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Localized neurotrophin delivery via microparticles 

for enhanced bone fracture repair 

 

Kevin O. Rivera 

Abstract 

 Biological approaches to accelerate endochondral fracture healing could be an 

exciting alternative to bone grafting by stimulating the conversion of cartilage to bone 

rather than strictly osteogenesis. The most widely studied biologic for fracture repair is 

bone morphogenetic protein (BMP), However, high cost and adverse side effects, such 

as ectopic bone formation, have led to a significant decline in clinical application. This 

limited clinical success is likely due to the incomplete understanding of the underlying 

mechanisms driving endochondral ossification and poor drug delivery platforms utilized 

for BMP. Therefore, developing novel therapeutic targets of endochondral bone 

regeneration with appropriate drug delivery platforms to achieve local and sustained 

release could significantly improve clinical outcomes in fracture healing. This 

dissertation explores the use of a complete therapeutic system consisting of a novel 

orthobiologic and drug delivery platform for use in accelerating endochondral fracture 

repair. Herein, we first present a review that describes the most commonly-targeted 

pathways that potentially stimulate cartilage-to-bone version during endochondral 

fracture repair. Moreover, we describe the dynamic regenerative process that proceeds 

throughout bone fracture healing (in murine models). In our subsequent research article, 

we investigate nerve growth factor (NGF) in the context of endochondral repair. In this 

study, our major work focused on i) determining spatiotemporal parameters of 
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endogenous NGF and its receptor tropomyosin receptor kinase A (TrkA) expression 

during tibial fracture repair ii) determining optimal administration window of local β-NGF 

injections iii) demonstrating osteogenic effect following β-NGF stimulation and (iv) 

therapeutic efficacy of local β-NGF injections to accelerate endochondral fracture repair. 

Utilizing this foundational work, in our subsequent study we (i) engineer injectable 

polyethylene glycol dimethacrylate (PEGDMA) microrods that can be loaded with β-

NGF ii) demonstrate bioactivity of β-NGF eluted from PEGDMA microrods iii) localize 

the presence of injected PEGDMA microrods within fracture calluses and iv) test the 

therapeutic efficacy of the injectable system: β-NGF-loaded PEGDMA microrods for 

accelerating endochondral fracture repair. Here we present a promising drug delivery 

platform for sustained and local delivery of orthobiologics to accelerate fracture repair 

furthermore, our mechanistic studies lay the foundation for further exploration of NGF 

therapy and endogenous NGF signaling in the context of endochondral fracture repair. 
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Chapter 1: Microenvironmental Regulation of Chondrocyte Plasticity in 

Endochondral Repair 

Abstract 

The majority of fractures heal through the process of endochondral ossification, in which 

a cartilage intermediate forms between the fractured bone ends and is gradually 

replaced with bone. Recent studies have provided genetic evidence demonstrating that 

a significant portion of callus chondrocytes transform into osteoblasts that derive the 

new bone. This evidence has opened a new field of research aimed at identifying the 

regulatory mechanisms that govern chondrocyte transformation in the hope of 

developing improved fracture therapies. In this article, we review known and candidate 

molecular pathways that may stimulate chondrocyte-to-osteoblast transformation during 

endochondral fracture repair. We also examine additional extrinsic factors that may play 

a role in modulating chondrocyte and osteoblast fate during fracture healing such as 

angiogenesis and mineralization of the extracellular matrix. Taken together the 

mechanisms reviewed here demonstrate the promising potential of using developmental 

engineering to design therapeutic approaches that activate endogenous healing 

pathways to stimulate fracture repair. 
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Introduction 

Fractures heal through two pathways: endochondral ossification and intramembranous 

ossification 1,2. Both processes begin with the differentiation of local osteochondral 

progenitor cells found within the periosteum and endosteum 3,4. During endochondral 

ossification, or indirect bone healing, progenitor cells primarily derived from the 

periosteum differentiate into chondrocytes to form a cartilage callus between the 

fractured bone ends.4 This cartilage is gradually replaced with bone in a process that 

resembles embryonic bone development and postnatal growth. Intramembranous 

ossification, or direct bone healing, occurs when periosteal and endosteal progenitor 

cells differentiate directly into osteoblasts. Fate of the osteochondral progenitor is 

determined by the relative stability of the fracture site, with motion stimulating 

endochondral ossification and rigid microenvironments promoting intramembranous 

ossification 2. In most cases, both healing pathways occur simultaneously such that a 

robust cartilage callus forms at the center of the fracture where the degree of motion is 

greatest, and intramembranous bone forms along the periosteal and endosteal surfaces 

2. Endochondral ossification is the predominant mechanism by which the majority of 

fractures heal and is the focus of this review 1,5. 

  

Formation of the cartilage callus functionally serves to stabilize the gap between the 

bone ends. To form the cartilage callus periosteal osteochondral progenitor cells 

migrate from the periosteum and undergo chondrogenic differentiation 3. This occurs on 

top of the provisional fibrin matrix formed by the hematoma 6. Growth factors produced 

by the hematoma promote cell migration and differentiation and also create a unique 



 3 

microenvironment with low pH and high lactate concentration 7. Formation of the 

hematoma and a strong pro-inflammatory response are essential to establishing a 

robust healing response 8.  

 

Following the initial hematoma, the subsequent steps of chondrogenesis and 

chondrocyte hypertrophy appear to parallel the molecular pathways involved in 

endochondral ossification in the growth plate during bone development 9,10. 

Chondrogenic programming is initiated by the expression of transcription factor Sox9, 

which is required for chondrogenesis 11,12. Sox9 regulates the expression of several 

chondrocyte-specific matrix components including collagen type II and aggrecan, the 

two predominant proteins within the cartilage matrix 13,14. This initial extracellular matrix 

is avascular and aneural until blood vessels and nerves penetrate the soft callus during 

later stages of healing 15–18. As chondrocytes mature, they produce collagen type X, 

mineralize their surrounding matrix, and undergo hypertrophy, increasing in volume and 

dry mass by ~20-fold 19.   

 

There has been a centuries-long debate regarding the subsequent fate of hypertrophic 

chondrocytes during endochondral bone development and repair. In the early 1800’s, 

cartilage was believed to turn into bone 20,21. However, in the mid-1800’s, Muller and 

Sharpy changed this paradigm by claiming that chondrocytes are terminally-

differentiated and ultimately undergo cell death, resulting in the replacement of cartilage 

with bone derived from a separate population of cells 20,21. The latter model of 

chondrocyte fate, for the most part, dominated in textbooks and became the de facto 
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model of endochondral ossification. In recent years, modern murine genetics has 

enabled lineage tracing studies that can more accurately follow the fate of cells. Using a 

combination of over five different genetic models, evidence now demonstrates that a 

significant portion of chondrocytes survive, proliferate, and transform into osteoblasts 

that derive the new bone 16,22–27. 

  

Pathways that regulate chondrocyte to bone conversion have practical implications on 

fracture healing. Importantly, since conversion of cartilage to bone is necessary for bone 

regeneration, it is critical to understand the molecular mechanisms regulating this 

process. Not only will these mechanistic data improve our understanding of impaired 

healing, especially in the context of hypertrophic nonunions where cartilage fails to 

convert to bone, but they will also enable new opportunities for therapeutic intervention 

through modulation of cartilage to bone transformation. Here, known and candidate 

molecular regulators of chondrocyte-to-osteoblast transformation, along with potential 

sources for these biological signals, are reviewed. Finally, we propose how tissue 

engineering can be used to translate the evidence reviewed here into new and 

improved fracture therapies.  

 

Fracture Healing Standard of Care 

Bone Grafting 

Surgical intervention is currently the only effective treatment option for recalcitrant 

fractures 1. Standard of care is to use bone autograft or allograft to stimulate healing 28. 

Together this makes bone the second-most commonly transplanted tissue behind 
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blood. While bone autografts stimulate strong bone repair, they come with the cost of 

significant donor site morbidity and limited supply. On the other hand, while bone 

allografts are readily available, they have significantly reduced bioactivity resulting in 

clinical failure associated with poor osteointegration and osteonecrosis of the graft 29. 

Consequently, there is an unmet clinical need to develop pharmacologic agents, or 

“biologics”, which can be used either as a non-invasive alternative or in conjunction with 

surgical treatment to stimulate endogenous healing mechanisms and improve fracture 

outcomes.  

 

Bone Morphogenetic Proteins 

Bone morphogenetic proteins (BMPs) are currently the most common clinically-used 

biologics. BMP signal transduction occurs through the binding of BMP ligands to type I 

and type II serine/threonine kinase receptors (BMPR-I, BMPR-II). This induces 

phosphorylation of BMP receptors and subsequent phosphorylation of receptor SMADS 

(R-SMADs) 1, 5, and 8. R-SMADS then form a complex with SMAD4, enabling it to 

enter the nucleus where it regulates gene expression 10,30–32. (Fig 1.1). 

Pre-clinical studies indicated that the BMP pathway was an excellent target for 

therapeutic development due to its role in regulating osteoblastogenesis and the ability 

of several BMPs to strongly induce bone formation 33–35. This led to a series of clinical 

trials and FDA approval of two recombinant BMPs. Recombinant human BMP2 

(INFUSEÒ) obtained pre-market approval for use in lumbar spinal fusion and for the 

treatment of compound tibial fractures 35,36. Recombinant human BMP7, also known as 

Osteogenic Protein 1 (OP-1), received a Humanitarian Device Exemption for the 
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treatment of recalcitrant long bone nonunions and for revisions of lumbar spinal fusions 

35,36. However, although rhBMP2 has exhibited clinical success in spinal fusion, both 

rhBMP2 and rhOP-1 have shown less impressive results in the treatment of fracture 

nonunions 35. rhOP-1 has now been taken off the market and use of rhBMP2 has been 

significantly diminished as a result of reports of serious side effects, including 

heterotopic ossification and tumorigenesis, and by the expense of treatment ($5,000-

$15,000 per treatment) 35–38.  

It has been postulated that the lack of clinical success with BMPs is due to limited 

understanding of the molecular signals responsible for regulating fracture repair and 

that a combination of biologics applied during the appropriate phases of the repair 

process will be required to effectively stimulate healing 39–41. Furthermore, 

supraphysiological dosing, burse release kinetics, and rapid diffusion of BMPs are key 

factors contributing to heterotopic ossification 42. As reviewed recently, engineering 

scaffolds and drug delivery systems to promote sustained and local delivery of BMPs is 

a significant and active area of research that can translate into improved clinical 

outcomes 43–45. 

 

Novel Molecular Targets for Fracture Healing 

To study the molecular signals regulating chondrocyte-to-osteoblast transformation, we 

have defined the chondro-osseous border in the fracture callus as the “Transition Zone” 

16. Here, mature hypertrophic chondrocytes have been shown to express classic 

osteogenic markers (i.e., runx2, osterix, collagen type I, osteocalcin, osteopontin) 

indicating that these cells adopt an osteogenic fate 16. Interestingly, a recent publication 
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by Hu et al. demonstrated that hypertrophic chondrocytes at the Transition Zone also 

express pluripotency transcription factors Sox2, Oct4, and Nanog, suggesting that 

chondrocytes acquire a stem cell-like state during transformation 16. Sox2 was shown to 

play an important role during chondrocyte transformation since its deletion resulted in 

significantly reduced bone formation and increased cartilage retention within the fracture 

callus 16.  

Despite advances in our understanding of chondrocyte gene expression during 

transformation, the signaling mechanisms that direct this process remain largely 

unknown. Evidence suggests numerous molecular pathways as regulatory candidates, 

including canonical Wnt, Notch, FGF, and Hedgehog signaling, each of which will be 

explored here. (Figs. 1.1-1.2). 

Canonical Wnt Signaling 

Wnt signaling is traditionally categorized into the β-catenin-dependent canonical 

pathway and the β-catenin-independent non-canonical pathways (planar cell polarity 

and Ca2+-mediated pathways), as recently reviewed 46. While some evidence suggests 

that the non-canonical pathways may play a role in regulating osteogenesis 47, the 

canonical Wnt/β-catenin pathway is the most studied and has been shown to play a 

dominant role in bone development and fracture repair. Thus, this review focuses on the 

canonical Wnt pathway.  

The primary function of canonical Wnt signaling is to regulate the transcription of genes 

involved in cellular processes such as proliferation, differentiation, self-renewal, and 

survival. When this pathway is inactive, β-catenin, a transcriptional co-activator and the 

primary effector of this pathway, is bound by a multiprotein “destruction” complex, which 
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consists of Axin, adenomatous polyposis coli (APC), and serine/threonine kinases 

glycogen synthase kinase 3β (GSK3β) and casein kinase 1α (CK1α). This destruction 

complex phosphorylates β-catenin, targeting it for ubiquitination and ultimately 

proteosomal degradation. However, when the pathway is activated by the binding of 

Wnt ligands to Frizzled and LRP5/6 receptors, the destruction complex is disrupted, 

enabling β-catenin to accumulate within the cytoplasm and translocate to the nucleus, 

where it interacts with members of the T-cell factor/lymphocyte elongation factor 

(TCF/LEF) family to activate transcription of target genes 46. (Fig. 1.1). 

The canonical Wnt pathway has an established role in osteogenesis and skeletal 

formation by functioning as a molecular switch regulating lineage commitment between 

osteogenesis and chondrogenesis 48,49. During development, inhibition of canonical Wnt 

signaling through conditional deletion of β-catenin from limb and head mesenchyme 

using Prx1-CreERT, or conditional deletion from skeletogenic mesenchyme using 

Dermo1-Cre, inhibits bone formation and results in early osteoblast differentiation arrest 

48,50. Osteoblastogenesis halts at the osteochondral progenitor stage and cells 

differentiate into chondrocytes, resulting in the formation of ectopic cartilage 48,50. 

Although cells express Runx2, an early marker of the osteoblast lineage, they fail to 

express osterix, indicating that these cells are incapable of committing to an osteogenic 

fate 48,50. In vitro experiments inhibiting canonical Wnt signaling in mesenchymal 

progenitor cells provide similar findings 48.  

Canonical Wnt signaling also plays a key role in directing osteogenesis during 

intramembranous repair 51. Using a transcortical defect model, which heals through 

intramembranous ossification, inhibition of Wnt signaling through adenoviral expression 
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of Dkk1 prevented the differentiation of osteoprogenitor cells into osteoblasts and 

significantly reduced bone regeneration compared to controls 51. Conversely, activating 

the canonical Wnt pathway through deletion of pathway inhibitors (sclerostin or Axin2) 

significantly improved intramembranous bone formation 52. Furthermore, treatment of 

bone grafts with Wnt3a protein restored the osteogenic potential of aged bone grafts 

and promoted intramembranous healing of critical-sized defects in mouse calvaria and 

rabbit ulna 53.  

Less work has been done to determine the role of canonical Wnt signaling during 

endochondral bone formation and repair since traditionally the Wnt pathway is thought 

to promote direct osteogenesis. However, the mounting data demonstrating 

chondrocytes can directly form bone in development and repair 16,22–27 suggests that 

canonical Wnt signaling may have a functional role in chondrocyte-to-osteoblast 

transdifferentiation. This was directly tested recently by Houben et al. who showed 

conditional deletion of β-catenin in col10a1-expressing hypertrophic chondrocytes 

resulted in significantly reduced bone, whereas stabilized β-catenin produced 

osteopetrotic tissue during endochondral development 27.  

Since fracture repair in many ways recapitulates bone development, canonical Wnt 

signaling may play a similar role in regulating chondrocyte-to-osteoblast transformation 

during endochondral repair. Indeed, during endochondral healing, nuclear localization of 

β-catenin was seen in hypertrophic chondrocytes at the fracture callus Transition Zone, 

indicating that these cells undergo active canonical Wnt signaling 16. RT-qPCR analysis 

of fracture calli revealed that numerous Wnt ligands, receptors, and transduction 

machinery are expressed during fracture repair 47,54. Huang et al. demonstrated that 
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inhibition of Wnt/β-catenin signaling in chondrocytes, using an 82-amino-acid peptide 

called Inhibitor of β-catenin/TCF (ICAT) driven by col2a1 expression, delayed cartilage 

formation and reduced bone formation 55. Similarly, activation of canonical Wnt signaling 

through treatment with lithium chloride enhanced  bone formation 47. Interestingly, 

enhanced bone regeneration was only observed when the Wnt pathway was activated 

at later time points, which corresponds biologically with chondrocyte-to-osteoblast 

transformation 47. Together, these data suggest that canonical Wnt signaling may play a 

role in regulating chondrocyte-to-osteoblast transformation during fracture healing.  

The evidence outlined above are derived primarily from pre-clinical studies and in vitro 

systems. However, it is likely that the canonical Wnt pathway plays a similarly critical 

role in humans. Numerous human bone diseases are associated with mutations to 

components of the canonical Wnt pathway 56. Predisposition to osteoporosis has been 

associated with genomic polymorphisms in or close to Wnt/β-catenin signaling 

components 56. Loss-of-function mutations in the Wnt receptor LRP5 are associated 

with osteoporosis pseudoglioma (OPPG) syndrome and juvenile osteoporosis and gain-

of-function mutations in the same receptor result in the opposite phenotype of high bone 

mass and enhanced bone strength 35,56. Sclerosteosis is a bone disease characterized 

by an overgrowth of bone and is caused by mutations in the gene and enhancer regions 

of the Wnt/β-catenin antagonist sclerostin (SOST) 35,56. Furthermore, the canonical Wnt 

pathway has been implicated in the context of human fracture repair since β-catenin 

and sclerostin levels have been shown to increase 47,57.  

The canonical Wnt pathway is primed for translation. Numerous Wnt pathway regulators 

are being developed and several are already in clinical trials. The majority of these 
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pathway modulators serve to activate the canonical Wnt pathway by neutralizing 

pathway inhibitors such as Dkk1 and sclerostin 58. This indirect approach to pathway 

activation has been adopted primarily because direct pathway activation through 

treatment with Wnt ligands is clinically-irrelevant. Endogenous Wnts are hydrophobic 

due to palmitoylation, a form of lipidation required for the intracellular trafficking and full 

activation of Wnts 59–61. This makes Wnts challenging to extract and purify, requires that 

they be delivered using special liposome-based systems, and significantly increases the 

cost of treatment 62. Fortunately, several of the Wnt pathway modulators acting to 

neutralize pathway inhibitors have shown promising osteogenic effects during clinical 

trials.  

Of the Wnt pathway regulators currently in development, Romosozumab is closest to 

attaining FDA approval and is currently in Phase III clinical trials for treating 

osteoporosis 56,58. It is a humanized monoclonal antibody that binds to and neutralizes 

the Wnt inhibitor sclerostin 58. Studies show that treatment with Romosozumab 

significantly increases bone mineral density and reduces incidence of osteoporotic 

fractures 58. Wnt pathway regulators, such as Romosozumab, could readily be 

repurposed for the context of fracture repair. However, the optimal dosage, timing, and 

the method of treatment still need to be determined.  

Notch 

Like, the canonical Wnt pathway, the functional roles of Notch signaling suggest it as a 

candidate regulator of chondrocyte-to-osteoblast transformation. Activation of this 

pathway begins when the Notch transmembrane receptor binds to membrane-bound 

ligands (Delta or Jagged) on the surface of neighboring cells. This triggers the 
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proteolytic cleavage of the Notch intracellular domain (NICD) by y-secretase. NICD then 

translocates to the nucleus where it forms a complex with and activates the transcription 

factor CSL, which recruits its co-activator Mastermind-like (MAML) and initiates 

transcription of target genes 30. (Fig. 1.1). 

Notch signaling has been shown to promote osteoblastogenesis. In vitro inhibition of 

Notch signaling in mouse MSCs impaired osteoblast differentiation as assessed by 

alizarin red staining for matrix mineralization 63. In vivo, gain-of-function Notch signaling 

in osteoblasts through the overexpression of NICD resulted in abnormally dense or 

osteosclerotic bone attributed to increased cell proliferation of immature osteoblasts 64. 

Similarly, loss-of-function Notch signaling in osteoblasts, through mutations to y-

secretase, led to late-onset osteoporosis 64.  

Notch signaling also appears to play a role in promoting hypertrophic maturation of 

chondrocytes. During development, inhibition of Notch signaling in chondrocytes 

impaired terminal stages of endochondral ossification in the limb cartilage, resulting in 

shorter limbs with an increased hypertrophic zone and reduced bone 65. In the context 

of disease, Notch signaling may promote osteoarthritis (OA), which resembles 

pathological activation of endochondral ossification 65. Nuclear localization of the 

intracellular domains of Notch-1 and -2 was observed in chondrocytes in mouse and 

human OA articular cartilage, indicating active Notch signaling in these cells 65. 

Functionally, inhibition of Notch signaling in chondrocytes conferred resistance to OA 

development in the knee joint 65.  

Notch signaling has also been shown to play an important role during fracture repair. 

Notch signaling is upregulated during both intramembranous and endochondral 
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ossification, but data suggest it is more highly activated during endochondral 

ossification 66. During endochondral ossification, Notch signaling decreases as 

progenitors differentiate into chondrocytes and as chondrocytes mature to hypertrophy. 

However, mature hypertrophic chondrocytes at the Transition Zone re-expressed Jag1 

and NICD2, indicating that these cells have re-activated the Notch pathway 66. Whether 

the Notch pathway plays a functional role in regulating chondrocyte-to-osteoblast 

transformation is unknown. However, systemic inhibition of Notch signaling  using the 

Mx1-Cre;dnMAMLfl/- mouse impaired fracture healing primarily due to a prolonged 

inflammatory phase, decreased cartilage callus formation, and decreased osteoblast 

and osteoclast cell density 63.  

Hedgehog Signaling 

The Hedgehog (Hh) pathway is essential to osteogenesis. When this pathway is 

inactive, cell surface receptor Patched (Ptch) prevents transmembrane protein 

Smoothened (Smo) from entering the primary cilia. This results in the proteolytic 

processing of Gli transcription factors into a repressor form (GliR). GliR then enters the 

nucleus and prevents Hedgehog target gene expression. Hedgehog signaling is 

activated by the binding of Hh ligands to Patched, thus relieving Patched-mediated 

suppression of Smoothened through Patched endocytosis. Smoothened enters the 

primary cilia where it prevents Gli transcription factors from being processed. Thus, Gli 

remains in its full-length, active form (GliA), which translocates to the nucleus and 

activates expression of Hedgehog target genes 30. (Fig. 1.1). 

Of the three Hedgehog homologs, Sonic hedgehog (Shh) and Indian hedgehog (Ihh) 

have been implicated in osteoblastogenesis 67. Shh acts at early stages of development 
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to direct patterning and growth 68. Ihh is involved at later stages of endochondral 

ossification during limb development and consequently has been studied in greater 

depth in the context of bone formation and repair 67. Indian hedgehog is a central 

regulator of skeletogenesis and is required for osteoblastogenesis in endochondral, but 

not membranous bones 9,30,48. Ihh is primarily expressed by pre- and early hypertrophic 

chondrocytes, where it controls proliferation and the onset of chondrocyte hypertrophy 

69–72. During development, chondrocyte expression of Ihh triggers Runx2 expression in 

the periosteum, thus coupling chondrocyte differentiation/maturation with 

osteoblastogenesis 48,67.  

Like canonical Wnt signaling, evidence suggests that the Hedgehog pathway also 

serves as a molecular switch between osteogenesis and chondrogenesis. Chimeric 

embryos derived from Smoothened null and wild type embryonic cells exhibited 

abnormal bone collar formation 70. Whereas wild type cells underwent normal osteoblast 

differentiation, adjacent mutant cells failed to differentiate into osteoblasts and instead 

exhibited chondrocyte morphology, deposited cartilaginous matrix and expressed 

chondrocyte markers (collagen type II and X) 70. 

During development, Hedgehog signaling has also been shown to play an important 

role in trabecular bone formation. Inhibition of Hedgehog signaling through deletion of 

Smoothened in chondrocytes prevented formation of the primary spongiosa 70. This loss 

in trabecular bone formation correlated with lost expression of the Hedgehog target 

gene, Patched1, at the chondro-osseous junction, suggesting that Hedgehog signaling 

promotes chondrocyte-to-osteoblast transformation 70.  
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The Hedgehog pathway has also been implicated in regulating chondrocyte-to-

osteoblast transformation during postnatal endochondral bone growth. Gli1-CreERT2 

Hedgehog reporter mice demonstrated active Hedgehog signaling in hypertrophic 

chondrocytes and osteoprogenitors at the chondro-osseous junction of the growth plate 

73. Furthermore, deletion of Ihh from growth plate chondrocytes in postnatal mice 

resulted in continuous loss of trabecular bone with progression of age 71.  

Hedgehog signaling has been shown to promote osteogenesis during skeletal 

homeostasis. Systemic inhibition of Hedgehog signaling through treatment with 

cyclopamine decreased bone mass in adult mice 74. In contrast, enhanced bone 

formation, was observed with forced activation of Hedgehog signaling in mature 

osteoblasts through global Patched1 haploinsufficiency or deletion 74. Interestingly, 

enhanced Hedgehog activity also resulted in excessive bone resorption due to the role 

of Hedgehog signaling in promoting osteoclastogenesis 75.  

Evidence suggests that the hedgehog pathway promotes endochondral repair as 

signaling is upregulated during fracture healing 76. Furthermore, Gli1 reporter mice 

demonstrated that cells actively signaling through the hedgehog pathway contribute to 

both chondrocytes and osteoblasts during fracture healing 77. Inhibition of the Hedgehog 

pathway through treatment with a systemic Hedgehog inhibitor GDC-0449, delayed 

fracture healing 76. Chondrogenesis was unaffected, suggesting that the effects were 

due to Hedgehog regulation of chondrocyte transformation 76. In contrast, activation of 

Hedgehog signaling through local administration of a Hedgehog agonist known as 

Smoothened Agonist (SAG) accelerated endochondral repair due to increased 
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chondrocyte proliferation, an enlarged cartilaginous callus, and an increased number of 

cells expressing osteoblast markers within the bony callus 78.  

 

Vasculature Regulation of Chondrocyte-to-Osteoblast Transformation 

The vasculature plays a critical role during fracture repair. Whereas the normal rate of 

impaired healing is 10-15%, this percentage increases to 46% when fractures occur in 

conjunction with severe vasculature injury 1. The role of the vasculature begins at the 

outset of injury during hematoma formation where it helps to create the growth factor 

rich fibrin blood clot upon which periosteal stem cells differentiate to chondrocytes under 

a low pH, high lactate microenvironment 6,7. After chondrogenic differentiation, the 

cartilage anlage is avascular and chondrogenic maturation happens in the absence of a 

regulatory role from the vasculature 15–17.  

In the later stages of repair, blood vessels are recruited into the cartilage fracture callus 

by hypertrophic chondrocytes expressing vascular endothelial growth factor (VEGF) 

16,17,79 and placental growth factor (PlGF) 80. Histologically, the cartilage to bone 

transition in the fracture callus occurs around this invading vasculature 16. Importantly, 

spatiotemporal expression of osteogenic genes and pluripotency transcription factors 

occurs in hypertrophic chondrocytes adjacent to the vasculature, suggesting that the 

vasculature plays a role in initiating chondrocyte-to-osteoblast transformation 16.  

Growth Factor Secretion 

Endothelial cells from the vasculature may functionally contribute to phenotypic 

modulation of the chondrocyte phenotype through secretion of pro-osteogenic growth 

factors. For example, it has been established that vascular tissues are a direct 
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endogenous source of BMPs 81,82. Functionally it has been shown that secreted factors 

from vascular endothelial cell conditioned media were capable of inducing matrix 

mineralization and up-regulating the classic osteogenic gene osteocalcin 25. It is likely 

that BMP expression contributed to this phenotype 25. However, more recently it was 

also shown that the same vascular endothelial cell conditioned media induced 

expression of pluripotency transcription factors (Sox2, Oct4, Nanog) indicating that an 

additional factor may have a role in activating a stem-like state 16. While the complete 

secretome of vascular endothelial cells during fracture healing has not been detailed, it 

is known that this secretome is site specific 83,84. It is possible that fracture callus 

endothelial cells secrete factors other than BMP that may play a role in directing 

osteogenesis or chondrocyte plasticity.   

Delivery of Macrophages 

The vasculature is also responsible for delivering inflammatory cells to the fracture 

callus. These include circulatory macrophages, which are recruited by pro-inflammatory 

cytokines [Tumor necrosis factor (TNFα), Interleukin-1β (IL-1β), and IL-6] that activate a 

pro-inflammatory (M1) macrophage state 7. This pro-inflammatory phase has been 

shown to improve fracture repair by promoting cell proliferation and stem cell 

differentiation 85,86.  

While this inflammatory response is necessary for proper healing, it must be resolved in 

order for healing to progress 85. A prolonged pro-inflammatory state can delay fracture 

repair and is an underlying factor in impaired healing in elderly animals 6,86–89. 

Resolution of the pro-inflammatory state occurs when anti-inflammatory cytokines and 

growth factors [IL-10, arginase, TGFβ, EGF, PDGF, VEGF] push M1 macrophages 



 18 

towards the M2 phenotype 90. Thus, it is possible that macrophages and their 

inflammatory resolution may help regulate chondrocyte-to-osteoblast transformation.  

 

Matrix Mechanobiology  

Recent studies have demonstrated that the extracellular matrix (ECM) plays an active 

role in regulating chondrogenic and osteogenic cell fate decisions. Changes in cell fate 

elicit changes to the surrounding matrix, thus producing a cycle of bi-directional 

interactions between cells and their surrounding matrix, a phenomenon known as 

“dynamic reciprocity” 91. This cross-talk is modulated by the structural, mechanical, and 

biochemical cues provided by the ECM.  

Remodeling of the ECM during endochondral ossification is a dynamic process that 

transforms the cartilaginous matrix into bone. This change in ECM contributes to the 

phenotypic adaptation that occurs during chondrocyte-to-osteoblast transformation. The 

major constituents of the cartilage ECM are collagens, hyaluronan, proteoglycans, and 

glycoproteins 92. Collagens account for two-thirds of the tissue’s dry weight, the most 

abundant of which is collagen type II 93. Collagen type II is a fibril-forming collagen that 

creates nonparallel crosslinks with collagens type IX and XI. These crosslinks create a 

robust meshwork that gives cartilage its tensile strength. Cartilage is further 

characterized by its high aggrecan content 94. Aggrecan is anchored to hyaluronan 

within the matrix and is a negatively charged proteoglycan that attracts water 95. This 

attraction of water to aggrecan creates osmotic pressure within the tissue, making 

cartilage shock-absorbent and resistant to high-load compression 96. Together, the 

collagen II and aggrecan ultrastructure allows for limited but necessary deformation 
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under compressive forces that contributes to distribution of nutrients across the 

avascular tissue 97.  

During endochondral ossification, there is a change in the amount and type of collagens 

present in the ECM. Chondrocyte hypertrophy is marked by the deposition of collagen 

type X and the up-regulation of matrix metalloproteinase-13 (MMP-13), which leads to 

the degradation of collagen II and aggrecan 96,98. The loss of collagen II and aggrecan 

leads to a temporary reduction in tensile strength and stiffness of the tissue, which 

changes the mechanical microenvironment of chondrocytes and exposes the cells to 

greater strains that may induce phenotypic changes (Fig. 1.3) 99–104.  Proteolysis of 

collagen II likely contributes to chondrocyte hypertrophy and increased hydration 

experienced by the cartilage matrix as a consequence of a weakened fibril network 

losing the ability to resist the influx of proteoglycan-attracted water 105,106. These 

changes in hydrostatic pressure could enhance mineralization of cartilage through the 

diffusion of ions 107. 

Numerous studies have demonstrated that chondrogenic and osteogenic gene 

expression can be directly modulated by compressive loading and microenvironmental 

stiffness, as recently reviewed 108–110. For example, MSCs subjected to cyclic equibiaxial 

strain up-reguated expression of markers specific to osteoblast differentiation and 

mineralization of the ECM 101,111,112. Remarkably, when MSCs were subjected to both 

axial compression and sheer stress, these led to an increase in chondrogenic gene 

expression and elicited production and accumulation of collagen II and proteoglycan 

113,114. Hadden et al. used adipose-derived stem cells (ASCs) cultured on hydrogels with 

a defined stiffness gradient to demonstrate a stiffness-dependent variation in cellular 
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morphology, migration, and differentiation 115. Furthermore, Engler et al confirmed stem 

cell fate plasticity by culturing MSCs on matrices with varying tissue-level elasticity. 

After several weeks of culture, MSCs committed to the lineage dictated by matrix 

stiffness such that softer, stiffer, and rigid matrices proved to be neurogenic, myogenic, 

and osteogenic, respectively 116. However, findings by Jha et al. suggested that high 

affinity adhesive ligands can serve as a substitute for a rigid matrix likely by signal 

transduction following focal adhesion assembly 117.  

In the midst of an altering microenvironment, hypertrophic chondrocytes begin to 

predominantly express collagen type X. In contrast to the fibril-forming properties of 

collagen II, collagen X is a network-forming collagen that creates “basket weave-like” 

structures 118. This collagen X ultrastructure is proposed to functionally 

compartmentalize matrix vesicles containing mineral and newly expressed alkaline 

phosphatase within the hypertrophic cartilage ECM 119. Interactions between collagen X 

and matrix vesicles activate the influx of Ca2+ into matrix vesicles thus promoting 

mineralization and increasing stiffness of the matrix 120. 

Tissue architecture, or the manner in which matrix components are structured and 

organized at the micro- and nanoscale, has been shown to be a factor in naïve cell 

differentiation. Thus, structural changes could be a driving factor for chondrocyte-to-

osteoblast transformation 121. There have been numerous observations of matrix 

architecture influencing stem cell fate by controlling cell engagement with surrounding 

matrix and neighboring cells 122,123. Moreover, matrix architecture can alter cell surface 

receptor and cytoskeletal spatial arrangement subsequently altering ligand signaling 124. 

For example, Lu et al. have shown that collagen type II enhances chondrogenesis in 
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ASCs by affecting cell shape and size through the β1 integrin-mediated Rho A/Rock 

signaling pathway 125.  

Likewise, research groups have also shown that tissue topography has the ability to 

guide mesenchymal stem cell fate to either chondrogenic or osteoblastic phenotypes. 

Shong et al. demonstrated the synergistic effect of microtopography and biochemical 

supplements to direct MSC fate toward an osteogenic phenotype 123,126. Additionally, 

work by Uskoković and Desai suggests that topography may potentially be more of a 

dominant factor in cell/material surface interaction than the surface chemistry or 

stiffness 127. 

Matrix as a Growth Factor Reservoir 

The bioavailability, local concentration, and stabilization of growth factors (GFs) within 

the ECM of cartilage are primarily modulated via electrostatic interactions between the 

negatively charged sulfate groups of proteoglycans and the positively charged surfaces 

of signaling molecules 118. Moreover, GFs are immobilized by binding to heparan sulfate 

glycosaminoglycans, for example; Chintala et al. demonstrated that fibroblast growth 

factor (FGF) has a high affinity to heparan sulfate in the matrix of growth plate cartilage 

100. Similarly, Martino et al. identified various GFs from the PDGF, VEGF, TGF-β, and 

neurotrophin families that possess heparin-binding domains 128.  

As chondrocytes mature into hypertrophic chondrocytes, they secrete VEGF to 

stimulate angiogenesis, alkaline phosphatase to induce mineralization, and BMPs to 

promote osteogenesis 25. These growth factors are retained within the matrix due to the 

combination of collagen X in compartmentalizing matrix components during 

endochondral ossification and through interaction with the heparin and/or sulfated 
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proteoglycans 120. Thus, the dynamic promiscuity of the ECM in hypertrophic cartilage 

likely has a role in cellular signaling affecting physiological functions of endochondral 

ossification. 

For these reasons tissue engineers in recent years have begun to fabricate scaffolds 

and microparticles that are believed to mimic the release kinetics of GFs found in the 

cartilage ECM during endochondral ossification. Jeon et al. harnessed the high affinity 

GFs have to heparin by incorporating heparin into photocrosslinkable alginate gels, 

recapitulating matrix-growth factor interactions allowing for controlled and sustained 

release of therapeutic proteins 129. Exploiting the well-documented affinity of proteins to 

hydroxyapatite (HAp), Dang et al. have fabricated HAp-based microparticles that exhibit 

sustained delivery of BMP alone as well as controlled dual delivery of BMP with TGF-β 

to enhance bone tissue engineering via endochondral ossification 39,130,131. Likewise, 

glucosamine has also been incorporated into engineered scaffolds because of its 

effects on chondrocyte proliferation, matrix synthesis, and gene expression via 

modulation of TGF-β expression levels 132,133.  

As permeability is typically very low in cartilage, this further accentuates the ECM’s role 

in acting as a reservoir for latent growth factors 134. However, in the context of 

osteoarthritis, a degenerative joint disease that exhibits endochondral ossification 

signaling, cartilage ECM degradation alters TGF-β signaling due to the displacement of 

TGF-β by fluid influx 135. In native cartilaginous tissue, studies have shown that the loss 

of latent TGF-β induces chondrocyte hypertrophy and osteogenesis 136. Similarly, MSCs 

seeded onto tissue-engineered cartilage undergo hypertrophic differentiation in the 

presence of TGF-β, while in the absence of TGF-β MSCs undergo articular cartilage 
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differentiation 137. To that end, we can presume that changes in the properties of the 

matrix, whether directly or indirectly, have a significant role in the transformation of 

cartilage to bone during endochondral ossification. 

 

Developmental Engineering to Recapitulate Endochondral Ossification 

Bone injuries are extremely common with ~15 million fracture cases and over 2 million 

bone grafting procedures per year 138. The current clinical gold standard for stimulating 

bone regeneration is to promote intramembranous bone formation through application 

of bone grafts, increased biomechanical stability of the fracture with additional 

orthopaedic hardware, or less commonly, through implantation of BMP2-soaked 

scaffolds (INFUSEÒ). Given the clinical downsides of each, there is an unmet clinical 

need for regenerative techniques that could improve vascularized bone regeneration.   

While the established clinical approaches to bone regeneration promote 

intramembranous bone formation, bones both develop and heal through the process of 

endochondral ossification during which the cartilage callus creates an angiogenic and 

osteoconductive scaffold for bone formation. Recent preclinical studies have capitalized 

on this, proposing therapeutic strategies that parallel the natural healing process by 

utilizing engineered hypertrophic cartilage grafts to stimulate bone regeneration 25,45,139–

145. Translating these preclinical studies may be one strategy to improve clinical 

outcomes 146. 

Further, new mechanistic understanding of endochondral ossification could have a 

significant impact on the design of novel therapeutic approaches to fracture healing and 

bone regeneration. Since we now understand chondrocytes can be a direct precursor of 
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osteoblasts, 16,22–24,26 stimulating transformation of chondrocytes into osteoblasts 

becomes a clinically-relevant therapeutic approach. Very little work has been done to 

understand how chondrocytes become osteoblasts during endochondral ossification. If 

we understood the extrinsic mediators of chondrocyte to osteoblast transformation, we 

would not only be able to engineer an ideal treatment for nonunions, but we could also 

accelerate fracture healing under normal conditions. 

 

 

Figure 1.1: Molecular Pathways. (A) Bone Morphogenetic Protein (BMP), (B) 
Canonical Wnt, (C) Notch, and (D) Hedgehog. 
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Figure 1.2: Fate of the chondrocyte. During endochondral ossification, the formation 
of the cartilage callus begins with the differentiation of periosteal stem cells into 
chondrocytes, which proliferate and mature to a hypertrophic state. These hypertrophic 
chondrocytes then re-enter the cell cycle, express stem cell markers, and finally 
transform into osteoblasts that contribute to the formation of new bone. Published 
evidence suggests the Bone Morphogenetic Protein (BMP), Canonical Wnt, Notch, and 
Hedgehog (HH) pathways as candidate regulators of chondrocyte-to-osteoblast 
transformation due to their effects on chondrogenesis, stemness, cell proliferation, and 
osteogenesis in the context of endochondral repair (     ) and in other biological contexts 
(    ).   
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Fig 1.3:  Morphological, compositional, and mechanical changes during 
endochondral ossification (EO). (A-D) HBQ histology (blue = cartilage, red = bone) of 
representative tissues from a murine fracture callus throughout stages of 
healing: (A) cartilage (B) transition zone (C) trabecular bone and (D) cortical bone. 
Scale bar = 200μm. (E) Tissue matrix components and matrix-bound growth factors 
corresponding to the location and phases of EO.* (F) Log scale difference in elastic 
modulus of human samples corresponding to each tissue matrix listed above. Solid line 
represents normal ossification, dotted line accounts for the initial decline in elastic 
modulus (osteoarthritis model).**  
* 93,94,96,100,118,120,128,147. 
**99,102,103,148,149. 
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Chapter 2. Local injections of β-NGF accelerates endochondral fracture repair by 

promoting cartilage to bone conversion 

Abstract 

There are currently no pharmacological approaches in fracture healing designed to 

therapeutically stimulate endochondral ossification. In this study, we test nerve growth 

factor (NGF) as an understudied therapeutic for fracture repair. We first characterized 

endogenous expression of Ngf and its receptor tropomyosin receptor kinase A (TrkA) 

during tibial fracture repair, finding that they peak during the cartilaginous phase. We 

then tested two injection regimens and found that local β-NGF injections during the 

endochondral/cartilaginous phase promoted osteogenic marker expression. Gene 

expression data from β-NGF stimulated cartilage callus explants show a promotion in 

markers associated with endochondral ossification such as Ihh, Alpl, and Sdf-1. Gene 

ontology enrichment analysis revealed the promotion of genes associated with Wnt 

activation, PDGF- and integrin-binding. Subsequent histological analysis confirmed Wnt 

activation following local β-NGF injections. Finally, we demonstrate functional 

improvements to bone healing following local β-NGF injections which resulted in a 

decrease in cartilage and increase of bone volume. Moreover, the newly formed bone 

contained higher trabecular number, connective density, and bone mineral density. 

Collectively, we demonstrate β-NGF’s ability to promote endochondral repair in a 

murine model and uncover mechanisms that will serve to further understand the 

molecular switches that occur during cartilage to bone transformation. 
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Introduction 

Worldwide, bone fractures are associated with significant disability and morbidity, while  

imposing substantial financial burden on injured individuals1. While bone has the 

capacity to fully regenerate, delayed healing or nonunion occurs in approximately 5-10 

% of cases2. However, delayed healing rates increase to almost 50 % in patients with 

vascular damage or high co-morbidity burdens such as diabetes, increased age, 

smoking, and obesity3,4. Current standard of care for malunions is surgical intervention 

to increase stability or promote healing through the application of bone grafts. There are 

currently no pharmacological agents approved to accelerate fracture healing or treat 

nonunions. The development of novel orthobiologics to accelerate fracture repair could 

significantly improve patient outcomes.  

Bone fractures heal primarily through endochondral ossification (EO), a process by 

which an avascular, aneural cartilage intermediate transforms into vascularized and 

innervated bone. Endochondral fracture repair is a dynamic regenerative process that 

proceeds through four overlapping phases5–8. First, following the fracture, a hematoma 

forms to stop the bleeding, contain debris, and activate a pro-inflammatory response 

that initiates repair within the first 3-5 days in a murine fracture model9,10. During this 

pro-inflammatory phase, osteoprogenitor cells along the bone surfaces undergo direct 

osteogenic differentiation (intramembranous ossification) to form new bone along the 

existing bone adjacent to the fracture site. Later, in the fracture gap, periosteal 

progenitor cells migrate across the fibrin matrix of the hematoma to differentiate into 

chondrocytes and generate a provisional cartilaginous matrix starting around 5 days 

post-fracture11,12. Chondrocytes then mature through hypertrophy to promote vascular 
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invasion, mineralization, and transformation into the osteoblasts that form the new bone 

(7-21 days)13–15. The newly-formed trabecular bone continues remodeling in the 

subsequent weeks into a cortical bone indistinguishable from native bone in form and 

function6,7.   

While the molecular pathways that regulate chondrogenesis and hypertrophy are well 

described16,17, the mechanisms regulating conversion of cartilage to bone are not 

completely understood. Initial chondrogenic differentiation is established through 

expression of transforming growth factor b (TGFb), which stabilizes the transcription 

factor Sox9 required for cartilage formation18. Expression of Sox9 is critical for 

preventing osteogenic specification by suppressing Runx2 and canonical Wnt 

signaling19. The process of chondrocyte hypertrophy is pivotal in the endochondral 

conversion of cartilage to bone and is a process tightly regulated through a complex 

negative feedback loop between Indian hedgehog (Ihh) and parathyroid hormone 

related protein (PTHrP)20. Ihh is a key regulator of chondrocyte hypertrophy and bone 

formation21,22 with expression of Ihh observed in both hypertrophic chondrocytes and 

osteoblasts at the chondro-osseous transition zone (TZ) of fracture calluses23,24. Current 

evidence suggests that subsequent transformation of these hypertrophic chondrocytes 

into osteoblasts is regulated by the loss of Sox9 expression and activation of canonical 

Wnt signaling25–29. 

Despite the importance of endochondral ossification to successful fracture repair, 

therapeutic approaches to bone regeneration have traditionally focused on promoting 

intramembranous ossification through the use of bone morphogenetic proteins (BMPs), 

which forms bone through direct osteoblast differentiation of osteochondroprogenitors30. 
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BMP-2 is the only osteoinductive growth factor with FDA approval for treatment of 

problematic fractures with a very narrow indication window associated with surgical 

implantation within a carrier scaffold7,31. However, clinical application of BMP-2 in 

fracture healing has become very limited due to uncertain efficacy, high cost, and a 

growing profile of side effects that has forced the FDA to issue a warning of potential 

serious complications associated with BMP-232. As such, there remains an unmet 

clinical need for alternative biologics that stimulate fracture healing. Importantly, we 

believe there is an opportunity to develop novel therapeutic approaches to fracture 

repair that builds on the molecular and cellular foundations of endochondral ossification. 

While it has long been understood that bone is a highly innervated organ system33,34 the 

functional role of innervation in bone development, homeostasis and fracture repair is 

complex and evolving. Nerve growth factor (NGF) was first discovered in the early 

1950s and following decades of research it is now established for a role in regulating 

differentiation, growth, survival and plasticity of cholinergic neurons in the central and 

peripheral systems35,36. NGF exerts its trophic function primarily by binding to the high 

affinity tropomyosin receptor kinase A (TrkA). During development, the NGF-TrkA 

pathway is essential for load-induced bone formation in mice and exogenous NGF 

delivery was shown to stimulate angiogenesis and activate Wnt/β-catenin signaling to 

promote osteogenic lineage progression37,38.  

Recently, NGF-TrkA signaling was shown to be acutely upregulated following stress 

fracture, and required for triggering reinnervation, vascularization, and osteoblastic 

activity during repair39. Stress fractures, tiny cracks in the bone caused by repetitive 

stress over time, are unique in that they heal through intramembranous ossification, 
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rather than through endochondral ossification described above. In this study, we aimed 

to understand endogenous signaling patterns of NGF-TrkA during endochondral 

ossification and test whether NGF could be used therapeutically to promote healing. We 

hypothesized that local injections of NGF, timed to endogenous expression patterns, 

would promote endochondral fracture repair. In testing our hypothesis, this study is the 

first to identify an array of molecular switches that NGF acts upon in hypertrophic 

cartilage. Importantly, our data suggest NGF acts mechanistically to promote cartilage 

to bone conversion thus improving fracture repair. 

 

Materials and Methods 

Study Approval  

 

Tibia fracture model 

Approval was obtained from the University of California, San Francisco (UCSF) 

Institutional Animal Care and Use Committee (IACUC) prior to performing the mouse 

studies, the methods were carried out in accordance with relevant guidelines and 

regulations. Briefly, adult (10-16 weeks) male mice were anesthetized via inhalant 

isoflurane, and closed non-stable fractures were made mid-diaphysis of the tibia via 

three-point bending fracture device14. Fractures were not stabilized as this method 

promotes robust endochondral repair. After fractures are created, animals were 

provided with post-operative analgesics (buprenorphine sustained-release). Animals 

were socially housed and allowed to ambulate freely.  
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Mice 

Studies involving wildtype mice were conducted on the C57BL/6J strain obtained from 

Jackson Labs (Stock #000664). NGF-eGFP, which express eGFP under the control of 

the mouse NGF promoter, were generously donated by the Dr. Ryan Tomlinson at 

Thomas Jefferson University40. TrkA-LacZ mice, which have a LacZ sequence inserted 

immediately following the ATG in exon 1 of the mouse Ntrk1 gene, were also kindly 

provided by Dr. Tomlinson and are commercially available from Jackson Labs (Stock 

#004837)41. Axin2-eGFP mice, which express eGFP under the Axin2 promoter/intron 1 

sequences, were generously donated by the Dr. Jeremy Reiter at UCSF42. 

 

β-NGF and control injections 

Two time points were initially tested to compare osteogenic marker expression within 

fracture calluses. Injections were administered once daily for three days beginning 

either four days or seven days post-fracture, (Figure 2.2C-D). Experimental groups 

consisted of 0.5 µg of recombinant human β-NGF in 20 µL of basal media versus 

control injections of basal media-only (DMEM basal media, Gibco cat #A1443001) using 

a Hamilton syringe guided by fluoroscopy. A dosage of 0.5 µg/day was derived from 

earlier protocols wherein our dose lies between the 0.1-1.4 µg/day previously used43,44.  

 

mRNA isolation and RT-qPCR 

After β-NGF administration, calluses were harvested 24 hours following the final 

injection. After callus dissections, tissue samples were homogenized in Trizol then 

mRNA was extracted from tissue lysates by use of RNeasy Mini Kit following the 
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manufacturer’s instructions (Qiagen cat# 74104). cDNA was reverse transcribed with 

Superscript III (Invitrogen cat# 18080), and RT-qPCR was performed using SYBR 

Green and primers as listed (Table 1). Relative gene expression was calculated by 

normalizing to Gapdh and are shown as 2-ΔCT(Figure 2.2C-D). 

 

Table 2.1. Primer list. 

Primer sequences 

 Forward (5’ to 3’) Reverse (3’ to 5’) 

Gapd

h 

TGATGACATCAAGAAGGTGGTGAAG CCTTGGAGGCCATGTAGGCC

AT 

Ngf ACAGTGTATTCAGACAGTACTTTTTTG

AGA 

GAGTTCCAGTGTTTGGAGTCG

AT 

TrkA AGAGTGGCCTCCGCTTTGT CGCATTGGAGGACAGATTCA

  

Col1 CCCAGAACATCACCTATCAC TTGGTCACGTTCAGTTGGTC 

Oc CGCTCTGTCTCTCTGACCTC TCACAAGCAGGGTTAAGCTC 

Op GCACTCCAACTGCCCAAGA TTTTGGAGCCCTGCTTTCTG 

Vegf CTGTGCAGGCTGCTGTAACG GTTCCCGAAACCCTGAGGAG 

 

Histology 

Fractured tibiae were fixed in 4 % paraformaldehyde (PFA) then decalcified in 19 % 

ethylenediaminetetraacetic acid (EDTA) for 14 days. Mice were processed for paraffin 

histology through a graded ethanol series and cleared in xylene prior to embedding in 
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paraffin tissue blocks. Serial sections were cut at 8-10 µm for histological analysis. 

Every 10th slide was stained with standard histological protocols for Hall and Brunt’s 

Quadruple staining (HBQ) to visualize bone (red) and cartilage (blue) were used. 

Tissues from NGF-eGFP and Axin2-eGFP reporter strains were embedded in OCT and 

sectioned using a cryostat. Axin2-eGFP fluorescence was amplified by utilizing antibody 

conjugated to AlexaFluor488 (see section on IHC protocol). X-Gal staining was 

performed following an adapted protocol from previous work 37: samples were fixed in 4 

% PFA and after washing in PBS, samples were incubated in fresh X-Gal staining 

solution for 36 hours at 32 °C. After PBS washes, samples were post-fixed in 4 % PFA 

at 4°C for 16-24 hours, decalcified, and embedded in OCT for cryosectioning and 

staining as previously described37. 

 

In vitro cartilage explant culture 

A method previously described that reliably yields tissue that is highly cartilaginous, with 

no evidence of bone of stem cell markers was employed14,15. Cartilage explants were 

isolated from the central portion of the day 7 fracture callus using a dissecting 

microscope to remove any adherent non-cartilaginous tissues. Explants were minced, 

pooled, then separated randomly into treatment groups. Explants were grown in vitro for 

one week in serum-free hypertrophic chondrogenic medium [high glucose DMEM, 1% 

penicillin-streptomycin, 1% ITS+ Premix (BD Biosciences Cat #354352), 1 mM sodium 

pyruvate, 100 ng/ml ascorbate-2- phosphate and 10−7 M dexamethasone] to promote 

hypertrophic maturation14,15. Hypertrophic cartilage explants were then stimulated with 

or without 200ng/mL recombinant human β-NGF (Peprotech cat# 450-01) for 24 hours, 
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collected in TRIzol, then mRNA was extracted using RNeasy Mini Kit following the 

manufacturer’s instructions (Qiagen cat# 74104). 

 

RNA sequencing and analysis  

After mRNA extraction from hypertrophic cartilage, samples were then further purified 

by sodium acetate and isopropanol precipitation. 200ng RNA input from each sample 

was used with Quantseq 3’ mRNA-seq Library Prep Kit FWD (Lexogen, SKU:015.24). 

Approximately 20 million single-end 50bp reads were generated for each library on a 

HiSeq 4000. Reads were first trimmed for adapters with Cutadapt version 2.5 and then 

mapped to the mouse mm10 genome using STAR version 2.5.3a. Following alignment, 

reads were counted using featureCount version 1.6.4. We then performed differential 

gene expression analysis using the DESeq2 package version 1.24 and R version 3.6.1. 

Significantly upregulated or downregulated genes (P<0.05, Benjamini-Hochberg 

corrected) upon treatment were entered into Enrichr 

(https://amp.pharm.mssm.edu/Enrichr/) for gene ontology classification. Differentially 

expressed genes and genes of interest were visualized using a combination of R, 

ggplot2 version 3.2.1, EnhancedVolcano, and Complexheatmap version 2.045. 

 

Immunohistochemistry (IHC) 

β-NGF or control injections were administered once daily for 3 days beginning 7 days 

post-fracture into Axin2-eGFP mice. Fractured tibias were harvested 24 hours after the 

final injection (10 days post-fracture), fixed in 4% paraformaldehyde (PFA) and 

decalcified in 19% ethylenediaminetetraacetic acid (EDTA) for 5 days. Samples were 
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OCT-embedded then cryosections were made at a width of 8-10 μm. Cryosections were 

carefully rinsed in PBS and blocked with 5 % bone serum albumin for an hour. Primary 

antibodies were applied to sections overnight. Full antibody information is given below 

(Table 2). Species-specific secondary antibodies were detected using the VectaStain 

ABC Kit (Vector, PK-4000) and 3,3′- diaminobenzidine (DAB) colorimetric reaction was 

used to visualize CD31+ cells. Because of (d2)eGFP’s rapid degradation, Axin2-eGFP 

fluorescence was stabilized by using species-specific Alexa-Fluor-488 conjugated 

secondary antibody (Table 2).  

 

Table 2.2. Antibody database 

Antibody reference 

Host and target Resource identification 

Rat anti-mouse 

CD31 

BD Biosciences Cat# 553370, RRID: 

AB_394816 

Goat anti-rat Ig 

(biotinylated) 

BD Biosciences Cat# 559286, RRID: 

AB_397214 

Rabbit anti-GFP Cell Sig Tech Cat# 2555, RRID:AB_10692764 

Goat anti-rabbit 

IgG 

Thermo Sci Cat# R-37116, RRID: AB_2556544 

 

Histomorphometry 

β-NGF and control injections were administered once daily for 3 days beginning 7 days 

post-fracture. Tibias were harvested 14 days post-fracture, fixed in 4 % PFA and 



 54 

decalcified in 19 % EDTA for 5 days. Mice were processed for paraffin histology, serial 

sections were cut at 8-10 µm for histomorphometric analysis using stereological 

principles15. Quantification of callus composition (cartilage, bone, fibrous, marrow 

space) was determined using an Olympus CAST system (Center Valley, PA) and 

software by Visiopharm (Hørsholm, Denmark). For quantification of the tissues, 10 µm 

serial sections (three per slide) were taken through the entire leg. Tissue was stained 

with HBQ as described above, and the first section from every 10th slide analyzed such 

that sections were 300 μm apart. Volume of specific tissue types was determined in 

reference to the entire fracture callus by summing the individual compositions relative to 

the whole as previously described15. 

 

Micro-Computed tomography (μCT) 

μCT analysis was performed as previously described15,46. Fracture tibias were dissected 

free of attached muscle 14 days post-fracture, fixed in 4 % PFA and stored in 70 % 

ethanol. Fracture calluses were analyzed using the Scanco μCT50 scanner (Scanco 

Medical AG, Basserdorf, Switzerland) with 10 μm voxel size and X-ray energies of 55 

kVp and 109 μA. A lower excluding threshold of 400 mg hydroxyapatite (HA)/mm3 was 

applied to segment total mineralized bone matrix from soft tissue in studies of control 

and β-NGF treated mice. Linear attenuation was calibrated using a Scanco 

hydroxyapatite phantom. The regions of interest (ROI) included the entire callus without 

existing cortical clearly distinguished by its anatomical location and much higher mineral 

density. μCT reconstruction and quantitative analyses were performed to obtain the 

following structural parameters: trabecular spacing (mm), trabecular number (#/mm), 
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trabecular connective density as trabecular bifurcations (#/mm3), bone mineral density 

(mg HA/cm3), bone volume (as %), trabecular thickness (mm), and tissue mineral 

density (mg HA/cm3). 

 

Statistical analysis 

Individual dots on graphs represent biological replicates, error bars represent standard 

error of the mean (SEM). Measurements were taken from distinct samples. All in vivo 

data were analyzed using GraphPad Prism (version 8, GraphPad Software, San Diego, 

CA). For RNAseq data please see section on RNAsequencing and analysis. Statistical 

tests used to compare between groups are specified in the corresponding figure 

legends, significant differences were defined at p<0.05. 

 

Data Availability 

All data needed to evaluate the conclusions are present in the paper and/or 

Supplementary Materials. Additional information related to this paper may be requested 

from the authors. RNA-seq data has been deposited into NCBI’s Gene Expression 

Omnibus (GEO) under accession code GSE150092.  

 

Results 

NGF and TRKA are expressed at the chondro-osseous transition zone during 

endogenous endochondral fracture repair.  

We first sought to determine the spatiotemporal parameters of endogenous NGF and 

TrkA expression during endochondral fracture repair in a murine model of long bone 
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healing. Tibia fractures were created using a three-point bending device to create 

closed, mid-shaft fractures in the right tibia of adult wild type mice (Figure 2.1a). As 

demonstrated previously14,15, these non-stabilized fractures generate a robust cartilage 

callus, as visualized by Hall and Brunt Quadruple (HBQ)-stained sections (cartilage = 

blue, bone = red) of tibiae harvested 14 days post-fracture, (Figure 2.1b). By utilizing 

NGF-eGFP reporter mice, we were able to visualize the expression domain of NGF 

within the chondro-osseous transition zone (TZ) of the fracture callus via fluorescence 

microscopy (Figure 2.1c). TrkA expression appeared in fewer cells but could also be 

found within cells at this transition zone utilizing TrkA-LacZ reporter mice (Figure 2.1d-f). 

After establishing the spatial expression patterns of NGF and TrkA at the TZ using 

histology, we aimed to define the temporal expression patterns of NGF and TrkA using 

gene expression. Fracture calluses were isolated 7, 10, and 14 days following fracture, 

mRNA isolated using TRIzol and RT-PCR used to quantify expression of Ngf and TrkA. 

Our data show similar temporal expression patterns of Ngf and TrkA with a peak 10 

days post fracture (Figure 2.1g,h). This coincides with 

 

Endochondral delivery of β-NGF is more osteogenic than early in fracture repair.  

We next aimed to test the therapeutic efficacy of exogenous β-NGF in long bone 

fracture healing. When developing novel therapies for fracture healing the majority of 

drugs are given immediately after fracture by default. However, based on the 

endogenous spatiotemporal expression patterns of NGF-TrkA correlating with the 

conversion of cartilage to bone, we wanted to understand if matching therapeutic 

delivery to the timing of this endogenous expression pattern would be more efficacious. 
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Therefore, we tested two different time points of β-NGF injections: early, during the pro-

inflammatory and intramembranous phase of repair (day 4-6, Figure 2.2a), or later, 

during the endochondral phase of cartilage maturation (day 7-9, Figure 2.2c). Local 

delivery was performed on isoflurane anesthetized animals by injecting 0.5 μg β-NGF, 

or basal media as a control. Early β-NGF injections, resulted in significantly increased 

relative expression of collagen 1 (Col1) (Figure 2.2b). However, there were significant 

decreases in osteogenic markers osteocalcin (Oc) and osteopontin (Op); and the pro-

angiogenic vascular endothelial growth factor (Vegf) (Figure 2.2b). Interestingly, later β-

NGF injections, robustly stimulated expression of osteogenic markers Oc and Op 

(Figure 2.2d). We observed non-significant changes in mRNA expression of Col1 

(p=0.06) and Vegf (p=0.06) following β-NGF injections on the endochondral regimen 

(Figure 2.2d).  

 

β-NGF stimulation of fracture-callus derived cartilage explants promotes 

programs associated with endochondral ossification.  

The endogenous spatiotemporal expression patterns of NGF-TrkA in the TZ and 

enhanced osteogenic response of cartilage to β-NGF suggested to us that hypertrophic 

cartilage could be responsive to NGF. To test this, we isolated the cartilage from day 7 

fracture calluses, as done previously14,15. Explants were cultured to hypertrophy in vitro 

and treated with or without 0.5 μg/mL recombinant human β-NGF, the biologically active 

form of NGF47, for 24 hours followed by RNA-sequencing (RNAseq). Similar to the in 

vivo study we found that the osteogenic marker Oc was significantly upregulated in the 

cartilage explant study (p = 1.88E-24), Supplemental Table 1). Additional analysis 
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revealed a number of other significantly upregulated genes established to play a role in 

endochondral ossification, such as, Indian hedgehog (Ihh), alkaline phosphatase (Alpl), 

parathyroid hormone 1 receptor (Pth1r), Wnt receptors (Lrp5, Frzd5) and angiogenic 

receptors (Pdgfrb) (Figure 2.3a). Of the downregulated genes, the two of most interest 

were plasmacytoma variant translocation 1 (Pvt1) and caspase 4 (Casp4) (Figure 2.3a), 

both known to modulate apoptosis. A complete summary of differentially expressed 

genes is provided in Supplemental Table 2. 

Subsequent functional enrichment analysis using EnrichR showed multiple categories of 

molecular functions that were associated with endochondral ossification, fracture repair, 

and tissue remodeling. The three most significantly upregulated molecular function 

categories were: Wnt activation (p=0.0067), Platelet-derived growth factor (PDGF) 

binding (p=0.0051), and integrin binding (p=0.013) (Figure 2.3b). With additional 

enrichment analysis, we then created a heat cluster map of differentially expressed 

genes according to these molecular function categories (Figure 2.3c). 

To confirm our RNAseq data suggesting Wnt was the most significantly upregulated 

molecular function following β-NGF treatment of cartilage ex vivo (Figure 2.3b-c), we 

utilized a murine Axin2-eGFP reporter model to compare Wnt expression in vivo in mice 

treated with β-NGF to those without. Tibia fractures were made in the Axin2-eGFP 

mouse as described previously and β-NGF was injected days 7-9 post-fracture (Figure 

2.4a). Visually, our control mice showed no major presence of Axin2-eGFP positive 

cells in the TZ (Figure 2.4b-c). However, there was an induction of Axin2-eGFP in cells 

at the TZ of β-NGF treated mice (Figure 2.4d-e). Quantification by Image-J confirmed 
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the induction of Axin2-eGFP after β-NGF treatment compared with the lack of Axin2-

eGFP presence in the control group (Figure 2.4f). 

Given literature evidence that NGF signaling precedes and coordinates vascularization 

of bone tissue38, we wanted to measure if local β-NGF injections promoted the 

infiltration of endothelial cells into the cartilage callus. Therefore, angiogenesis was 

quantified using immunohistochemistry performed to the CD31 endothelial cell marker 

day 10 post-fracture in wild type mice that received the endochondral delivery of β-NGF. 

Vascular invasion to the cartilage callus is observed in both the controls (Figure 2.4g-h), 

with slightly more intense staining in the β-NGF group (Figure 2.4i-j). Quantification by 

Image-J indicates only a nominal increase in CD31-positive cells in cartilage tissue of β-

NGF treated mice (p=0.12) (Figure 2.4k). 

Local β-NGF injections accelerates endochondral bone formation by 14 days 

post-fracture.  

 We next tested functional outcomes of fracture healing with the endochondral delivery 

of therapeutic β-NGF using histomorphometric and quantitative μCT analysis on treated 

and control tibias 14 days post fracture. Histology clearly shows the increased formation 

of trabecular bone (red) and decreased cartilage (blue) in fractures receiving β-NGF 

relative to control (Figure 2.5a-b). Quantification of the cartilage tissue showed an 

almost 50 % decrease in absolute volume (Figure 2.5c) and percent composition 

(cartilage volume/total volume) within the callus of β-NGF treated mice (Figure 2.5d). 

Conversely, quantification of trabecular bone confirmed a similar increase in absolute 

bone volume (Figure 2.5e) and composition (bone volume/total volume) of the callus 

after β-NGF treatment (Figure 2.5f). Importantly, there was no difference in volume of 
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the callus as a whole between controls and β-NGF treated mice (Figure 2.5g). There 

were also no differences in volume of bone marrow (p=0.59) (Figure 2.5h) or fibrous 

tissue (p=0.40) between groups (Figure 2.5i) suggesting that the conversion of cartilage 

to bone was accelerated in the experimental group.  

μCT analysis was performed in parallel to histomorphometry on control and β-NGF 

treated mice 14 days post fracture. Gross examination of μCT images provide no 

obvious differences between treatment groups (Figures 2.6a-b). However, quantitative 

assessment of structural indices showed a stark difference in bone architecture. β-NGF 

treated mice exhibited a 35 % decrease in trabecular spacing compared to the controls 

(Figure 2.6c), with trabecular number (Figure 2.6d) and trabecular connective density 

showing dramatic increases of over 40 % (Figure 2.6e). Bone mineral density 

measurements also significantly increased, ~20 %, in the fracture callus of β-NGF 

treated mice (Figure 2.6f). Taken together, μCT data depict highly connected and 

structurally superior bone architecture in β-NGF treated mice indicative of a later stage 

of endochondral repair.  

 

Discussion 

There is an unmet clinical need for novel therapeutic approaches to accelerate fracture 

repair as there currently are no pharmacologic agents approved for this indication. Bone 

morphogenetic protein-2 (BMP-2) is the only US FDA approved biologic in fracture 

healing with a very narrow indication window: surgical implantation into acute open tibial 

shaft fractures stabilized with an intramedullary nail and treated within 14 days of the 

initial injury. Clinical use of BMP in fracture healing has significantly decreased and is 
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now typically reserved to the most problematic fractures due to the high cost, limited 

evidence of clinical efficacy, and risk for severe off-target effects48–51. A number of new 

pharmacologic agents have been explored for application in fracture healing, but almost 

all have focused on promoting intramembranous bone repair by stimulating 

osteogenesis7. 

This study aimed to test the therapeutic efficacy of locally administered β-NGF in 

accelerating long bone fracture repair. NGF is an understudied orthobiologic for bone 

regeneration. In the limited number of studies that have utilized recombinant NGF for 

promoting fracture repair, NGF was administered at very high doses, immediately 

following fractures and the osteogenic potential was attributed to increased neuroactivity 

with no comprehensive structural analysis of the newly-formed bone43,52. More recently, 

an elegant study utilized genetic models to show NGF-TrkA is required in stress fracture 

repair, stimulating intramembranous healing by promoting peripheral nerve innervation, 

angiogenesis, and osteogenesis39.  

Uniquely, in our study we demonstrate that β-NGF was most efficacious in promoting 

long bone fracture healing when the drug was administered during the cartilaginous 

phase of repair, days 7 to 9 post fracture, reflecting the upregulation in endogenous Ngf 

and TrkA gene expression that we observed. Histological data utilizing NGF-eGFP and 

TrkA-LacZ reporter mice provide the first genetic labeling of the expression pattern 

within the callus of tibia fractures. Most notably, we find NGF and TrkA are localized 

predominantly at the chondro-osseous transition zone, where cartilage undergoes 

hypertrophy and transforms to bone adjacent to the invading vasculature6,15. Our 

genetic models of endogenous NGF and TrkA localization support previous studies 
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observing peak expression of neurotrophins and their receptors during the hypertrophic 

cartilage phase of repair53–55. While our mRNA expression data show a peak at day 10, 

possible delays in mRNA-to-protein synthesis were considered when harvesting 

samples at day 14 for histological analysis. Histological visualization of NGF and TrkA 

expression at this timepoint demonstrate a broad and robust presence in the chondro-

osseus transition zone of tibial fracture calluses.  

Based on this endogenous spatiotemporal map of NGF-TrkA expression during long 

bone fracture healing, we hypothesized that hypertrophic cartilage was responsive to 

NGF stimulation. We tested this ex vivo by isolating the cartilaginous portion of day 7 

fracture calluses, culturing the explants to hypertrophy, and treating with or without β-

NGF. Utilizing RNAseq, we were able to detect over 3,000 differentially expressed 

genes in β-NGF stimulated cartilage. Of the significantly upregulated genes, many 

clumped into molecular pathways known to play a role in cartilage maturation, 

endochondral ossification, and tissue mineralization.  

Within the pathways regulating cartilage maturation, those associated with Indian 

hedgehog signaling (Ihh) were strongly stimulated. Ihh is a known regulator of 

chondrocyte differentiation and the expression of Ihh has been observed at the 

transition zone of fracture calluses23,24. Within this cluster Ptch1, a receptor for Ihh, and 

Pth1r, the receptor for both parathyroid hormone (Pth) and parathyroid hormone-related 

peptide (Pthrp), were also significantly upregulated. Ptch1 and Pth/Pthrp are 

established transcriptional targets of Ihh23,56. Ihh signaling was shown to be required for 

the generation of the osteoblast lineage in endochondral ossification and disruption of 

the pathway produces abnormalities in bone development21,22. Sdf-1 expression, 
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modulated by Pth, is also produced by osteoblasts and is known to influence stem cell 

homing, tissue repair, and tissue regeneration in various contexts including bone 

repair57,58. Furthermore, one of the earliest reports of a chondrocyte-derived cell 

associated with trabecular bone was identified by conditional ablation of Ihh signaling in 

chondrocytes59, emphasizing the importance of highly coordinated chondrocyte 

maturation to effective endochondral ossification. In this study we also found that β-NGF 

stimulated the expression of alkaline phosphatase (Alpl) which is associated with 

chondrocyte hypertrophy and essential for cartilage mineralization and endochondral 

bone formation60,61. Alpl is among the first functional genes expressed during tissue 

calcification and is a commonly screened marker of osteoblast differentiation62,63.   

The osteogenic transformation of chondrocytes into osteoblasts during bone 

development and fracture repair is associated with the upregulation of traditional 

programs regulating osteogenesis and mineralization. In fact, we found that the 

canonical osteogenic marker osteocalcin was strongly upregulated by β-NGF when 

delivered both in vivo to the fracture site or to the cartilage callus explant. Through gene 

ontology enrichment analysis, we identified several molecular functions associated with 

osteogenesis were upregulated, with Wnt activation as the most significantly 

upregulated following β-NGF treatment. Importantly, we have recently shown that 

Wnt/β-catenin signaling regulates cell fate decisions in hypertrophic chondrocytes at the 

transition zone and that Wnt signaling within the cartilage is required for endochondral 

fracture repair27. This corroborates numerous published reports on the requisite of Wnt 

signaling in endochondral bone formation during development, and specifically for 

chondrocyte-derived osteoblastogenesis25,28,29. NGF signaling has also been shown to 
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modulate Wnt activation in several non-skeletal cell types64,65. However, this is the first 

study in which this relationship has been noted in cartilage after in vitro stimulation with 

β-NGF. We further confirmed Wnt activation in vivo by histological analysis using Axin2-

eGFP mice following local c injections. Taken together these data suggests β-NGF 

treatment stimulates Wnt-mediated cartilage to bone conversion during endochondral 

fracture repair. Additional studies are needed to determine whether Wnt activation by 

NGF is direct or indirect, and if it is Wnt ligand dependent or independent64. 

Additional gene ontology enrichment analysis resulted in PDGF binding as one of the 

most upregulated molecular function.  In chondrocytes, PDGF stimulates proliferation 

but prevents endochondral maturation however, PDGF expression has principally been 

seen in osteoblasts during normal fracture repair66,67. Integrin binding activity was also 

observed to be upregulated in cartilage explants stimulated with β-NGF. Integrin 

interactions in chondrocytes are known to regulate chondrocyte proliferation and 

apoptosis however, integrin signaling events in osteoblasts regulate mineralization and 

has been a therapeutic target for bone regeneration68,69. Although we were able to 

determine that integrin binding as a molecular function was promoted in cartilage 

explants following β-NGF stimulation, we were unable to determine specific integrin 

subunits that were engaged. Future work consisting of blocking specific integrin 

subunits could prove useful in determining NGF-mediated activation of specific integrin 

subunits. 

Of the downregulated genes Pvt1 and Casp4 drew our attention given that Pvt1 is 

known to modulate apoptosis and Casp4 is strongly implicated in an inflammatory form 

of apoptosis70,71. Historically, hypertrophic chondrocytes were considered terminally 
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differentiated and believed to undergo apoptosis during endochondral bone formation. 

However, our group and others have demonstrated that chondrocytes re-enter the cell 

cycle and through lineage tracing show that chondrocytes survive and give rise to 

osteoblasts in the growth plate and bone regenerate14,15,20,22,72,73. Therefore, NGF-TrkA 

signaling in the fracture callus may play a role in promoting cell survival in the 

hypertrophic chondrocytes. 

Our previous studies suggest that mineralization of the cartilage anlage and 

transformation of chondrocytes to osteoblasts during endochondral fracture healing is 

mediated by the invading vasculature17,18. Interestingly, NGF was found to be critical to 

promoting angiogenesis and tissue mineralization during long bone development38,52. 

Our RT-qPCR data of whole callus tissue show a decrease of VEGF following the 

earlier β-NGF injections versus no change in VEGF expression following the later 

regimen of β-NGF. However, when we measured changes to vascularization in β-NGF 

treated fractures, we did see an increase in endothelial cell presence within the cartilage 

callus, albeit nominal. The progression of fracture healing from the inflammatory phase 

to the cartilaginous phase involves many different cell types that are sensitive to a huge 

array of paracrine and autocrine factors6–12.  Because NGF’s receptor is expressed in 

many cell types and the heterogenous composition of the fracture callus, it’s difficult to 

directly correlate VEGF expression and endothelial cell presence. Nonetheless, like 

fracture healing, angiogenesis is a highly complex process and there remains a number 

of angiogenic factors that could be measured for in future studies74. What we found 

most compelling is that β-NGF stimulation of cartilage explants significantly promoted 

endochondral ossification-associated pathways in the absence of a vasculature.  
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Given the molecular pathways modulated by β-NGF stimulation of cartilage explants, it 

is not surprising that timing of injections proved to be important in dictating the best 

therapeutic window of β-NGF. We found a stronger osteogenic effect of β-NGF when 

delivered during the endochondral phase of repair, as opposed to early, during the pro-

inflammatory response and intramembranous healing. With endochondral delivery β-

NGF, histomorphometric analyses of callus tissue resulted in a reduction in cartilage 

and increase in bone tissue compared to control. Furthermore, we did not see a change 

in the total volume of the fracture callus, therefore these data support the hypothesis 

that β-NGF accelerates cartilage to bone conversion. In addition to histomorphometry, 

μCT data further illustrates the high connectivity and high mineral density of the newly 

formed trabeculated bone. 

Coincidentally, an increase in NGF and TrkA expression has also been observed in 

osteoarthritic cartilage75. This is an important observation considering many processes 

observed in osteoarthritis occur in endochondral ossification, such as, cartilage tissue 

vascularization, innervation, and cartilage matrix degradation76,77. The molecular 

pathways underlying these processes mirror those seen in our data, most notably the 

upregulation of Ihh, Alpl, Ptch1, and Pth1r78,79 with a recent study reporting on NGF-

mediated upregulation of Ihh signaling and cartilage calcification of articular 

chondrocytes80. Wnt and NGF signaling have been major therapeutic targets to inhibit 

the progression and pain associated with osteoarthritis78,81,82. Our group has previously 

exploited these parallels by engineering osteoarthritic cartilage to promote 

endochondral bone repair83. 
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Discovering and validating novel therapeutic targets that stimulate bone regeneration 

has the potential to significantly improve clinical outcomes in fracture healing. Gene 

expression analysis, histomorphometry and μCT data collectively demonstrate that β-

NGF treatment during the endochondral phase of fracture repair stimulates 

osteogenesis to produce more bone tissue and that the newly formed bone is more 

connected and of higher architectural quality. A possible limitation on NGF’s clinical 

translation lies in its hyperalgesic effects. Yet, diverging from previous studies that 

administered NGF for 7 days43,52, our study was able to narrow NGF’s therapeutic 

window to 3 days, during the endochondral phase of repair, thus limiting the subjects’ 

exposure to exogenous NGF and ensuing hyperalgesia. Exogenous NGF’s 

hyperalgesic effects seems to peak within an hour of administration therefore, this could 

be further studied by simple co-injection of an analgesic such as lidocaine84. Very little 

work has been done on relevant cell types to optimize the therapeutic dosing of NGF 

while minimizing hyperalgesia. Preclinical studies in murine models have utilized up to 

20 µg of exogenous NGF per day yet, in vivo work has demonstrated that hyperalgesia 

in mice can be experienced with daily injections of 100 ng44,85. Balancing the trophic 

benefit of NGF therapy and minimizing hyperalgesia in this context will prove to be 

another key area of research in the future.  

Nevertheless, this study lays the foundation for utilizing recombinant β-NGF in 

endochondral fracture repair by providing comprehensive tissue analysis of tibial 

fracture calluses after therapeutic administration. Importantly, we add new mechanistic 

data that increases our understanding of the processes that regulate and promote 
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cartilage to bone conversion during endochondral fracture repair, opening new avenues 

of mechanistic exploration. 

 

 

Figure 2.1. Endogenous expression of Nerve growth factor (NGF) and its receptor 
Tropomyosin receptor kinase A (TRKA) within fracture callus during 
endochondral repair. (a) A gross fluoroscope image of the entire tibia with the red 
frame indicating the mid diaphyseal, unstabilized bone fracture. (b) Representative 
image of HBQ stained section of tibia fracture callus 14 days post-fracture (p.f.), (n=4). 
Scale bar: 1 mm (c) Fluorescence image NGF-eGFP with DAPI of chondro-osseous 
transition zone (TZ) 14 days p.f. (n=4). Scale bar: 200 μm. (d) Brightfield image of X-
GAL stained callus 14 days p.f. (n=4). Arrows indicate additional areas of LACZ+ cells 
within callus. Scale bar: 500 μm (e) Higher magnification image of TZ within fracture 
callus. (f) Higher magnification image of cortical bone shows no staining. (e-f) Scale 
bars: 200 μm (g) Relative expression (2-ΔCT) normalized to Gapdh of Ngf and (h) TrkA 
harvested from fracture callus at 7, 10, and 14 days p.f. Error bars represent SEM. * = p 
< 0.05; determined by one-way ANOVA with Tukey’s multiple comparison test. 
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Figure 2.2. Local β-NGF injections during hypertrophic cartilage phase promotes 
osteogenic marker expression. (a) Timeline schematic of fracture and three daily 
injections 0.5 μg β-NGF vs control (media injected) starting at 4 days post-fracture. (b) 
Expression levels of selected osteogenic and angiogenic markers from whole-callus 
tissue harvested 24 hours after final injection. (c) Timeline of fracture and three daily 
injections 0.5 μg β-NGF vs control) starting at 7 days post-fracture. (d) Expression 
levels of osteogenic and angiogenic markers from whole-callus tissue harvested 24 
hours after final injection. All expression levels are relative to Gapdh; calculated by 2-

ΔCT. Error bars represent SEM. * = p < 0.05, ** = p < 0.01; determined by 2-tailed t test. 
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Figure 2.3. Recombinant human β-NGF (β-NGF) promotes gene expression profile 
for endochondral bone formation. (a) Volcano plot of differentially expressed genes 
in hypertrophic cartilage stimulated with β-NGF. Threshold set to ≥ 1 log2 fold change 
(equal to ≥ 2 fold change), endochondral ossification-associated markers are denoted 
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(n=3). (b) Upregulated molecular function categories generated by EnrichR 
(maayanlab.cloud/Enrichr/), gene ontology terms are sorted by p values with 
corresponding adjusted p value and odds ratio (c) Heatmap depicting relative 
expression of genes associated with Wnt activation, PDGF binding, and integrin 
binding. p < 0.05, Benjamini-Hochberg method. Panel a was generated by the R 
package ggplot2 (version 3.2.1)45. Panel c was generated by Complexheatmap (version 
2.0) on Bioconductor (Bioconductor.org). 

 

 

Figure 2.4. Local injections of β-NGF induce Wnt activation in the TZ and nominal 
increase of endothelial cell infiltration of cartilage callous. (a) Timeline schematic 
of fracture and subsequent daily injections of β-NGF. (b) Representative image of HBQ 
stained section of the chondro-osseous transition zone (TZ) from control group (media 
injections) with (c) a corresponding fluorescent DAPI-stained image of adjacent slide. 
(d) Image of HBQ stained TZ from β-NGF treated mice with corresponding (e) 
fluorescent DAPI stained image of an adjacent slide (f) Quantification of Axin2-eGFP 
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presence within TZ of fracture callus as percentage (%) of area. Images of (g) HBQ 
stained section of cartilage tissue within fracture callus from control group and 
corresponding image (h) of Anti-CD31 Diaminobenzidine (DAB) stained section. (i) 
HBQ stained section from β-NGF treated group and corresponding (j) CD31-DAB 
stained section. (k) Quantification of DAB stain within cartilaginous tissue as percentage 
(%) of area. All scale bars = 500 μm. Error bars represent SEM. ** = p < 0.01; 
determined by 2-tailed t test. 

  

Figure 2.5. Local injections of β-NGF results in less cartilage and more bone. 
Representative images of HBQ stained section of fracture callus from (a) control group 
and (b) β-NGF group, 14 days post fracture. Scale bar: 500 μm. Quantification of 
cartilage volume in both treatment groups, shown as (c) absolute volume and as (d) 
percent composition of the total callus volume. Quantification of bone volume in both 
treatment groups shown as (e) absolute volume and (f) percent composition. 
Quantification of (g) whole-callus volume (h) bone marrow and (i) fibrous tissue. All 
measured by stereology. Error bars represent SEM. * = p < 0.05; ** = p < 0.01 
determined by 2-tailed t test. 
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Figure 2.6. Local injections of β-NGF results in highly connected trabecular bone. 
μCT images of tibias from (a) control and (b) β-NGF treated mice, 14 days post fracture. 
Scale bar = 1 mm. Quantification of (c) trabecular spacing (d) trabecular number (e) 
trabecular connective density and (f) bone mineral density. Error bars represent SEM. * 
= p < 0.05; ** = p < 0.01 determined by 2-tailed t test. 
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 Supplemental Table 2.1. Expression levels of genes of interest from β-NGF vs 
non-stimulated cartilage explants, generated by RNA sequencing  

Gene Symbol 
Log2 Fold Change 

– β-NGF vs Control 

Log2FC 

Standard 

Error 

P value P adj Ensembl Gene ID 

Bglap (Oc) 1.66086954 0.16275 
1.88E-

24 

6.34E-

22 
ENSMUSG00000074483 

Bmp2 0.70113423 0.35781 
5.00E-

02 

1.39E-

01 
ENSMUSG00000027358 

Col1a1 0.9261786 0.11038 
4.82E-

17 

6.55E-

15 
ENSMUSG00000001506 

Csgalnact1 -0.7924748 0.26449 
2.73E-

03 

1.47E-

02 
ENSMUSG00000036356 

Csgalnact2 -1.019172 0.22075 
3.90E-

06 

6.54E-

05 
ENSMUSG00000042042 

Runx2 0.73622873 0.25738 
4.23E-

03 

2.09E-

02 
ENSMUSG00000039153 

Sox9 0.03472161 0.12185 
7.76E-

01 

8.73E-

01 
ENSMUSG00000000567 

Spp1 (Op) -0.8230715 0.14671 
2.02E-

08 

6.56E-

07 
ENSMUSG00000029304 

Tgfb1 0.96324622 0.12627 
2.38E-

14 

2.32E-

12 
ENSMUSG00000002603 

Vegfa 0.19972043 0.16362 
2.22E-

01 

3.97E-

01 
ENSMUSG00000023951 
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Supplemental Figure S2.1. Enrichment analysis of β-NGF stimulated hypertrophic 
cartilage explants. (a) Principal component analysis (PCA) for each biological replicate of β-
NGF and non-stimulated controls.  Gene ontology (GO) categorical grids for (b) downregulated 
molecular functions. To generate data: Cartilaginous tissue was excised from tibia fracture 7 
days post-fracture and cultured to hypertrophy for 7 days then stimulated with or without 
recombinant human β-NGF. Samples were collected after 24 hours for RNA-seq analysis (n=3). 
GO terms, p values, and odds ratios were generated and computed by Enrichr. GO terms are 
sorted by p value, adjusted p value determined by Benjamini-Hochberg method. 
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Supplemental Figure S2.2. μCT analysis of trabecular bone within fracture callus: Local 
injections of media (control) or 0.5 μg β-NGF were administered once daily at 7, 8, and 9 days 
post-fracture (p.f.), tibias were then harvested 14 days p.f. for μCT analysis. Quantification of (a) 
bone volume as percent composition (b) average trabecular thickness and (c) tissue mineral 
density is shown for control (n=10) and β-NGF (n=5) treated mice. # = p <0.1, determined by 2-
tailed t test. 
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Chapter 3. Localized delivery of β-NGF via injectable microrods promotes 

endochondral fracture repair 

 

Introduction  

Bone fractures are one of the most common injuries worldwide effecting millions of 

individuals and the associated cost of treatments is increasingly exceeding billions of 

dollars annually1,2. Along with extreme financial burdens, patients likely experience 

productivity loss and increased morbidity due to the physically debilitating trauma 

associated with bone fractures3. Although bones possess the ability to fully regenerate, 

delayed healing or nonunions occur in 5-10% of cases4. Co-morbidities such as age, 

smoking, and obesity drastically increase the prevalence of delayed bone healing in 

50% of patients5,6. Currently, surgical interventions with autologous bone grafts are the 

standard of care to increase stability or promote healing of malunions. However, bone 

grafts are met with significant limitations including donor site morbidity, longer recovery 

time, increased costs, and serious infections, among others7,8. Given the limitations with 

surgical methods, pharmacological intervention has been highly sought to improve bone 

regeneration.  

 

Bone morphogenetic proteins (BMPs) have been used for regenerating bone through a 

direct effect on osteoblastic differentiation of osteochondroprogenitors9. Of the BMPs, 

BMP-2 is the only osteoinductive growth factor with FDA approval for treatment of 

problematic fractures10. Although BMP-2 is used clinically for treating fracture repair, its 

use by clinicians has decreased due to its unpredictable efficacy, high cost, and growing 
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list of adverse outcomes that includes inflammatory complications, ectopic bone 

formation, and osteolysis11. In fact, the FDA issued a black box warning of the potential 

life-threatening complications associated with this orthobiologic12. The serious 

complications are believed to be driven by the supraphysiological doses needed to 

achieve therapeutic efficacy and the scarcity in applicable drug delivery systems to 

reduce those large doses. Thus, it is imperative to explore the use of novel 

orthobiologics to accelerate fracture repair and to develop optimal drug delivery systems 

to localize the biologics effects and mitigate severe adverse outcomes. 

 

While therapeutic use of BMPs have focused on promoting direct bone formation (i.e., 

intramembranous ossification), bone fractures heal primarily through endochondral 

ossification (EO). EO, or indirect bone formation, occurs when an avascular, aneural 

cartilage intermediate converts into a vascularized and innervated bone. EO fracture 

repair is a dynamic process that proceeds through four overlapping steps: 1) formation 

of hematoma at the fracture site and activation of the proinflammatory phase, 2) 

formation of a fibrocartilaginous callus via chondrocytes, 3) formation of a bony callus 

via chondrocyte hypertrophy and mineralization, and 4) remodeling and compact bone 

formation13–16. Although the molecular mechanisms governing chondrogenesis and 

hypertrophy are well described, it remains unclear which mechanisms regulate the 

conversion of cartilage to bone17,18. Many molecular pathways have been identified to 

regulate cartilage to bone transformation including transforming growth factor β (TGF-

β), Sox9, Runx2, Wnt, and Indian hedgehog (Ihh)19–30. Despite the current 
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understanding of EO, it is becoming more apparent that factors previously overlooked in 

fracture repair also play critical roles in these processes.  

 

Recently, nerve growth factor (NGF) signaling via its high affinity receptor tropomyosin 

receptor kinase A (TrkA) has been shown to be important in both intramembranous and 

endochondral ossification. In stress fractures, NGF/TrkA signaling triggers 

reinnervation, vascularization, and osteoblastic activity during repair31.  Moreover, 

NGF/TrkA signaling is now known to be crucial in long bone development as well as 

skeletal adaptations to mechanical loads32,33. Therefore, targeting the NGF/TrkA 

pathway for accelerating bone fracture repair is quite clear. Towards this goal, our group 

has detailed the temporal expression of NGF and TrkA in long bone fractures and 

identified key timepoints for local exogenous injections of recombinant NGF (β-NGF) to 

accelerate cartilage to bone conversion during fracture repair34. However, as our 

published work demonstrates, conventional drug administration by local injections often 

requires high dosages and/or repeated administration to elicit therapeutic effects. 

Consequently, aggressive dosing regimens have the potential to reduce efficacy and 

patient compliance as well as lead to severe off-target effects35,36.  

 

Localized drug delivery with the use of injectable microparticles made of polymeric 

hydrogels are an exciting strategy to overcome the limitations associated with 

conventional drug administration. Poly(ethylene glycol) (PEG)-based hydrogels are 

ideal injectable polymer systems because of their low-immunogenic, non-cytotoxic, and 

biocompatible properties37. Therefore, PEG has had extensive biomedical uses for 
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years and is a highly regarded polymer for drug delivery applications. Poly(ethylene 

glycol) dimethacrylate (PEGDMA) - a PEG derivative - can be easily formed into a 

three-dimensional (3D) polymer hydrogel through initiation of free radical chain 

photopolymerization of the methacrylate groups at each end of the PEG chain38. 

Proteins can be readily loaded onto PEGDMA microparticles that allow for localized and 

sustained release, based on the polymer crosslink density of the hydrogel39. Previously, 

our group has fabricated high aspect ratio PEGDMA microrods by photolithography for 

targeted drug delivery40,41. High-aspect ratio particles, such as microrods, are an 

exciting class of microparticles that provide a high surface area to volume ratio, which 

can maximize local cellular interactions and provide open systems for localized drug 

delivery, cellular recruitment, and activation42. Interestingly, polymeric microrods have 

been shown to attenuate fibrotic scar formation in cardiac injury models, without the use 

of drugs or biologics, by influencing local mechanobiologic mechanisms43. Additionally, 

high-aspect ratio microparticles evade internalization by phagocytic cells such as 

macrophages44,45. Thus, we hypothesized that PEGDMA microrods would be an optimal 

drug delivery system for localized NGF therapy in a fracture callus. 

 

In this work, we continue to build on foundational research showing recombinant β-NGF 

promotes endochondral repair in a murine fracture model.34 Here, we hypothesized that 

local and sustained release of β-NGF from PEGDMA microrods would exhibit enhanced 

endochondral fracture repair relative to soluble β-NGF  and untreated controls. We first 

aimed to address key characteristics of the PEGDMA microrod polymer mesh network 

density for maximization of β-NGF loading efficiencies. To do this, we exploited the 
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unique properties of polymer network cross-linking by varying the PEGDMA precursor 

solutions to alter the network density. We found that higher % PEGDMA (v/v) microrods 

had increased loading efficiencies and sustained release of β-NGF over 7 days when 

compared to lower % PEGDMA (v/v) microrods. Next, in vitro studies with 

erythroleukemia cells, a TrkA expressing cell line, exhibited robust proliferation in the 

presence of β-NGF  eluting PEGDMA microrods relative to other treatment groups. In 

parallel, we show that PEGDMA microrods can be localized and maintained within or 

adjacent to the fracture callus for at least 7 days post-injection. Lastly, preclinical in vivo 

studies demonstrate that the fracture calluses of mice injected with β-NGF loaded 

PEGDMA microrods exhibited higher bone volume fraction, trabecular connective 

density, and bone mineral densities. These findings indicate that not only does 

sustained release of recombinant β-NGF from PEGDMA microrods produce enhanced 

endochondral fracture repair, but that the microrods themselves may also have an 

impact on fracture repair. Nonetheless, herein we describe an injectable system for 

localized β-NGF delivery for accelerating endochondral fracture repair. 

 

Materials and Methods  

 

PEGDMA microrod fabrication 

Microrods were fabricated as previously described46. Briefly, poly(ethylene glycol) 

dimethacrylate (PEGDMA) molecular weight 750, photoinitiator 2,2-dimethoxy-2- 

phenylacetophenone (DMPA) were dissolved in 1-vinyl-n-pyrrolidone (NVP) to a 

concentration of 100 mg/mL in phosphate-buffered saline (PBS). 25, 75, and 90% 
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PEGDMA microrods were created by varying the PEGDMA concentration to PBS (% 

v/v). Photolithography was used to create microrods designed to have the dimensions 

100x15x15 μm, micro-fabricated on 3-inch silicon wafers. The PEGDMA precursor 

solution was deposited onto each wafer wherein the wafers had a 15 μm-deep bevel 

prefabricated with SU-8 2015. The wafer was exposed using a Karl Suss MJB3 mask 

aligner to a 405 nm light source through a microrod patterned photomask at 9 mW/cm2. 

Microrods on the wafer were rinsed and removed with 70% ethanol while gently 

scraping with a cell scraper. The collected microrods were centrifuged and rinsed in 

70% ethanol three times before being resuspended in sterile deionized water (diH2O) 

with 10% sucrose and 0.05% tween-20 to prevent aggregation. Aliquots of ~100,000 

PEGDMA microrods were then lyophilized, sealed, and stored at 4oC until further use. A 

subset of PEGDMA microrods was resuspended in PBS and micrographed under bright 

field (BF). Another subset was stained with the low molecular weight dye 4′,6-diamidino-

2-phenylindole (DAPI) 1μg/mL in PBS for 5 mins, washed with PBS gently three times, 

then immediately imaged under a fluorescent microscope. 

 

Protein loading of PEGDMA microrods 

Bovine α-Chymotrypsinogen A (Sigma) was used as a proxy for comparing loading 

efficiencies between 25, 75, and 90% PEGDMA microrods as its molecular weight (25.7 

kDa) is similar to that of β-nerve growth factor (β-NGF, 27 kDa). Lyophilized PEGDMA 

microrods aliquots (~100,000 microrods/aliquot) were resuspended in 20μL of 1 mg/mL 

α-Chymotrypsinogen A in diH2O. After resuspension, the microrods were allowed to 

passively adsorb protein for 30 hours in 4oC. After loading, microrods were 
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resuspended in diH2O, gently spun down to pellet in tube, and the supernatants were 

used to perform a micro bicinchoninic acid (μBCA) protein assay to quantify the amount 

of protein left in solution. To determine loading efficiency, the following equation was 

used:  

 

Loading efficiency % = ((Xt-Xi)/Xi)*100 

 

Where Xt is amount of protein in the supernatant after 30 hours and Xi is the quantity of 

drug added initially during preparation. Loading of PEGDMA microrods with β-NGF and 

calculation of loading efficiency was done similarly in subsequent assays. 

 

Erythroblast (TF-1) Cell Proliferation  

TF-1 cell proliferation assay was modified from the established method47. Briefly, TF-1 

cells (ATCC) were cultured for 7 days in RPMI 1640 Medium modified with 2mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L 

sodium bicarbonate (ATCC 30-2001) supplemented with 2 ng/ml recombinant human 

Granulocyte-Macrophage Colony-Stimulating Factor (Sigma-Aldrich) and 10% fetal 

bovine serum. Following 7 days of cell growth, confluent TF-1 cells were collected by 

centrifugation and resuspended into 24-well microplates with 30,000 cells per well 

containing 600 µl of serum-free medium. Cells were cultured in serum-free medium for 

24 hours to synchronize the cells prior to adding treatment groups. After 24 hours, high 

pore density (0.4 micron) transwell inserts containing either 100 µl of serum-free 

medium, 16,000 (16k) empty microrods, 2 ng of soluble β-NGF, or 16k microrods 
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containing 18 ng of β-NGF were inserted into each well and cultured in these conditions 

for an additional 96 hours. A 24-well plate containing 30,000 cells per well was removed 

and analyzed (see below) after the 24-hour serum-free medium incubation as a Day 0 

control.  After 96 hours, the transwell inserts were removed and 300 µl from each well 

was removed. The 300 µl collected was aliquoted into an individual well in a 96-well 

microplate containing 100 µl each (3 wells total for each well from a 24 well plate) and 

subjected to a CyQuant Direct Proliferation Assay Kit (Thermo Fisher) per the 

manufacturers protocol. Data is represented as a fold change relative to the cell number 

at Day 0.  

 

β-NGF elution from PEGDMA microrods 

Lyophilized 90% PEGDMA microrods were loaded by resuspending ~100,000 (100k) 

microrod aliquots in 20μL of 1 mg/mL recombinant human β-NGF (Peprotech) as 

described in the Protein loading of PEGDMA microrods section. After loading, microrods 

were gently rinsed thrice with PBS. PEGDMA microrods were then further divided, 

samples consisted of 16k microrods/microtube suspended in 250μL of PBS (pH 7.4). 

Samples placed onto an orbital shaker (100RPM) within an incubator (37°C). PEGDMA 

microrods were spun down gently and the supernatants were collected and replenished 

at 6, 24, 48, 72, 96, 120, 144, and 168 hours. Collected supernatants were immediately 

flash frozen and stored at -80°C until further use. ELISAs for human β-NGF 

(RayBiotech) were performed per the manufacturer’s instructions and daily release 

amounts were calculated by established standard curve. 
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Murine tibial fracture model 

Approval was obtained from the University of California, San Francisco (UCSF) 

Institutional Animal Care and Use Committee (IACUC) prior to performing the mouse 

studies, the methods were carried out in accordance with relevant guidelines and 

regulations. Studies were conducted on the C57BL/6J strain obtained from Jackson 

Labs (Stock #000664). Briefly, adult (10-16 weeks) male mice were anesthetized via 

inhalant isoflurane, and closed non-stable fractures were made mid-diaphysis of the 

tibia via three-point bending fracture device48. Fractures were not stabilized as this 

method promotes robust endochondral repair. After fractures are created, animals were 

provided with post-operative analgesics (buprenorphine sustained release). Animals 

were socially housed and allowed to ambulate freely.  

 

Local injections 

Percutaneous injections into tibial fracture calluses of mice were administered 7 days 

post-fracture. A precise microliter Hamilton© syringe was utilized for all injections 

wherein experimental agents were injected in 20μL of PBS. Experimental groups are 

specified in the table below:  
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Table 3.1. Experimental injection groups.  

Group Agent 

Saline PBS 

β-NGF β-NGF (500ng in PBS) 

Blank microrods 16,000 blank PEGDMA microrods (in PBS) 

β-NGF-Microrods 16,000 β-NGF-loaded (18ng) PEGDMA 

microrods (in PBS) 

 

Micro-Computed tomography (μCT) 

μCT analysis was performed as previously described49,50. Fracture tibias were dissected 

free of attached muscle 14 days post-fracture, fixed in 4 % PFA and stored in 70 % 

ethanol. Fracture calluses were analyzed using the Scanco μCT50 scanner (Scanco 

Medical AG, Basserdorf, Switzerland) with 10 μm voxel size and X-ray energies of 55 

kVp and 109 μA. A lower excluding threshold of 400 mg hydroxyapatite (HA)/mm3 was 

applied to segment total mineralized bone matrix from soft tissue in studies of control 

and treated mice. Linear attenuation was calibrated using a Scanco hydroxyapatite 

phantom. The regions of interest (ROI) included the entire callus without existing cortical 

clearly distinguished by its anatomical location and much higher mineral density. μCT 

reconstruction and quantitative analyses were performed to obtain the following 

structural parameters: volume fraction (bone volume/total volume as %), trabecular 

connective density as trabecular bifurcations (#/mm3), and bone mineral density (mg 

HA/cm3) 
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Results 

 

Injectable PEGDMA microrod fabrication via photolithography  

PEGDMA microrods were fabricated through a process of photolithography (Fig. 3.1A). 

The exact dimensions of the PEGDMA microrods can be carefully controlled by the 

photomask for microrod length and width. The microrod height is determined by 

distance between the silicon wafer and the photomask which is manually controlled by 

use of the mask aligner. PEGDMA microrods are then cross-linked with UV irradiation, 

detached with a cell scraper from the silicon wafer and collected (Fig. 3.1A).. Each 

individual PEGDMA microrod had the following dimensions: H= 15μm, W=15μm, and L= 

100μm (Fig. 3.1B, Top). The 3D nature of the microrods is formed through free radical 

chain photopolymerization of the methacrylate groups at each end of the PEG chain 

(Fig. 3.1B, Bottom). This system provides a high-throughput method to produce highly 

uniform PEGDMA microrods (Fig. 3.1C).  

 

PEGDMA microrod polymer density changes protein-loading efficiency 

The first goal was to tune the PEGDMA microrod polymer network density to maximize 

protein loading efficiency. Prior to photolithography, the PEGDMA macromer 

concentration was adjusted to contain low (25%), medium (75%), or high (90%) volume 

(v/v) amounts (Fig. 3.2A). After fabrication, the PEGDMA microrods were lyophilized 

(i.e., freeze dried) to remove any residual liquid remaining that could alter protein 

loading. As expected, the low and medium macromer volume PEGDMA microrods had 

modest loading efficiencies of less than 5% and 15%, respectively. However, the high 
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macromer volume PEGDMA microrods exhibited a significantly larger loading efficiency, 

over 30%, when compared to the other PEGDMA concentrations. Since the 90% 

PEGDMA (v/v) microrods had the highest loading efficiency, we chose this formulation 

for all the subsequent experiments. We confirmed the α-Chymotrypsinogen A loading 

efficiency as a proxy by loading 90% PEGDMA (v/v) microrods with β-NGF which 

resulted in over 40% loading efficiency (Supplemental Fig. 3.1). DAPI, a commonly 

used nuclear counter stain, can be easily adsorbed into the PEGDMA microrods and 

visualized with fluorescent microscopy (Fig. 3.2B). The DAPI-stained microrods are 

uniform in size and do not exhibit any aggregation, indicating good dispersity in 

solutions that presumably help with protein loading. Given that protein loading is driven 

by physisorption, we wanted to qualitatively examine the rate at which protein diffusion 

occurs after loading. Using FITC-BSA as a model protein, the superficial layer of the 

PEGDMA microrods are coated with the fluorescently-tagged protein with no diffusion at 

time 0 (Fig. 3.2C, Top). After 60 minutes of incubation, diffusion is drastically increased 

and FITC-BSA can be observed eluting in the surrounding space of the PEGDMA 

microrods (Fig. 3.2C, Bottom).  

 

Bioactivity retention and sustained release of β-NGF from PEGMDA microrods 

We next aimed to validate that β-NGF still retained its bioactivity after being loaded into 

the PEGDMA microrods. To do this, we utilized the erythroleukemia Trk-A expressing 

cell line, TF-1, in the presence of culture media (control), 2000ng of soluble β-NGF, 

non-loaded microrods, or 16,000 PEGDMA microrods loaded with 18ng of β-NGF (Fig. 

3.3A). We hypothesized that sustained release from β-NGF microrods would increase 
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proliferation of TF-1 cells relative to the other treatment groups. As expected, soluble 

NGF treated cells exhibited a 2-fold increase in proliferation relative to the control. 

Interestingly, the non-loaded microrods also exhibited a similar increase in proliferation 

as soluble NGF treated cells. Moreover, our hypothesis was supported by the 

statistically different 4-fold increase in proliferation by the β-NGF microrods. The 

increase in proliferation may be attributed to the sustained release of bioactive β-NGF 

we observed over a 168 hour (7 day) period (Fig. 3.3B & C). The β-NGF microrods 

exhibited a burst release of β-NGF within the first 24 hours, but this effect was alleviated 

by 48 hours and sustained over the next 120 hours (days 2-7), as measured by ELISAs 

(Fig. 3.3B). The total daily amount of eluted β-NGF decreased overall with time 

indicating concentration dependent (first order) release kinetics from the PEGDMA 

microrods, nonetheless, we were able to detect and quantify elution of β-NGF over a 7 

day period (168 hours) (Fig. 3.3C). 

 

PEGDMA microrods are localized within tibial fracture calluses during fracture repair 

We next sought to determine whether PEGDMA microrods would remain within the 

fracture callus throughout fracture repair. We hypothesized that PEGDMA microrods 

would be localized within the callus throughout the endochondral phase of repair. To 

test this hypothesis, we utilized a murine model of long bone healing wherein closed, 

mid-shaft fractures were created in the right tibia of adult wild type mice (Supplemental 

Fig. 3.2). As previously shown, these non-stabilized fractures incite robust endochondral 

repair34,50,51. Following the non-stabilized fractures, PEGDMA microrods (16,000 

microrods suspended in 20uL saline) were percutaneously injected into the fracture 
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callus 7-days post injury. 5 days after injection of PEGDMA microrods, the early onset 

of fibrocartilage formation can be observed in the fracture callus (cartilage = blue, bone 

= red) visualized by HBQ staining (Fig. 3.4A). In addition, PEGDMA microrods (lightly 

stained blue) can be observed localized adjacent to the newly formed fibrocartilage area 

(Fig. 3.4B). 7-days after injection of PEGDMA microrods, the microrods remain 

localized within the healing callus (Fig. 3.4C-D). At 7 days post-injection, the microrods 

can be visualized adjacent to newly formed bone. After 14 days post-injection, fracture 

calluses exhibit large amounts of new bone relative to the cartilage and at this time 

point, the PEGDMA microrods could no longer be visualized within the fracture calluses 

(Fig. 3.4E). 

 

Β-NGF loaded PEGDMA microrods promotes endochondral bone formation 

Our data thus far has demonstrated that PEGDMA microrods can be loaded with β-

NGF, that the β-NGF is bioactive and eluted over a 7-day period, and that the microrods 

localize within the fracture callus during endochondral fracture repair. Consequently, we 

hypothesized that β-NGF-loaded PEGDMA microrods could accelerate endochondral 

fracture repair. To test this, we again utilized our non-stabilized tibial fracture model in 

mice and divided the mice into four experimental (injection) groups: fracture calluses 

were injected with either saline, single dose of β-NGF (2000ng), non-loaded PEGDMA 

microrods, or β-NGF microrods (18ng). All percutaneous injections consisted of a 20uL 

volume administered 7 days post-fracture and were allowed to heal for 7 days (14 days 

post-fracture) at which point the calluses were harvested for microCT analysis to 

visualize mineralized tissue in 3D and to quantify bone volume fraction (BVF), 
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trabecular connective density (TCD), and bone mineral density (BMD). We generated 

3D reconstructions of fracture calluses and by gross examination of the images, the β-

NGF microrods group seemed to have a larger bony callus compared to all others (Fig. 

3.5A-D). Additionally, the β-NGF (2000ng) and non-loaded microrods groups seemed to 

have larger bony calluses compared to the saline control, however, qualitatively smaller 

than the β-NGF microrods group (Fig. 3.5A-D). Quantification of the BFV did in fact 

confirm the higher BVF in the β-NGF microrods group among all groups (Figure 3.5E). 

Moreover, the BVF of the β-NGF microrods group was significantly higher (~52% 

increase) compared to saline controls, all other comparisons between experimental 

groups resulted in no significant differences (Figure 3.5E). Likewise, the β-NGF 

microrods treated mice exhibited significant differences in TCD (~95% increase)  and 

BMD (~34% increase) compared to saline controls (Fig. 3.5F-G). Interestingly, the 

soluble β-NGF did not improve bone formation to the same extent as β-NGF microrods 

and was not statistically different from the saline controls. Although not statistically 

different, the non-loaded microrods exhibit higher amounts of BVF, TCD, and BMD 

when compared to the soluble NGF and saline treated groups. 
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Discussion  

This study aimed to build on our previous work investigating the role of β-NGF in 

enhancing endochondral repair in a murine fracture model by developing a clinically 

relevant delivery system using PEG-based microparticles. NGF signaling is becoming 

known as a major contributor to intramembranous and endochondral ossification. 

Previous work has described the critical role of NGF/TrkA signaling during stress 

fracture repair, skeletal development, and during mechanical load adaptation31–33. More 

recently, our group has delineated the spatiotemporal expression of TrkA during long 

bone fracture repair and identified the cartilaginous phase of repair as a key timepoint 

for exogenous β-NGF injections to enhance endochondral repair.34 In our previous 

study we locally injected 500ng of recombinant β-NGF once daily for 3 days to produce 

a quantifiable therapeutic outcome. However, β-NGF is a known hyperalgesic and 

preclinical studies utilizing murine models have demonstrated that hyperalgesia in mice 

can be experienced with daily injections of 100ng and above52,53. Thus, our ultimate 

goal is to balance the trophic benefit of β-NGF therapy while minimizing its hyperalgesic 

effects. 

 

To avoid repeated doses, we aimed to utilize the PEGDMA microrods as a clinically 

relevant drug delivery platform. The majority of studies focus on using PEGDMA as 

spherical particles for bone repair applications54–56. Uniquely, in our study we 

demonstrate the use of high aspect ratio microrods for fracture repair given that high 

aspect ratio particles tend to evade phagocytosis or cellular internalization44,45. To our 
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knowledge, this is the first study to use PEGDMA microrods for bone fracture repair. 

Through photolithography, PEGDMA microrods can be produced in a high throughput 

fashion. Moreover, using a microBCA assay to quantify the total amount of protein, we 

were able to load β-NGF PEGDMA microrods using 90%(v/v) PEGDMA macromer 

compared to lower percentages. Tuning the cross-linking densities can alter the polymer 

mesh size within the hydrogel and subsequent drug loading and release36,39. Higher 

concentrations of PEG have shown greater loading capacities as seen in our system55. 

Interestingly, striking visual differences in loading are apparent between DAPI and 

FITC-BSA. DAPI stains the PEGDMA microrods uniformly versus the FITC-BSA that 

can mostly be visualized on the surface of the PEGDMA microrods immediately after 

loading. Given that DAPI has a molecular weight of 0.277kDa compared to the 67kDa 

size of FITC-BSA, the micrographs suggest that molecules of smaller size can more 

readily diffuse across or into the PEGDMA polymer mesh network. 

 

We next wanted to demonstrate that the loaded β-NGF retained its bioactivity with an in 

vitro proliferation assay using the TrkA expressing TF-1 cell line47. Importantly, this 

assay was performed with 16k PEGDMA microrods, versus 100k used for the loading 

assay. This is because only 16k could effectively be aspirated in a 25 uL syringe used 

for the in vivo experiments. Thus, we calculated that ~30% of total protein loaded in 

100k microrods was about 6ug, therefore approximately 0.96µg would be loaded into 

the 16k microrods. However, the highly specific ELISA assay measured only ~18ng of 

β-NGF in 16k PEGDMA microrods. This finding suggests that some of the β-NGF 

proteins may lose their native molecular arrangement during loading or elution, thus 



 105 

reducing bioactivity. Presumably, the discrepancy between the microBCA assay and the 

ELISA calculations may be attributed to the disruption of β-NGF’s non-covalent 

homodimer confirmation or the non-specificity of the microBCA assay. Nonetheless, 16k 

PEGDMA microrods containing 18ng of bioactive β-NGF’s had a potent effect on TF-1 

cell proliferation. This potent effect is likely driven by the sustained release of β-NGF 

over the 96-hour experimental period. We also observed a nominal increase in 

proliferation of cells cultured with non-loaded PEGDMA microrods. Although the 

degradation products of the PEGDMA microrods were not evaluated in this study, PEG 

at low concentrations have previously been shown to slightly elevate cell proliferation 

which could be contributing to TF-1 cell proliferation in this study.57 

 

Next, we examined PEGDMA microrod localization during endochondral fracture repair 

in a murine fracture model. In the current study, PEGDMA microrods are observed 5- 

and 7-days post-injection. However, PEGDMA microrods are no longer visible after 14 

days suggesting that the PEGDMA microrods are perhaps physically degraded overtime 

due to the dynamic mechanical microenvironment within the fracture callus.58  

Additionally, the fractured legs in the study are load-induced, due to free ambulation of 

the animals, which could also contribute to the mechanical degradation of the PEGDMA 

microrods. Although PEGDMA degradation products are not of any concern in vivo due 

to their high biocompatibility38,40,41, we can follow up on our previous work using 

magnetic nanoparticles to create magnetic PEGDMA microrods that can be traced 

overtime by magnetic resonance imaging.59 Nonetheless, PEGDMA microrods localized 
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in the area of interest of the fracture callus long enough to deliver the therapeutic 

payload and therefore are suitable for application in fracture callus injections.  

 

Lastly, therapeutic efficacy of β-NGF delivery via PEGDMA microrods was validated 

using non-stabilized tibial fracture in mice followed by microCT analysis. β-NGF loaded 

microrods enhanced endochondral fracture repair as evidenced by the significant 

increases in BVF, TCD, and BMD. We can ascertain that this is likely due to the 

sustained release of β-NGF from the PEGDMA microrods versus a large bolus dose. 

Large bolus doses are at risk of off-target effects and toxicity12,35,39. Thus, sustained 

release from hydrogels provides a more optimal strategy primarily from a 

pharmacokinetic approach by slowly delivering drug and maintaining a high local 

concentration of drug in the target tissue36,60. Another key aspect that could be 

contributing to the enhanced endochondral bone repair is the increased half-life of β-

NGF. Hydrogel delivery systems have been described in the literature to improve the 

half-life of drugs and biologics39,61,62. Specifically, β-NGF has an extremely fast 

distribution half-life of 5.4 minutes and an elimination half-life of 2.3 hours.63 Thus, we 

speculate that the half-life of the successfully loaded β-NGF is extended. One important 

distinction to note is the large difference in β-NGF used in the experimental groups; the 

soluble β-NGF dose (2000 ng) was ~111 fold larger than the β-NGF microrods (18 ng). 

Again, this is most likely attributed to the high localization of β-NGF provided by the 

PEGDMA microrods whereas the soluble β-NGF is presumably getting cleared from the 

fracture callus or even degrading rapidly. This in vivo effect is supported by the increase 

in TF-1 cell proliferation measured in vitro. 



 107 

 

An interesting finding from this study was the increased BVF, TCD, and BMD measured 

in the fractures of mice injected with the non-loaded PEGDMA microrods. We speculate 

two possible mechanisms by which β-NGF loaded PEGDMA microrods could be 

contributing to the superior bone formation in this model of fracture repair. First, 

mechanical cues, including stiffness and topography, are powerful features of materials 

that can drive osteogenic cell fate and differentiation64,65. We have previously shown 

PEGDMA microrods to provide bio-inert topographical cues in cardiac fibrosis 

models.46,66 We, and others, have shown PEG stiffness drives osteogenic differentiation 

with varying substrate stiffnesses and microtopography65,67,68. A similar mechanism 

could be occurring in our model with mechanosensitive cells within the fracture callus 

such as osteoblast, mesenchymal stem cells, and/or osteochondral progenitors. 

Second, the open network between PEGDMA microrods may be providing a suitable 

open system for cell infiltration and subsequent bone formation. Future studies using 

specific fluorescently labeled cell adhesion proteins or an ex vivo explant system will 

need be developed to monitor interactions and/or cell infiltration within PEGDMA 

microrods of the fracture callus to explore which mechanisms are involved.  

 

In conclusion, we have demonstrated the feasibility of using PEGDMA microrods for β-

NGF sustained delivery and its therapeutic efficacy in a preclinical murine fracture 

model. We build on our previous data that showed repeated injections of β-NGF during 

fracture repair promotes endochondral fracture repair. Although that study used multiple 

injections, this study suggests that lower doses (18ng) may in fact be more beneficial 
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than larger doses when β-NGF is delivered in a sustained manner. This dosing regimen 

is clinically relevant given that NGF has known hyperalgesic effects and thus limiting the 

total amount of NGF could potentially reduce the pain experienced by subjects. In 

addition, we describe a potentially new area of research investigating the topographical 

cues and 3D networks formed by PEGDMA microrods in fracture repair. Using 

biomaterial approaches without biologics is an exciting area of research as it utilizes 

widely available materials while also reducing the cost by mitigating the need the for 

biologic development and administration. In all, the use of injectable β-NGF loaded 

PEGDMA microrods validates a novel therapeutic approach for improving bone fracture 

repair.   
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Figure 3.1. Injectable PEGDMA microrod fabrication via photolithography (A) 
Schematic of PEGDMA fabrication below a photomask and atop a silicon wafer, 
crosslinked by UV light. (B) Polymer chemical structure of PEGDMA microrods. (C) 
Brightfield micrograph of PEGDMA microrods, scale bar = 250μm. 
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Figure 3.2. Lyophilized PEGDMA microrods are readily protein loaded. (A) Loading 
efficiency significantly increases with increasing concentration of PEGDMA (% 
PEGDMA v/v). *p<0.05, **p<0.01, ***p<0.001 determined by ANOVA with Tukey’s post 
hoc test for multiple comparisons (n=3) (B) DAPI-loaded 90% PEGDMA microrods, 
scale bar = 25μm. (C) Fluorescent micrographs of FITC-BSA loaded in 90% PEGDMA 
microrods taken after 0 mins (top) and after 60 mins of incubation at room temperature 
(bottom), scale bar = 50μm. 
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Figure 3.3. β-NGF loaded onto PEGDMA microrods retain bioactivity. (A) Relative fold 
change in TF-1 cell proliferation (day 4 vs day 0) for each experimental group. *p<0.05 
determined by ANOVA with Tukey’s post hoc test for multiple comparisons (n=4). (B) 
Cumulative mass (in ng) and (C) daily mass (in ng) of β-NGF released from 90% 
PEGDMA microrods over a 7-day period shown in hours (n=4) 
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Figure 3.4. Localization of PEGDMA microrods within tibial fracture calluses. 
Representative micrographs of (A) low and (B) high magnification of HBQ-stained 
fracture calluses 5 days post-injection. Representative micrographs of (C) low and (D) 
high magnification of fracture calluses 7 days post-injection. Arrows indicate PEGDMA 
microrods within calluses. (A,C) Scale bars = 1mm, (B,D) Scale bars = 100μm. (E) 
Representative micrograph of fracture callus 14 days post-injection, scale bar = 1mm. 
  



 113 

 

Figure 3.5. MicroCT analysis of newly formed bone within fracture calluses. 
Representative 3D images of tibial fracture calluses from mice treated with (A) saline as 
controls (B) single dose of beta NGF (2000ng) (C) non-loaded PEGDMA microrods and 
(D) PEGDMA microrods loaded with β-NGF (18ng). Scale bar = 1mm. Quantification of 
(E) bone volume fraction (F) trabecular connective density and (G) bone mineral 
density. *p<0.05, **p<0.01 determined by ANOVA with Tukey’s post hoc test for multiple 
comparisons. 
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Supplemental Figure 3.1. Loading efficiency of β-NGF onto 90% PEGDMA (v/v) 
microrods, measured by microBCA (n=3). 
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Supplemental Figure 3.2. (A) Three-point fracture device used to create closed non-
stabilized fractures on mouse tibia. (B) Gross fluoroscope image of the entire tibia with 
yellow frame indicating the mid diaphyseal bone fracture. 
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