 

used in combination with the forward and reverse primers of each target gene and iTaq 

SYBR Green Supermix (Bio-Rad, Cat.# 1725124) in qRT-PCR. The mouse primer sequences 

were: osteocalcin (OCN; forward: GCT ACC TTG GAG CCT CAG TC; reverse: AGG GTT 

AAG CTC ACA CTG CT), osteopontin (OPN; forward: AAA CCA GCC AAG GTA AGC 

CT; reverse: TCA GTC ACT TTC ACC GGG AG), osterix (OSX; forward: TGC CTG ACT 

CCT TGG GAC C; reverse: TAG TGA GCT TCT TCC TCA AGC A), adenosine receptor 

A2B (forward: ATC TTT AGC CTC TTG GCG GTG; reverse: GAC CCA GAG GAC AGC 
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AAT GAT), and 18s (forward: ACC AGA GCG AAA GCA TTT GCC A; reverse: ATC GCC 

AGT CGG CAT CGT TTA T). In a Bio-Rad Thermal Cycler (CFX96), the qRT-PCR 

proceeded with initial denaturation (95°C, 30 s, 1 cycle), amplification (95°C, 5 s; 60 °C, 30 

s, 40 cycles), and ended at 95°C for 10 min. The gene expression level was determined as 

DCt against the corresponding housekeeping gene (18s), which was further calculated as 

2^(-DDCt) by normalizing to the expression level of cells at 0 d and presented as fold 

change. 

4.1.5 Alizarin red S staining 

At 21 d of culturing, BMSCs were fixed in 4% paraformaldehyde for 15 min and 

subsequently stained in a 2% Alizarin red S (Sigma-Aldrich, Cat.# A5533) solution at pH 

4.2 for 10 min. After washing with deionized water, the culture plates were imaged for 

calcium deposition.  

4.1.6 Synthesis of hyaluronic acid-aminoethylmethacrylamide (HA-
AEMA) 

HA-AEMA was prepared by coupling HA and AEMA via carboxyl activation. In 

brief, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC; TCI 

Chemicals, Cat.# D1601) and N-hydroxysuccinimide (NHS; Sigma-Aldrich, Cat.# 130672) 

in excess were added into HA solution at 15 min interval, followed by adding 1 equivalent 

of N-(2-aminoethyl) methacrylamide hydrochloride (Sigma-Aldrich, Cat.# 900652). After 

reacting for 24 h, the resulting product was purified through dialysis and lyophilized. The 

successful conjugation of AEMA was verified by proton nuclear magnetic resonance 
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(1HNMR) spectroscopy. In 1HNMR spectra, the peaks from the native HA protons, such 

as -NHCOCH3 protons at 1.9 ppm, C2-C6 protons of HA disaccharide unit at 3.1-4.0 

ppm, as well as anomeric C1 protons at 4.3-4.5 ppm, were compared with the newly 

appeared peaks at 5.8-6.2 ppm from the vinyl protons of methacrylamide groups. The 

degree of substitution (DS) was calculated by taking the ratio of the vinyl protons from 

AEMA to the -NHCOCH3 protons from HA. 

4.1.7 Synthesis of PBA-containing HA microgels 

Microgels were generated in an inverse suspension polymerization process as 

described elsewhere [191]. An aqueous solution containing 5% HA-MA or HA-AEMA, 0.5 

M 3-(acrylamido)phenylboronic acid (PBA; Sigma-Aldrich, Cat.# 771465), and 0.25% 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate initiator was first prepared with or 

without adenosine (Sigma-Aldrich, Cat.# A4036) at pH 10. This solution was then added 

into a continuous organic phase, 10% ABIL EM-90 silicone emulsifier (UPI Chemicals, 

Cat.# 420095) in mineral oil, at a 1:10 ratio under stirring. The stabilized suspension was 

subjected to UV irradiation (365 nm) for 15 min. The microgels were subsequently washed 

in a series of hexane, isopropanol, and deionized water, and freeze-dried. HA microgels 

without the addition of PBA were prepared similarly. The PBA-containing microgels that 

were prepared with adenosine were termed as HA-PA. For the PBA-containing microgels 

that were formed without adenosine, adenosine loading was performed by incubating the 
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microgels in 6 mg/mL adenosine at pH 7 overnight. After washing, these microgels, 

termed as HA-PA2, were freeze-dried. 

4.1.8 Synthesis of HA-Azide and HA-DBCO 

Azide-PEG4-Amine (Lumiprobe, Cat.# 1868) and DBCO-PEG4-Amine (Click 

Chemistry Tools, Cat.# A103P) were grafted onto HA to form HA-Azide and HA-DBCO, 

respectively. Briefly, HA solution was mixed with excess EDC and NHS at an interval of 

15 min. To the mixture, Azide-PEG4-Amine or DBCO-PEG4-Amine was slowly added. 

The reaction proceeded for 48 h, and the resulting product was dialyzed and freeze-dried. 

The successful conjugation of azide and DBCO groups was verified by 1HNMR 

spectroscopy. The peak corresponding to the −O(CH2CH2)N3 was compared with the peak 

of -NHCOCH3 protons from HA to determine the degree of azide conjugation. The peak 

of aromatic protons (at 7.1-7.3 ppm) from DBCO was used to calculate the degree of 

DBCO conjugation with respect to the protons of -NHCOCH3 residue (at 1.8-1.9 ppm) 

from HA.   

4.1.9 Assembly of microporous scaffolds from HA microgels 

Microporous scaffolds were prepared by mixing microgels with clickable HA 

polymers (HA-Azide and HA-DBCO) [191]. Dried HA-based microgels (HA, HA-PA, or 

HA-PA2) were dissolved in deionized water with HA-Azide and HA-DBCO at a ratio of 

5:1:1. After 5 min, the resulting microporous scaffolds were sterilized through 

lyophilization. 
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4.1.10 Characterization of adenosine loading and release 

Adenosine loading capacity in the microporous scaffolds (HA-PA and HA-PA2) 

was measured using UV/vis spectroscopy [190]. The scaffolds were incubated in acetate 

buffer (0.1 M, pH 4.5) for 2 h to recover free adenosine, and the adenosine content was 

measured at 260 nm against adenosine standards. Adenosine release from the scaffolds 

was characterized by incubating the scaffolds in αMEM (Gibco, Cat.# 12561056) 

containing 10% (v/v) fetal bovine serum at 37 °C and quantifying the free adenosine 

content through UV/vis as a function of time. 

4.1.11 Tibial fracture and implantation of microporous scaffolds 

Tibial fracture was performed in accordance with the laboratory animal care 

guidelines of NIH and the Institutional Animal Care and Use Committee (IACUC) at 

Duke University. Prior to operation, C57BL/6J mice (20-month-old male, n=7, Jackson Lab) 

were sedated in 2% isoflurane and administered with buprenorphine (1 mg/kg, sustained 

release, ZooPharm) for pain relief. Each mouse was then placed in a supine position with 

the right tibia disinfected. After removal of the skin proximal to the right knee, a 0.7-mm 

pin was inserted from the tibial plateau through the medullary cavity to stabilize the tibia, 

and a cut was made at the tibial midshaft [190]. The sterilized microporous scaffold 

containing 3 mg of HA-PA or HA microgels was then implanted near the fracture site, 

followed by wound closure along with two drops of bupivacaine (0.5%, Hospira). The 
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mice were sacrificed at 21 d post fracture, and the right tibiae were disarticulated and 

trimmed to remove the soft tissue. 

4.1.12 Radiographical characterization 

Fractured tibiae were fixed in 4% paraformaldehyde and scanned in a µCT scanner 

(vivaCT 80, Scanco Medical) at 55 keV and 10.4 µm voxel size [190, 192]. The scanned 

images were reconstructed using µCT Evaluation Program V6.6 (Scanco Medical) with a 

threshold of 513 and further processed using µCT Ray V4.0 (Scanco Medical). Callus 

remodeling was determined based on the percentage of bone volume over total volume 

(%BV/TV) and bone mineral density (BMD) in the tibial region within 1 mm proximal and 

1 mm distal from the fracture site. 

4.1.13 Histological staining 

Following µCT imaging the samples were thoroughly decalcified in 14% EDTA 

(pH 8.0), embedded in paraffin blocks, and microtome-cut into 5 µm-thick sections for 

histological staining. The sections were subsequently deparaffinized and rehydrated in a 

series of CitriSolv (Decon Labs, Cat.# 1601), a reverse ethanol gradient, and deionized 

water. To visualize the extent of endochondral ossification, the sections were stained in 

1% Safranin-O (Sigma-Aldrich, Cat.# S8884) for 1 h and counter-stained in 0.02% Fast 

Green (Sigma-Aldrich, Cat.# F7258) for 1 min. To assess the osteoclastic activity, the 

sections were incubated in 50 mM tartaric acid (Sigma-Aldrich, Cat.# 228729) solution 

together with 0.5 mg/mL naphthol AS-MX phosphate (Sigma-Aldrich, Cat.# N5000) and 
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1.1 mg/mL fast red TR (Sigma-Aldrich, Cat.# F6760) for 1 h at 37°C [190]. The sections 

were then dehydrated in an ethanol gradient, mounted with Cytoseal (Thermo Scientific, 

Cat.# 23-244256), and imaged using a Keyence (BZ-X710) microscope. 

4.1.14 Immunofluorescence analysis 

The rehydrated sections were activated in citrate buffer (pH 6.0; Abcam, Cat.# 

ab64236) for heat-induced antigen retrieval and incubated in a Tris buffer containing 0.1% 

Tween-20 and 1% bovine serum albumin for 1 h at room temperature. Endomucin 

primary antibody (EMCN, rat polyclonal; Abcam, Cat.# ab106100) diluted at 1:100 in Tris 

buffer was then added to the sections and kept at 4°C for 12 h. After rinsing with Tris 

buffer, secondary antibody (Alexa Fluor 647-rabbit anti-rat; Abcam, Cat.# ab169349) 

diluted at 1:200 in Tris buffer was added to the sections and kept in dark at room 

temperature for 30 min. The sections were subsequently rinsed in Tris buffer, mounted 

with DAPI-antifade medium (Invitrogen, Cat.# P36971), and imaged using Keyence 

microscope. Blood vessel formation in the fracture callus was quantified as the ratio of the 

EMCN-positive area (red) to the callus area (blue) in the immunofluorescence images 

using ImageJ (v1.52g). 

4.1.15 Statistical analysis 

All data were evaluated for the statistical significance using either two-tailed 

Student’s t-test or one-way analysis of variance (ANOVA) with post hoc Tukey’s test in 
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GraphPad Prism 7. A P-value less than 0.05 was considered statistically significant. All 

the results were presented as mean with standard deviations (n ≥ 3). 

 

4.2 Results and discussion 

4.2.1 Extracellular adenosine level decreases in aged bone marrow 

As an initial step to understand the effect of adenosine signaling in aged bone, we 

have quantified the amount of extracellular adenosine within the bone marrow of aged 

mice (20-month-old) and compared it against young adult mice (3-month-old). Our 

findings indicate that extracellular adenosine level is decreased in bone marrow of aged 

animals regardless of sex (Figure 31a). Note that the adenosine level in peripheral blood, 

however, was unperturbed with age (Figure 31b). Together, a decline in adenosine 

expression by aged BMSCs may be directly associated with their diminishing regenerative 

potential. 

 

Figure 31: Extracellular adenosine level in mice. a,b, Extracellular adenosine 

concentration within the bone marrow (a) and in peripheral blood (b). 
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In a prior study, we have reported diminished levels of extracellular adenosine in 

the bone marrow of ovariectomized (OVX) mice displaying osteoporotic bone loss [68]. 

We have shown that this decrease in extracellular adenosine in OVX mice can be 

compensated by adenosine receptor A2B activation, which reversed the bone loss, 

suggesting approaches that compensate for the compromised extracellular adenosine can 

be used to stimulate bone regeneration. However, the strategy that uses sequestration of 

endogenous adenosine (Chapter 3) may not be adequate to achieve bone healing in 

advanced age, especially with a decreased level of extracellular adenosine in the bone 

environment. Hence, studies in this chapter investigated the effect of adenosine 

supplementation on aged cells and the potential of local adenosine delivery on fracture 

healing with age. 

4.2.2 Adenosine treatment stimulates osteogenesis of mBMSCs 

Previously, we have shown that adenosine supplementation can promote 

osteogenic differentiation of young bone marrow derived MSCs [60, 68]. It is well 

documented that BMSCs undergo functional decline while aging [193]. To investigate 

whether aged BMSCs are still responsive to adenosine in terms of osteogenic 

differentiation, mBMSCs isolated from old mice were cultured in adenosine medium 

(AM) and analyzed for osteogenic markers in comparison with young cells. Cells cultured 

in growth medium (GM) and osteogenic medium (OM) were also studied in parallel. At 

21 d of culturing, the mineral deposition by cells was characterized using Alizarin red S 
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staining. When treated with adenosine, the aged mBMSCs secreted abundant mineral 

content, which was similar to the young cells (Figure 32a). On the contrary, minimal 

mineral deposition existed in GM. As presented in Figure 32b and 32c, the mineral content 

deposited by aged cells in AM is significantly higher than that in GM, indicating a positive 

response to external adenosine from aged cells.    

 

Figure 32: Mineral deposition of mBMSCs in response to adenosine treatment. a, 
Representative images of Alizarin red S staining of young and aged mBMSCs in 

various culture conditions at 21 d. b,c, Quantification of mineral content secreted by 

male (b) and female (c) mBMSCs at 21 d. Fold change is in reference to the culture of 

female aged cells in GM. 
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4.2.3 Microgel-based microporous scaffolds sequester adenosine 

Having established that the osteogenic potential of aged cells can be boosted by 

adenosine supplementation, we designed an injectable scaffold to fulfil the local delivery 

of exogenous adenosine to the fracture site (Figure 33a). The injectable scaffold comprises 

HA-PA microgels containing the 3-(acrylamido)phenylboronic acid-adenosine (PBA-

ADO) complex (Figure 33b), crosslinkable HA-Azide, and complementary HA-DBCO 

(Figure 33c). The scaffold is HA-based, and the synthesis of each component is illustrated 

in Figure 34.  

 

Figure 33: Microgel-based injectable scaffold. a, Schematic of injectable scaffold for 

fracture repair. HA-PA microgels are embedded in a polymer network formed by 

Azide/DBCO crosslinking. b, HA-PA microgels are created in suspension 

polymerization. c, HA-DBCO and HA-Azide polymers are automatically crosslinked 

via bio-orthogonal click chemistry.
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Figure 34: Synthesis schemes of HA-based polymers. a, HA-AEMA. b, HA-DBCO. c, 
HA-Azide. 

 

 

Figure 35: 1H NMR spectra of HA-based polymers. a, HA-AEMA. b, HA-DBCO. c, HA-
Azide. 
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HA was functionalized with AEMA to yield a polymerizable HA-AEMA (Figure 

34a) with a degree of functionalization at 14 ± 2% (Figure 35a). HA-AEMA was then 

copolymerized with the PBA-ADO complex via inverse suspension photopolymerization. 

Different from the method used in previous chapters, PBA was preloaded with adenosine 

at pH 10 prior to polymerization, resulting in a more stable boronate/cis-diol conjugation 

and higher sequestration efficiency [124]. The resultant microgels (HA-PA) had an 

average diameter of 128 µm (Figure 36a), which can be easily controlled by the stirring 

speed. Microgels following the previous method were also prepared as a control (HA-

PA2). 

HA-DBCO (Figure 34b) and HA-Azide (Figure 34c) were separately prepared 

using EDC/NHS chemistry. The degree of functionalization is 33 ± 2% for HA-DBCO 

(Figure 35b) and 35 ± 2% for HA-Azide (Figure 35c). 

To assemble microporous scaffolds, microgels were mixed with HA-DBCO and 

HA-Azide, which spontaneously formed stable triazole linkages via copper-free click 

reaction [191]. This reaction is driven by a strain-promoted alkyne-azide cycloadditions 

mechanism without involving metallic catalysts. More importantly, these reactive groups 

do not interfere with biological systems, thus are bio-orthogonal. Together, this approach 

ensures the biosafety of injectable scaffolds that would crosslink in situ. 
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Figure 36: Microgel and scaffold formation. a, Microgels are generated by adding 
precursors into oil upon stirring. Bright-field image shows the size distribution of 

microgels. b, Photo of microgel-based scaffold formed in a cylindrical mold. c, Photo 
of scaffold morphed following needle-extrusion.  

 

The as-prepared microporous scaffolds were injectable and robust with microgels 

secured in the crosslinked polymer mesh (Figure 36b and 36c). To measure adenosine 

loading, the adenosine content in each scaffold was recovered by acid treatment and 

measured using UV/vis spectroscopy. As shown in Figure 37a and Table 6, ~375 µg 

adenosine was loaded per mg HA-PA scaffold (~525 µg/mg microgel), while only ~179 µg 

adenosine in HA-PA2 scaffold (~250 µg/mg microgel). When prepared at higher pH in the 

example of HA-PA, microgels sequestered more adenosine by forming a more favorable 

type of PBA-ADO conjugation (Figure 37b vs 37c).  
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Figure 37: Microgels sequester adenosine. a, Representative UV/vis spectra show 
absorption intensity of adenosine (in arbitrary units, a.u.) sequestered by microgels in 
vitro. Green: adenosine sequestered by HA-PA; Gray: adenosine sequestered by HA-
PA2. b, Schematic shows the type of PBA-ADO conjugation in HA-PA. c, Schematic 

shows the type of PBA-ADO conjugation in HA-PA2. 

 

Further, the release of adenosine was examined by incubating the scaffolds in a 

cell culture medium depleted of nucleosides. HA-PA scaffold exhibited a slower release 

kinetics compared to HA-PA2, again indicating a stronger binding (Figure 38). Based on 
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these findings, HA-PA scaffolds were used for adenosine delivery in aged fracture 

healing. 

 

 Table 6: Summary of scaffold properties. 

 

 

Boronic acid 

incorporation 

efficiency 

Theoretical 

ADO 

sequestration 

(µg/mg 

microgel) 

Actual ADO 

sequestration 

(µg/mg 

microgel) 

ADO 

sequestration 

efficiency 

ADO 

loading 

capacity 

HA-PA 

scaffold 
90.0% 683 525 77% 53% 

HA-PA2 

scaffold 
92.6% 703 250 36% 25% 
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Figure 38: Adenosine releases from microgel-based scaffolds in culture medium. 

 

We also proved that the microporous scaffolds can sequester endogenous 

adenosine at the site of injury and adenosine sequestration is proportional to PBA content. 

For this study, microgels containing PBA without adenosine (HA-P) were prepared, and 

scaffolds were created by mixing HA-P and HA microgels at different ratios. Following 

implantation for 3 d post-fracture in young mice, the scaffolds containing 100% HA-P 

sequestered twice more adenosine than those with 50% HA-P, while negligible amount of 

adenosine was measured in the scaffolds having 0% HA-P (Figure 39). Therefore, 

adenosine sequestration can be easily fine-tuned in such a microgel-based system by 

adjusting the percentage of PBA-containing microgels. 
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Figure 39: Microgel-based scaffolds sequester adenosine at fracture site. Scaffolds 
were implanted upon fracture and excised from the injury site after 3 d. Sequestered 

adenosine was quantified by Adenosine Assay. 

 

4.2.4 Microporous scaffolds assist fracture repair in aged mice 

Having established that adenosine induces osteogenic differentiation of aged 

BMSCs and HA-PA microporous scaffolds deliver adenosine effectively, we employed a 

tibial fracture model and applied microporous scaffolds at the fracture site to evaluate the 

healing outcome in aged mice [190]. We chose male mice to minimize the confounding 

factor of osteoporosis typically associated with female.  

At 21 d, the fractured tibiae treated with microporous scaffolds were harvested 

and assessed based on radiographic and histological evidence. The fractures treated with 

HA-PA scaffolds exhibited improved bridging in radiographs, and their calluses were 

remodeled with higher bone volume compared to the HA cohort (Figure 40).  



 

96 

 

Figure 40: HA-PA scaffolds promote callus remodeling. a, Radiographs, 
corresponding 3D reconstructions, and magnified callus regions of the fractured 

tibiae are presented. Tissues were harvested at 21 d following injury. White boxes 
cover the callus regions. b, Bone volume ratios of calluses at 21 d were quantified. 

 

Similarly, in Safranin-O staining, minimal cartilaginous tissue (stained in red) 

presented in the calluses of the treatment group, indicating a thorough endochondral 

ossification (Figure 41a). Without delivery of adenosine, however, large areas of cartilage 

template around the fracture site were still remained in the HA cohort at 21 d, a common 

sign of delay in healing with age. TRAP staining for visualizing the osteoclastic activity 

also revealed active remodeling in progress specific to the adenosine treatment (Figure 

41b).  
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Figure 41: Cartilage evolution and osteoclastic activity within calluses. a, 
Representative safranin-O staining images of fractured tibiae treated with either HA-

PA or HA scaffolds at 21 d. Black arrows indicate large areas of remaining cartilage 
template in calluses. b, Representative images of TRAP staining show osteoclastic 

activity within calluses. Black arrows indicate active remodeling. 

 

In addition to cartilage and bone remodeling, the degree of vascularization in 

callus is essential for a timely healing. To this, endomucin (EMCN), an endothelial cell 

marker, was imaged to evaluate the vessel formation. In consistence with the other 

remodeling indicators, the EMCN-positive vessels were prevalent in the adenosine-

treated calluses while sparse in the HA group (Figure 42).  
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Figure 42: HA-PA scaffolds improve vascularization in calluses. a, Representative 
immunofluorescence images of EMCN (red) show the vascularization in calluses. 

Nuclei were stained with DAPI (blue). b, Magnified images of the region covered in 
white boxes are displayed to show EMCN-positive vessels. 

 

4.3 Conclusion 

In this chapter, we demonstrated delayed fracture repair in aged animals, as 

manifested in reduced cartilage and bone formation, postponed cartilage resorption, and 

delayed callus remodeling, which is in accordance with existing literature [188, 189]. We 

showed that the extracellular adenosine level declined along with the impaired healing 

capacity in advanced age. This phenomenon may be due to the imbalance in bone 



 

99 

homeostasis associated with deteriorating cellular functions. We also proved that the 

osteogenic potential of aged mBMSCs can be partially rescued with adenosine 

supplementation. 

To determine the effectiveness of adenosine signaling modulation in fracture 

healing, we developed microgel-based injectable scaffolds containing PBA. The scaffolds 

were preloaded with adenosine to account for the lack of endogenous adenosine with age. 

The high surface-to-volume ratio of spherical microgels provided better sequestration of 

adenosine compared to a biomaterial patch. Microgel-based scaffolds also enabled 

minimally invasive administration of adenosine and confined the external adenosine to 

the injury site through spontaneous in situ crosslinking [191]. 

Preliminary results showed that local delivery of adenosine through the 

microporous scaffolds compensated for the reduced bone healing in aged mice, as 

evidenced by increased calcification, remodeling, and vascularization within the treated 

calluses. This injectable system thus offers a promising strategy to manage age-related 

fracture repair, in which refillable depots of rejuvenating therapeutics are created based 

on the biomaterial-assisted localization of adenosine signaling. 
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5. Development of self-healing HA biomaterial to protect 
cartilage following injury 

Cartilage is an important skeletal tissue mainly to support painless movements in 

our daily activities [75]. The effective biomechanical functions of articular cartilage are 

facilitated by synovial fluid [194], which lubricates and protects the cartilage surfaces. 

Various molecules present in the synovial fluid, such as hyaluronic acid (HA), lubricin, 

and phospholipids, work in concert to minimize the impact of friction on cartilage and are 

believed to be highly adaptive to a wide range of mechanical forces encountered by 

cartilage [195-197]. However, the components and functions of synovial fluid are 

compromised following joint injury, which aggravates the deterioration of cartilage, 

especially in the superficial zone, and eventually leads to the development of 

osteoarthritis [84, 85, 198]. 

Intra-articular injection of high MW HA is widely prescribed to rescue the 

functions of synovial fluid, and a number of HA products are available in clinics (Table 2) 

[89, 96]. To date, the outcomes of HA injection in preventing cartilage degeneration are 

far from ideal [79, 95, 97, 199], in part due to the short-term retention of exogenous HA. 

Conversely, chemically crosslinked HA, designed to prolong the retention, is extremely 

difficult to administer and linked to pseudoseptic reactions [200, 201]. Thus, strategies that 

enhance long-term retention and usability of HA-based lubricants are warranted. 
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Secondary molecular interactions, such as electrostatic, hydrophobic, π-π 

stacking, and van der Waals interactions, have been utilized to assemble supramolecular 

structures in the absence of chemical crosslinking [146, 202, 203]. Although individual 

non-covalent interactions are considered weak, they can collectively provide a 

supramolecular network with macroscopic strength that matches chemically crosslinked 

materials [204, 205]. Due to the dynamic nature of secondary interactions, supramolecular 

networks can also exhibit self-healing/repair behaviors in response to external changes.  

Constructing HA into such a supramolecular structure is appealing. A 

supramolecular HA network may adapt itself in the joint, i.e. spreading and lubricating 

the articular surfaces under shear while reorganizing into the supramolecular form at rest, 

thereby resisting clearance and enzymatic degradation. Toward this, we reported the use 

of ureidopyrimidinone (UPy) in building supramolecular HA for cartilage protection. A 

UPy moiety offers quadruple sites of hydrogen bonding, thus can rapidly dimerize with 

each other to form strong yet reversible crosslinking at physiological condition [206-209]. 

It has been used for constructing versatile materials in various biomedical applications 

[210-214].  

Through UPy functionalization, the supramolecular HA (HA-UPy) flows easily 

under shear, aiding intra-articular administration, and exhibits self-healing behavior due 

to the reversible crosslinking (Figure 43). Its chondroprotective function was fully 

characterized and described in this chapter. 
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Figure 43: Development of self-healing HA-UPy to protect cartilage. Schematic shows 
intra-articular injection of HA-UPy. When under shear during injection or joint 
movements, HA-UPy becomes fluidic and spreads in the joint, lubricating the 
articular surface. After removal of shear force, HA-UPy self-reconstructs into 

supramolecular hydrogel due to the formation of UPy dimers, prolonging its joint 
residence. 

 

5.1 Materials and methods 

5.1.1 Synthesis of UPy-bearing linker 

UPy-bearing linkers were synthesized via a multi-step process [214, 215]. Briefly, 

2-amino-4-hydroxy-6-methylpyrimidine (Sigma, Cat.# A58003) was dissolved in excess 

1,6-diisocyanatohexane (Sigma, Cat.# 52650) to react at 100°C overnight in nitrogen 

environment. The product 1-(6-isocyanatohexyl)-3-(6-methyl-4-oxo-1,4-dihydro 

pyrimidin-2-yl)urea, termed as Compound 1 in Figure 44, was then precipitated in n-

pentane and dried in vacuum. Compound 1 was mixed with 2 equivalent of N-Boc-1,6-
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hexanediamine (TCI Chemicals, Cat.# A1375) in anhydrous dichloromethane and kept at 

50°C overnight to yield Compound 2 (tert-butyl(6-(3-(6-(3-(6-methyl-4-oxo-1,4-

dihydropyrimidin-2-yl)ureido)hexyl)ureido)hexyl) carbamate), which was purified in 

chilled diethyl ether and dried. To obtain Compound 3 (1-(6-(3-(6-aminohexyl) ureido) 

hexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea×Trifluoroacetic acid), Compou-

nd 2 in excess trifluoroacetic acid (TCI Chemicals, Cat.# A12198) was dispersed in 

dichloromethane under rigorous stirring at room temperature for 6 h, followed by solvent 

removal using a rotavapor. The dried Compound 3 was treated with Amberlite IRA 400 

chloride ion exchange resin (Sigma, Cat.# 247669) in a dimethylsulfoxide-water mixture 

(1:1) at room temperature for 2 h and purified to yield the UPy-bearing linker (Compound 

4, 1-(6-(3-(6-aminohexyl)ureido)hexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl) 

urea×HCl). 

5.1.2 Synthesis of HA-UPy 

HA-UPy was synthesized by coupling the UPy-bearing linker with sodium 

hyaluronate (HA, MW 200 kDa; Lifecore Biomedical, Cat# HA200K) by using EDC/NHS 

chemistry. Briefly, 1.0 wt% HA was prepared in dimethylsulfoxide-water mixture, to 

which 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, TCI 

Chemicals, Cat.# D1601), N-hydroxysuccinimide (NHS, Sigma, Cat.# 130672), and 

Compound 4 in excess were added at 15 min intervals. The reaction was carried out at 

room temperature for 48 h, and the resulting HA-UPy was purified and lyophilized. 
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5.1.3 Spectroscopic characterization 

HA and HA-UPy solutions in deionized water (1 wt%) were characterized using 

Fourier transform infrared (FTIR) spectrometer (Nicolet 8700) with an attenuated total 

reflection range of 4000 to 650 cm
-1

. For 
1

H NMR measurements, the products were 

dissolved in heavy water (1 wt%), and the spectra were recorded by busing a 400 MHz 

Varian spectrometer. 

5.1.4 Gelation of HA and HA-UPy molecules 

HA and HA-UPy solutions of various concentrations (2 wt%, 5 wt%, and 10 wt%) 

were prepared by dissolving the required polymers in PBS with addition of food dye for 

visualization. Eppendorf tubes containing the solutions were inverted to visualize the 

flow under gravity, and images were taken both immediately and after 24 h. To evaluate 

the injectability of HA-UPy, 10 wt% HA-UPy molecules were prepared in PBS, loaded in 

a Hamilton syringe, and extruded into different shapes through a 26G needle. To examine 

the self-healing phenomenon, hydrogel pieces were generated from HA-UPy (10 wt% and 

colored differently for visualization). Multiple pieces of HA-UPy hydrogels were gently 

brought into contact with one another. 

5.1.5 Rheological analysis 

Both HA-UPy and HA were prepared in PBS and used for viscoelastic 

measurements as a function of concentration by using a rotational rheometer (AR-G2, TA 

Instruments). Each sample was loaded on a parallel plate geometry (Al, 8 mm), and the 
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frequency sweep measurement was conducted at 1% strain under oscillatory mode with 

frequency varying from 0.1 to 10 Hz. To assess the shear-thinning behavior, steady-state 

viscosity of HA-UPy and HA at 10 wt% was measured at 1% strain as a function of shear 

rate (0.1 to 100 s
-1

). To evaluate the recovery of HA-UPy and HA at 10 wt%, step-strain 

measurement was recorded at 1 rad/s with different strains applied for 180 s each in series 

(1%, 100%, 1%, 1000%, and 1%). All samples were measured in triplicate. 

5.1.6 Enzymatic degradation 

The stability of HA-UPy was evaluated in the presence of hyaluronidase (Sigma, 

Cat.# H3506) [216]. In brief, HA-UPy and HA were dissolved in 20 mM sodium acetate 

buffered solution (pH 6) at 2.5 mg/mL supplemented with 1 kU/mL hyaluronidase, 

respectively. Each sample was then sealed in a benzoylated dialysis membrane (MWCO 

~ 2 kDa; Sigma, Cat.# D2272) and dialyzed against sodium acetate buffer at 37°C for 48 h. 

Subsequently, the dialysate containing the degradation products was collected for uronic 

acid assay. The obtained solution was mixed with 12.5 mM sodium tetraborate (Alfa 

Aesar, Cat.# A16176) in concentrated sulfuric acid at a volume ratio of 1:6 and heated at 

100°C for 10 mins. Upon cooling, 0.15% m-hydroxydiphenyl (Sigma, Cat.# 262250) in 0.5% 

NaOH was added, and the mixture was measured for its absorbance at 520 nm using 

UV/vis spectroscopy. Known concentrations of HA (0 - 2.5 mg/mL) were used to generate 

the standard curve for uronic acid assay. 
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5.1.7 Free radical scavenging 

The ability of HA-UPy to scavenge free radicals was analyzed by using 1,1-

diphenyl-2-picrylhydrazyl (DPPH; Sigma, Cat.# D9132) as a radical source [217]. 10 wt% 

of HA-UPy or HA was fully soaked in ethanol containing 0.1 mM DPPH at 37°C for 1 h 

in dark. The absorbance of DPPH solution at 517 nm before (Abs0) and after (Abst) the 

incubation was recorded using UV/vis, respectively. The DPPH scavenging effect was 

determined as 

!"#$%!"#&
!"#$

× 100%. All samples were measured in triplicate. 

5.1.8 Explant coculture 

To examine the biocompatibility of HA-UPy, rat tibial condyles were harvested 

and cultured in chondrocyte medium with or without HA-UPy (10 wt%, 50 µL) for 7 d. 

The cartilage explants were then rinsed and incubated in PBS containing 0.05% calcein 

acetoxymethyl and 0.2% ethdium homodimer-1 from the Live/Dead Cell Viability Assays 

kit (Life technologies, Cat.# L3224) for 30 min. After thorough wash, the explants were 

sectioned and imaged using Keyence (BZ-X710) microscopy system. 

5.1.9 Coefficient of friction between cartilage explants 

Two pieces of flat cartilage discs (8-mm diameter and 0.5-mm thickness, porcine, 

3-year-old) were mounted on sandpaper-covered parallel plates using cyanoacrylate glue, 

respectively, with the articular surfaces facing each other and equilibrated in saline. After 

applying HA-UPy (10 wt%), the cartilage discs were brought into contact and 

programmed to move against each other by using a rotational rheometer. Both normal 
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stress and shear stress were recorded under shear rates ranging from 0.1 to 1 s
-1

. The 

coefficient of friction (µ) at the cartilage-cartilage interface was calculated using the 

equation,  µ	 = 	 -./01	#21/##345106	#21/##. HA at the same concentration and saline were used as 

controls. 

5.1.10 ACL injury models 

All animal studies were approved by the Institutional Animal Care and Use 

Committee at Duke University in compliance with NIH guidelines for laboratory animal 

care. Female mice (C57BL/6J, 3-month-old, n=8, Jackson Lab) were used for unilateral 

anterior cruciate ligament transection (ACLT). Each animal was sedated using 2% 

isoflurane and injected with buprenorphine (1 mg/kg, sustained release, ZooPharm) as an 

analgesic prior to surgery. Each mouse was placed in a supine position with the left 

hindlimb bent over a triangular cradle. After shaving and disinfecting the skin, a cut less 

than 0.5-cm-long was created from the medial side to expose the joint, followed by 

transecting the elongated ACL using spring scissors (FST, Cat.# 15004-08). Bupivacaine 

(0.5%, Hospira) was then applied topically, and wound was closed with Vicryl 5-0 sutures. 

5.1.11 Intra-articular injections 

Sterile saline (0.9%), HA (200 kDa, 10 wt% in saline), and HA-UPy (200 kDa, 10 

wt% in saline) were prepared fresh and injected into the affected joints using Hamilton 

syringe with 26G needle. Animals were randomized to treatment groups following 

surgery. Injections were started one week following ACLT and performed weekly for four 
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weeks with 5 µL of sample injected each time. One week after the last injection, animals 

were euthanized.  

5.1.12 Histological analysis 

Knee joints of mice from both the injured and contralateral sides were fixed in 4% 

paraformaldehyde and decalcified in 14% EDTA (pH 8.0, Sigma, Cat.# E5134) for 2–3 

weeks. Samples were then rinsed with PBS, dehydrated, and embedded in paraffin blocks, 

which were sliced into 8 µm-thick sections using a Leica rotary microtome. Each section 

was deparaffinized in CitriSolv (Decon Labs, Cat.# 1601) and rehydrated through graded 

alcohols and deionized water. For Safranin-O staining, the rehydrated sections were 

incubated in 1% Safranin-O (Sigma, Cat.# S8884) for 1 h, followed by counter-staining in 

0.02% Fast Green (Sigma, Cat.# F7258) and hematoxylin solution (Ricca Chemical, Cat.# 

3536-16) for 1 min each. Subsequently, the stained sections were dehydrated and covered 

with a mounting medium (Fisher Scientific, Cat.# SP15-100). Images were taken using 

Keyence microscope. 

5.1.13 OARSI scoring 

Scoring of Safranin-O stained sagittal sections was independently performed by 

three blinded scorers in accordance with the OARSI histopathology initiative for 

evaluation of OA [218]. Scoring criteria included the degree of degeneration of cartilage 

in both the tibia and femur, evaluated from 0–6: 0 means normal; 0.5 has loss of 

proteoglycan without structural changes; 1 shows limited fibrillation on the cartilage 
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surface; 2 presents vertical clefts; 3 means vertical clefts or erosion covering <25% of 

surface area; 4 for 25–50% area being affected; 5 for 50–75%; and 6 for >75%. For each 

mouse, a total of ten sections taken from the medial compartment of the joint were 

evaluated. 

5.1.14 Statistical analysis 

The means with standard deviations (n ≥ 3) is presented in the results. All animal 

studies included 8 mice per group. All the data were subjected to either two-tailed 

Student’s t-test or one-way analysis of variance (ANOVA) with post hoc Tukey-Kramer 

test for multiple comparisons using GraphPad Prism 7. Any P-value of less than 0.05 was 

considered statistically significant. 

 

5.2 Results and discussion 

5.2.1 HA-UPy molecules form dynamic supramolecular network 

To impart self-healing functions, UPy-bearing linkers were covalently conjugated 

to HA (Figure 44). We chose a relatively low MW HA (200 kDa) as the base material 

because it lacks beneficial effect toward in vivo lubrication and retention, thus eliminating 

any confounding contributions to the engineered HA-UPy molecules. The UPy-bearing 

linker was designed to carry the UPy moiety on one end with the other end protected by 

a tert-butyloxycarbonyl (Boc) group [207]. By removing the Boc group, the primary amine 

on the linker was exposed to react with the carboxylic group of D-glucuronic acid in HA. 
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The FTIR spectrum of HA-UPy molecules confirmed UPy conjugation with new peaks at 

1699, 1648, and 1570 cm
-1

, corresponding to pyrimidinone C=O stretching, urea C=O 

stretching, and pyrimidinone C=N stretching, respectively (Figure 45). 
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Figure 44: Synthesis of HA-UPy. DCM: dichloromethane; DMF: dimethylformamide; 
DMSO: dimethyl sulfoxide; EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride; NHS: N-hydroxysuccinimide; RT: room temperature. 

 

 

Figure 45: FTIR spectra of HA-UPy and HA. 

 

The grafting density of UPy on HA molecules was determined from the 1H NMR 

spectra by comparing the integrated peak area of the pyrimidinone protons in a UPy unit 

(i: 1H, δ 6.41; or h: 3H, δ 2.69) to that of the acetyl protons in HA’s dimeric repeating unit 

(c: 3H, δ 2.45) via 1H NMR spectroscopy (Figure 46). It was estimated to be ~24 ± 3% per 

dimeric repeating unit of HA. 
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Figure 46: 1H NMR spectra of HA-UPy and HA. Protons were labeled alphabetically 
and assigned to peaks, the integrated areas of which were normalized. Pyrimidinone 

protons of UPy: δ 6.41 ppm (=CH-) and δ 2.69 ppm (-CH3).  

 

The non-covalent interactions between the HA chains via dimerization of UPy 

molecules can facilitate the self-assembly of low MW HA molecules into large polymer 

network. To confirm this supramolecular assembly, HA-UPy at various concentrations (2, 

5, and 10 wt%) were prepared in PBS and compared to the corresponding HA solutions. 
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The viscosity of the HA-UPy solutions increased as the concentration of the precursors 

increased with 10 wt% forming a stable network (Figure 47). On the contrary the solutions 

of HA molecules remained in liquid phase due to lack of physical interactions.  

 

Figure 47: HA-UPy forms supramolecular hydrogel. Photos of HA-UPy and HA 
prepared at different concentrations. 

 

The viscoelastic properties of HA and HA-UPy were further characterized by 

rheological measurements. Frequency sweep (0.1–10 Hz) measurements of HA-UPy and 

corresponding HA solutions showed that the HA-UPy molecules exhibit higher G’ 

(elastic/storage modulus) at all frequencies, while that of HA molecules displayed the 

typical behavior of a viscous liquid (Figure 48a and 48b) [219].  The corresponding storage 

modulus computed from the rheological graphs at a fixed frequency showed that the 

elastic modulus of the HA-UPy molecules increases with increasing concentration, which 
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significantly outpaces HA (Figure 48c). For the rest of the study, we used 10 wt% HA and 

HA-UPy. 

 

Figure 48: Viscoelastic behaviors of HA-UPy and HA in frequency sweep. a, 
Frequency sweep measurements for HA and HA-UPy at different concentrations 

show the evolution of elastic (G¢) and viscous (G¢¢) moduli as a function of frequency. 
b, Frequency sweep measurements for HA-UPy and HA at 10 wt% are compiled 

together for comparison. c, Elastic moduli of HA and HA-UPy at the frequency of 1 
Hz. 
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Rheological measurements were also used to examine the change in viscosity as a 

function of shear rate. Although HA-UPy (10 wt%) gel has a high elastic modulus (Figure 

48), its viscosity is sensitive to shear force and drops dramatically with increasing shear 

rate, a characteristic shear-thinning behavior (Figure 49a). This response to shear is not 

present in the corresponding HA. Concomitant with the shear-thinning behavior, 10 wt% 

HA-UPy gel was easily injectable through a Hamilton syringe fitted with a 26G 

hypodermic needle (0.26-mm inner diameter). The easy extrusion of HA-UPy gel was 

followed by its ability to maintain stable structures, which facilitated its “printing” into 

different shapes (Figure 49b).  

 

Figure 49: HA-UPy exhibits shear-thinning. a, Viscosity changes of HA-UPy and HA 
as a function of shear rate. b, HA-UPy (10 wt%) was easily extruded through a 26G 

needle into “DUKE” letters. 
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The self-healing ability of HA-UPy was confirmed by bringing multiple pieces of 

HA-UPy hydrogels into close contact [205], which showed instantaneous healing (Figure 

50a). Step-strain measurements further confirmed the ability of HA-UPy gel to rapidly 

recover and re-establish its supramolecular network upon the removal of the mechanical 

force or loading (Figure 50b). At high strain (100% or 1000%), HA-UPy had a crossover 

between the storage modulus and loss modulus, becoming liquid-like. When the strain 

was discontinued, HA-UPy was able to recover the gel-like behavior from deformation 

instantaneously. However, these properties were not observed in HA without UPy 

modification (Figure 50c). 

 

Figure 50: HA-UPy self-heals rapidly. a, Separate pieces of HA-UPy (10 wt%) 
hydrogels healed together with interfaces indicated by red arrows. b,c, Step-strain 

measurements for 10 wt% HA-UPy (b) and 10 wt% HA (c). 
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5.2.2 HA-UPy resists enzymatic degradation and scavenges free 
radicals 

Intra-articularly supplemented HA molecules are subject to enzymatic 

degradation and lymphatic drainage, which are thought to be the main culprits for their 

rapid clearance in the joint, and chemically crosslinked HA derivatives have thus been 

created to delay the breakdown [107-109]. The formation of supramolecular HA network 

by UPy conjugation may achieve the similar effect. To confirm, we treated the HA-UPy 

gel with hyaluronidase, an HA-cleaving enzyme, and quantified the resultant fragments 

using a modified uronic acid assay [216]. The result indicated that while a negligible 

amount of uronic acid was detected in the controls (i.e. HA and HA-UPy in the absence of 

hyaluronidase), the degradation products of enzyme-treated HA-UPy were almost three 

times less than those of HA at the same condition (Figure 51a). The reduced degradation 

in HA-UPy is likely due to the UPy-mediated network formation, which shields the 

enzyme-specific binding sites from hyaluronidase akin to chemical crosslinking.   

There are increasing evidences that high MW HA offers tissue protective functions 

by possessing potent capabilities to scavenge free radicals and to prevent oxidative 

damage. The free radical scavenging ability of HA-UPy molecules was assessed by 

incubating HA-UPy with a free radical source, 1,1-diphenyl-2-picrylhydrazyl (DPPH). 

While the content of free radicals remained mostly unchanged in the presence of HA or 
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saline, HA-UPy quenched ~15% of the free radicals during the first hour of incubation 

(Figure 51b). 

 

Figure 51: HA-UPy resists enzymatic degradation and scavenges free radicals. a, 
Concentration of uronic acid (degradation products) of HA-UPy and HA with and 
without hyaluronidase (HAase). b, Free radical scavenging effects of HA-UPy, HA, 

and saline represented by the percentage reduction in DPPH. 

 

5.2.3 HA-UPy hydrogel enhances lubrication 

The ability of HA molecules to reduce friction between the articular surfaces is key 

to its application for chondroprotection. We next investigated the effect of UPy-mediated 

network formation on the lubrication function of HA molecules. The lubrication function 

of HA-UPy hydrogel, determined as coefficient of friction, was measured by using healthy 

porcine cartilage explants and compared against corresponding HA molecules. As shown 

in Figure 52a, the coefficient of friction between the articular surfaces showed a significant 

reduction with the HA-UPy molecules. Specifically, the HA-UPy hydrogel applied on the 
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articular surface reduced friction by ~70% and 55% when compared to saline and HA 

molecules, respectively.  

Given the direct contact between chondroprotective agent and cartilage surface, 

the cytocompatibility of HA-UPy hydrogel was evaluated by incubating it with rat 

cartilage explants. The Live/Dead analysis at 7 d showed majority of the chondrocytes 

were alive with no detrimental effect (Figure 52b).  

 

Figure 52: HA-UPy reduces friction and is biocompatible. a, Coefficient of friction at 
cartilage-cartilage interface in the presence of HA-UPy, HA, or saline. b, Viability of 
chondrocytes in rat cartilage explant after 7 d incubation with HA-UPy. Green: live 

cells; Red: dead cells. 

 

5.2.4 HA-UPy protects cartilage following ACL injury 

Altered lubrication of cartilage is a key contributor to the deterioration of cartilage, 

especially in the superficial zone. The improved lubrication and free-radical scavenging 

functions of HA-UPy along with its resistance to enzymatic degradation suggest that this 
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self-healing HA-UPy can offer chondroprotective functions following joint injury to 

prevent or delay the onset of OA.  

To assess the in vivo function of HA-UPy, we followed an ACL transection (ACLT) 

models in mice. The surgical ACLT model is widely used to represent articular cartilage 

degeneration consistent with ACL injuries, which cause joint instability, chronic 

inflammation, and degeneration [220, 221].  

 

Figure 53: HA-UPy protects cartilage following ACL injury in mice. a, Representative 
radiographic and histological images show morphology changes in mouse joints at 

week 5 post-ACLT. Mice received weekly injection of saline, HA, or HA-UPy. Healthy 
contralateral joints were used as positive control. b, OARSI scores of mouse joints 

based on the result of Safranin-O staining. 
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As a proof-of-concept work, we treated mice with weekly intra-articular injection 

of HA-UPy, HA, or saline for 4 weeks beginning one-week following surgical ACLT. The 

cohorts receiving saline or HA injections manifested severe damage at the articular 

surface at week 5 (Figure 53a). On the contrary, the cohort receiving HA-UPy maintained 

better cartilage integrity akin to the healthy contralateral. A semi-quantitative OARSI 

scoring was used to assess the matrix loss, surface fibrillation, and erosion in the joint, and 

the result corroborates the histological findings (Figure 53b). The high scoring value of the 

HA and saline cohorts suggests significant cartilage degeneration, and the lower value for 

the group receiving HA-UPy indicates its chondroprotective function. The low MW HA 

(200 kDa) had no effect on cartilage protection and was very similar to saline. 

 

5.3 Conclusion 

HA is a key molecule present in joint synovial fluid. Intra-articular injection of 

high MW HA as a viscosupplement has been widely explored to ameliorate OA. The 

clinical outcome, however, remains controversial. The varying outcome associated with 

HA injection is thought to be in part due to the rapid turnover of HA molecules in the 

joint following injection, lack of mechanical adaptability associated with chemically 

crosslinked HA molecules, and potential immunogenic response [222].  

In this chapter, we demonstrated a novel method to engineer low MW HA 

molecules with UPy, resulting in a self-healing HA-UPy supramolecular network. The 
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engineered molecules imparted to HA the benefits of both high MW HA molecules (shear-

thinning and mechanical adaptability) and highly crosslinked HA molecules (resistance 

to degradation and improved in vivo retention). We showed that the HA-UPy hydrogel 

lubricates the joint surface under shear force and rapidly re-establishes the 

supramolecular network at rest, thus providing enhanced lubrication and lasting 

chondroprotection. 
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6. Conclusions 
This dissertation explores various biomaterial designs harnessing endogenous 

healing mechanisms for skeletal tissue repair.  

In Chapter 2–4, I demonstrate that sequestration of adenosine, a native pro-healing 

molecule, by biomaterials at the injury site promotes bone fracture healing. The 

sequestration and release of adenosine are achieved by leveraging the ability of boronate 

molecules to form dynamic covalent bonds with cis-diol molecules such as adenosine. 

This biomaterial approach captures the transient surge of extracellular adenosine 

following injury and sustains an elevated activation of adenosine signaling locally, 

resulting in a pro-regenerative milieu and improved bone repair. Besides sequestering 

endogenous adenosine, the biomaterial is able to deliver exogenous adenosine to the 

injury site, especially in pathological situations encountering diminished extracellular 

adenosine. By confining adenosine at the target site, this biomaterial approach also 

circumvents potential off-target effects associated with the systemic administration of 

adenosine.  

Moving forward, the biomaterial-assisted sequestration of extracellular adenosine 

can be used to create an in-situ stockpile of the small molecule, which can be conveniently 

replenished non-invasively through injections. Such local modulation of the adenosine 

signaling may be used to prevent repeated fractures, which are commonly observed in 

the geriatric population, as well as in patients suffering with osteoporosis and other bone-
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degenerating diseases. In the future, age- and sex-dependent fracture healing in response 

to extracellular adenosine can also be examined to determine how the adenosine 

metabolism may differ and lead to different repair outcomes. The biomaterial can be 

adapted accordingly to mirror the innate repair mechanism by modulating the extent of 

adenosine sequestration. 

In the meantime, how intracellular adenosine signaling induces osteogenic fate of 

progenitor cells remains to be elucidated. Specifically, it is interesting to investigate the 

downstream intracellular mechanism of adenosine receptor A2B signaling, such as 

cAMP/PKA activation, and its interplay with Hippo pathways including nuclear 

localization of YAP [223, 224]. 

Targeting adenosine signaling has long been touted as a potential therapeutic 

strategy for various diseases besides bone healing, albeit still remaining elusive [115]. 

Given the versatility of this biomaterial approach and the prevalent functions of 

adenosine in different organs, the strategy to localize adenosine signaling has broader 

implications that extend beyond bone repair. For instance, people have reported a local 

supplementation of adenosine helps restore chondrocyte homeostasis and prevent the OA 

progression [225]. 

Transitioning to OA prevention and cartilage protection, the work in Chapter 5 

discusses how biomaterial engineering on HA, an intrinsic molecule in the joint, endows 

HA with enhanced chondroprotective functions following joint injury. While intra-
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articular injection of HA has been used extensively, its therapeutic efficacy is far from 

ideal, partially owing to the short retention time of existing HA products. The engineered 

HA we experimented, on the contrary, displays an extended joint residence by resisting 

enzymatic clearance through the rapid formation of supramolecular network. This 

supramolecular network also reduces friction between cartilage surfaces as its physically 

crosslinked structure temporarily dissolves under shear. When external force is removed, 

the supramolecular structure spontaneously regenerates itself. Together, the self-healing 

nature of engineered HA offers a new paradigm for cartilage protection. 

In the future, molecular engineering can be further utilized to create bottlebrush-

like bristles on HA backbones, with precise molecular architectures mimicking another 

key synovial fluid component (i.e. lubricin) [226]. This synergistic integration of molecular 

features from both HA and lubricin may augment chondroprotection along with the self-

healing functionality. The engineered HAs will be applied to injured joints of larger 

animals, such as rats, rabbits, or horses, to estimate an optimal dosage as well as injection 

routine for the desired outcome. 

The engineered HAs may also be suited for other applications beyond 

chondroprotection. As biolubrication is required in a number of organs and tissues such 

as eye, visceral organs, and lungs, the long-term retention of functional engineered HAs 

can have significant impact in attenuating pathologies associated with lubricant 

deficiency in these tissues. In addition, other biological functions associated with the 
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engineered HAs, like anti-inflammatory, pain-relief, and free radicals quenching effects, 

can be further explored to support tissue health.     
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