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Global increases in life expectancy are accompanied by an increasing need for bone 

tissue regeneration. The gold standard for bone repair is the autologous graft 

(autograft), which enjoys excellent clinical outcomes. However, the autograft 

suffers from significant drawbacks including donor site morbidity and limited 

availability. Although collagen sponges delivered with bone morphogenetic 

protein, type 2 (BMP-2) are a common alternative or supplement to grafts, they do 

not efficiently retain BMP-2, necessitating extremely high doses to elicit bone 

formation. As a result, reports of BMP-2 complications are on the rise, including 

the promotion of cancer and ectopic bone formation, the latter of which induces 

complications such as breathing difficulties and neurologic impairments. 

Therefore, efforts to exert spatial control over bone formation are of particular 

interest. Using the tissue engineering paradigm of scaffolds, biological factors, and 

cells, several studies have demonstrated the potential of this approach to elicit 

targeted and controlled bone formation. These approaches include biomaterial 
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scaffolds derived from synthetic sources such as calcium phosphates or polymers, 

natural sources such as bone or seashell, and biofactors such as BMP-2 that are 

immobilized within the scaffolds. Although BMP-2 is the only protein clinically 

approved for use in a surgical device, there are several proteins, small molecules, 

and naturally derived osteogenic growth factors that show promise in tissue 

engineering applications. This dissertation presents research directed at achieving 

control over the location and onset of bone formation (spatiotemporal control) for 

tissue engineered bone towards avoiding the current complications associated 

with BMP-2.   

 

Spatiotemporal control over tissue formation is relatively unreported in literature, 

particularly microspatial control. The first aim of this work seeks elucidate the 

mineralization capacity of osteogenic growth factors covalently tethered to a 

substrate via a poly(ethylene glycol) (PEG) linker. This was accomplished by 

PEGylating growth factors and covalently tethering them to acrylated glass 

substrates. The results of this study indicated that PEGylated WSM can induce 

mineralization in acellular solution. Further, the results reveal the presence of sub-

micron features within the mineralized matrix. Further work in this dissertation 

sought elucidate the relationship between cellular and acellular osteogenesis and 

mineralization induced by osteogenic growth factors. The initial hypothesis was 
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that growth factors capable of directing acellular nucleation would demonstrate 

the ability to microspatially direct cell-mediated osteogenesis and mineralization. 

The results revealed that both PEGylated BMP-2 and nacre WSM show some 

ability to direct osteogenesis when patterned onto PEGDA hydrogel substrates. 

These findings have broad implications on the design and development of 

orthopaedic interventions and drug delivery. 
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 : BACKGROUND AND INTRODUCTION 

Sections of this chapter are reproduced from the following citation: 

K White, R Olabisi. Spatiotemporal Control Strategies for Bone Formation 

through Tissue Engineering and Regenerative Medicine Approaches. Adv. 

Healthcare Mater. 2019:8. 

 

1.1 Bone Tissue Engineering 

The autologous bone graft (autograft), in which tissue is harvested and 

transplanted within the same patient, is the current gold standard in clinical 

practice for the repair of skeletal trauma.[1, 2] This can be attributed to the 

osteogenic properties of osteoprogenitor cells within the grafts and the fact that 

these grafts do not elicit an immune response in the patient. However, the 

autograft’s drawbacks are donor site morbidity, limited supply, and increased risk 

of infection due to the multiple surgical sites required.[2, 3] In contrast, allogeneic 

graft materials are widely available, but they increase the risk of disease 

transmission and graft rejection.[4] Also, allogeneic grafts generally have reduced 

osteogenic activity due to storage and processing that destroys 

osteoprogenitors.[5] In order to address this shortcoming, they are codelivered 

with recombinant human bone morphogenetic protein, type 2 (rhBMP2), an FDA-
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approved growth factor that has been shown to induce bone formation in vitro, in 

vivo, in clinical trials, and in clinical practice.[6] 

 

Bone morphogenetic protein, type 2 (BMP2), while FDA-approved for very 

specific spinal fusion techniques,[7] reportedly increases the proliferation of 

cancer cells and is thus ill-suited for use in patients with a history of cancer.[8, 9] 

It may also present life-threatening complications even in otherwise healthy 

patients, especially when used off-label.[1] Reports of these complications are 

increasing as off-label BMP2-based therapies increase in use. Obstruction of the 

airway and neural pathways due to swelling in the neck and throat have been 

reported, with some cases requiring emergency tracheotomies or even feeding 

tube insertion.[1, 10] Other reported complications involve delayed ectopic bone 

growth requiring a second operation to decompress spinal nerves (Figure 1.1).[7, 

11] Another study reported that 43% of patients who had BMP2-augmented spinal 

fusion experienced in-hospital complications compared to a 3.5% complication 

rate of patients receiving autograft spinal fusions.[12]  
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Figure 1.1: Axial magnetic resonance and computed tomography imaging at the 

L5-S1 vertebrae. A, C. Postoperative (2.5 months) magnetic resonance imaging 

scan showing fluid collection (F) in the surgical area, posterior to the vertebral 

body (VB) and anterior to the spinal cord (SC). B, D. Computed tomography scan 

9 months following original surgery (6 months following fluid drainage) shows 

ectopic bone (EB) formation adjacent to the transforaminal lumbar interbody 

fusion entry site and extending posterior into the spinal canal. The bone mass has 

a well corticated exterior shell. Adapted with permission[11]	2007,	Elsevier. 

Many of these complications are thought to be due to the BMP2 dosing (on the 
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order of milligrams) required to reach therapeutic levels at the site of repair.[13] 

This amount is more than one thousand times higher than what is naturally 

present within the human body.[14] Because of a generally poor affinity to current 

delivery scaffolds, BMP2 must be delivered in these high dosages so that enough 

growth factor remains to retain long-term therapeutic localization. Current 

allogeneic and synthetic graft materials absorb BMP2 into a polymer scaffold, such 

as collagen, and then release the drug at or near the site of injury.[7] However, 

over 90 percent of their content may be released within 24 hours, causing a 

systemic spike in BMP2.[15] 

 

To address these issues, there has been a concerted effort to develop synthetic 

scaffolds with more stable presentations of growth factors. Increasingly 

investigated are scaffold design approaches to control bone formation, particularly 

the precise location and onset of osteogenesis, termed spatiotemporal control. 

Towards that goal, scaffolds bearing factors such as bone morphogenetic proteins, 

dentin matrix proteins, proteins isolated from seashell, insulin-like growth factors, 

small molecules such as N-acetyl cysteine, and a variety of other biofactors have 

been used to effectively control bone formation.[16-19] Furthermore, within the 

literature are effective strategies for healing without spatiotemporal strategies in 

mind that nevertheless have key elements with the potential to optimize the 
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spatiotemporal control of new bone formation.  

 

Although spatiotemporal control strategies are more straightforward with 

strategies that directly apply the therapeutic to the desired site of bone formation, 

systemic strategies to control bone formation have achieved some success. 

Metabolic bone diseases, such as osteoporosis or Paget’s disease, drive such efforts. 

In these diseases, the resorption of bone by osteoclasts outpaces the deposition of 

bone by osteoblasts. These diseases leave many microscopic pits and pores within 

the bone, resulting in a significantly weaker bone structure.[20] Efforts to reverse 

or halt the disease progression are driven by a goal of mitigating fracture risk. 

Once such bone is fractured, there are additional challenges associated with 

treating the resulting types of pathological fractures. Because these injuries are 

likely to never heal properly, re-injury and mortality rates increase 

dramatically.[20-22]  

 

Most clinical therapies to treat osteoporosis are antiresorptive agents, focusing on 

slowing down the rate at which osteoclasts resorb bone, such as estrogen, 

bisphosphonates, raloxifene, and calcitonin.[23] Bisphosphonates, for example, 

trigger the apoptosis of osteoclasts, thus slowing overall osteoclast activity and 

resulting in a kind of temporal control over bone loss. However, by slowing 
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osteoclast activity, bisphosphonates and their adjuvant treatments may result in a 

skeletal “freezing” in which bone tissue is not remodeled at all.[24-26] When 

remodeling is slowed or stopped, the skeletal tissue may accumulate multiple 

fatigue fractures over time, leading to atypical severe fractures in the mid-shaft of 

the femur rather than the typical osteoporotic fractures in the hip.[26-28] Although 

currently accounting for only a small amount of osteoporosis-related fractures 

among those receiving bisphosphonate treatments, this type of mid-shaft femoral 

fracture is increasing.[27] What is most disturbing about these injuries is the 

relatively mild physical activities that lead to them; fractures occur during normal 

tasks with no falls or excessive trauma.[28] These types of fractures require 

invasive surgical interventions, are slow to heal even in healthy individuals, and 

are likely to never properly heal in osteoporotic bone.  

 

In stark contrast to the bevy of antiresorptive agents available, anabolic 

osteoporosis treatments are lacking. While calcium mimetics, such as strontium 

ranelate, may hold anabolic properties, human parathyroid hormone is the only 

anabolic medication currently marketed to treat osteoporosis.[29] Thus, there is a 

need to develop anabolic therapeutic delivery systems capable of promoting bone 

formation, both systemically and focally, on the microscopic-scale, rather than 

simply arresting bone resorption altogether. The ability to precisely control the 
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location of tissue formation can be critical for a variety of tissues, particularly bone. 

Spatial control of bone formation prevents the problems associated with ectopic 

bone growth, thereby minimizing clinical complications. This review aims to 

organize and present the current state of osteogenic therapeutics and various 

delivery strategies to exert spatiotemporal control over osteogenesis for 

applications in bone tissue engineering and regenerative medicine. 

 

1.2 Osteogenic Growth Factors 

1.2.1 Bone Morphogenetic Proteins 

One approach to increasing spatiotemporal control of delivered BMPs is by 

reducing the effective dose, thereby reducing the likelihood of ectopic bone 

formation from BMP that has diffused from the site of application. Several groups 

have explored this strategy by combining BMPs. BMPs commonly operate as 

dimers. BMP2, for instance, forms a natural homodimer. Following this 

understanding, several studies have incorporated other BMPs with BMP2 to form 

heterodimers. Karfeld-Sulzer et al. explored the use of BMP2 and BMP7 

heterodimers in their work. They show that BMP2/BMP7 heterodimers are more 

effective than the BMP2 homodimer. This combination is further supported in 

recent literature. Zhu et al. has shown that BMP2/BMP7 heterodimers are less 

affected by Noggin, a soluble BMP antagonist, than either BMP2 or BMP7 
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homodimers.[30] Sun et al. demonstrated an increased osteogenic potency when 

using a BMP2/BMP7 heterodimer in peri-implant bone defects.[31] Heterodimers 

with BMP6 show similar gains. Valera et al. demonstrated increased 

osteodifferentiation of stem cells exposed to BMP2/BMP6 heterodimers over 

homodimers of either protein.[32] These strategies hold the potential to reduce the 

risk of ectopic bone formation by lowering the effective dosage threshold by 

increasing BMP efficacy.[33, 34] However, the level of BMP heterodimer delivered 

is still relatively high, and there still exists the possibility of ectopic bone formation, 

cancer promotion, or adverse immunological reaction even at a lower dosage.[33, 

34] 

 

1.2.2 Temporal Control 

1.2.2.1 Affinity-based delivery systems 

Growth factors on their own have an incredibly short half-life in vivo, and require 

high dosages that are often incompatible with human physiology.[35, 36] 

Attaching these growth factors to substrates can significantly prolong their 

bioavailability. Thus, it can be argued that the most important work currently 

focuses on therapeutic delivery systems that mate growth factor to substrate 

through various methods. 
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Traditionally, delivery systems have relied on non-specific interactions between 

the target therapeutic and the carrier substrate. For instance, this is true of the 

Infuse™ BMP2-loaded bone graft system developed and marketed by 

Medtronic.[33, 37] To alleviate the problems associated with non-specific 

adsorption, researchers have modified substrates and growth factors with various 

motifs designed to increase the affinity or retention between substrate and growth 

factor. Poynton and Lane reported that the half-life of rhBMP2 can range from a 

matter of minutes when the growth factor is unprotected to over a week when 

incorporated into a collagen sponge.[36] However, these passive systems do not 

sufficiently address the problems associated with high dosage.[38] 

 

One strategy to reduce the required dose is to physically entrap or encapsulate 

growth factors to increase their retention. Because bone tissue is highly 

vascularized, VEGF has been used within co-delivery systems to promote 

vascularization simultaneously with mineralization.[39-43] Patel et al. developed 

a dual encapsulation technique for the delivery of vascular endothelial growth 

factor (VEGF) and BMP2.[41, 43, 44] In these studies, a composite substrate 

consisting of biodegradable gelatin microparticles constrained within a porous 

poly(propylene fumarate) (PPF) scaffold was used to control the release kinetics 

of VEGF and BMP2. The gelatin was used as a binding substrate for the respective 
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growth factors while the PPF scaffold was used to localize delivery and maintain 

structural integrity. When placed into rat critical size cranial defects, the scaffolds 

induced vascularized fibrous tissue and bone at 4 weeks and by 12 weeks the 

fibrous tissue was replaced with bone.[40, 41] At the 12 week time point, scaffolds 

containing only BMP2 or the combination of VEGF and BMP2 showed bony 

ingrowth within the scaffold pores and along the outer surfaces of the scaffold. 

This bone formation was localized to the scaffold interface and was significantly 

greater in the dual release hydrogels. They concluded that the codelivery of VEGF 

and BMP2 resulted in a synergistic effect, which has the potential to reduce the 

risk of ectopic bone formation by reducing the dose of BMP2 necessary. These 

results demonstrate a level of spatial control over bone formation, with the bone 

formed at the bone-scaffold interface.  

 

Other strategies to retain growth factors rely on how proteins will adsorb to certain 

substances. For instance, in scaffolds like collagen or alginate, proteins simply 

adsorb to the surface of the substrate due to non-specific interactions. To increase 

overall affinity to proteins, substrates can be chemically modified to include 

copolymers or other compounds that show high affinity for proteins.[45-48] 

Studies have indicated that integrin-binding motifs such as Arginine-Glycine-

Aspartic acid (RGD) show a high affinity for many proteins, including BMPs.[48, 
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49] Cyclodextrin pendant groups have been covalently incorporated into 

poly(ethylene glycol) (PEG) hydrogel networks to increase the hydrogel affinity 

for hydrophobic small molecules.[50] Heparin, which shows a high affinity for 

multiple growth factors and proteins, has also been incorporated into PEG 

hydrogels and has been used to bind and release bioactive BMP2 in a temporally 

controlled manner.[51-53] 

 

More recently, Kolambkar et al. have developed a dual system comprised of an 

alginate hydrogel encapsulated within a nanofiber mesh tube for implantation 

into a rat critical size femoral defect model.[54] The alginate gels incorporated 

RGD peptides to increase their affinity to rhBMP2 while the nanofibers were 

intended to provide structural support in vivo. The alginate gels exhibited the 

familiar burst release kinetics, with 98.6% of the total release observed in the first 

7 days. However, the study also presented data indicating that approximately 9% 

of the total loaded rhBMP2 remained unreleased and was still contained inside 

the gel after 21 days. Thus, the scaffold affinity for rhBMP2 was too low to 

deliver it in a non-burst fashion, but too high to release all of the loaded protein. 

The in vivo efficacy of this system appeared to have effected fracture repair as 

indicated by the post-healing mechanical testing of the repaired bone, which 

approximated that of age-adjusted mature bone. These systems, however, do not 
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completely circumvent the innate problems associated with encapsulation and 

affinity-based therapies. Though long-term therapeutic retention, and thus 

temporal control, is improved, the lack of spatial control risks the complications 

associated with initial burst release kinetics.[49, 54, 55] 

 

1.2.2.2 Covalent Immobilization 

A more recent solution towards preventing burst kinetics is to covalently 

incorporate, or tether, the bioactive compound to the substrate. Covalently bound 

bioactive compounds are effectively immobilized and therefore localized to the 

site of the gel. N-hydroxysuccinimide (NHS) ester-based linkers, such as 

succinimidyl valerate, are widely used to tether PEG to proteins via carboxamide 

coupling with primary amines. Heterobifunctional PEG molecules incorporating 

an NHS ester at one end and a different reactive group, such as an acrylate group, 

at the other end have been used to covalently link proteins to substrates.[56-59] 

Degradable enzyme-based linkers have been used to tether VEGF into PEG-based 

hydrogels.[60] It is also common practice to covalently incorporate integrin-

binding peptides into substrates to facilitate cell-adhesion.[48, 56, 61]  

 

While covalent modification can prolong the systemic residence time and 

localization of bioactive compounds, there are potential drawbacks to polymer 
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conjugation, especially when the bioactive compound is a fragile protein or 

growth factor. The conjugation may decrease the bioactivity of the compound.[62] 

However, this observation is highly variable between studies and seems to depend 

on the tethering technique and the target protein. BMP2, for example, has been 

shown to retain some bioactivity when conjugated to polymers and substrates.[63, 

64] 

 

Though there are examples of covalently tethered protein-substrate complexes in 

literature, the application to bone tissue engineering has thus far been limited. An 

early in vivo study by Suzuki et al. demonstrated that a BMP2-derived 

oligopeptide can be tethered to alginate hydrogels via surface activation with NHS 

ester.[65] When these hydrogels were implanted into the calf muscles of Wistar 

rats, they stimulated bone growth while no bone formation was observed in 

alginate controls containing adsorbed BMP2. The observed osteogenesis supports 

the conclusion that long-term presentation of osteogenic factors via covalent 

immobilization can positively affect osteogenic mineralization and provide some 

temporal control over the presentation of the BMP2 and the subsequent bone 

formation. 

 

In a 2007 study reported by Liu et al., a bioactive poly(lactide-co-glycolide) (PLG) 
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scaffold was synthesized by incorporating BMP2 via a heterobifunctional PEG 

tether.[64] Through this technique, PEG was conjugated to BMP2 via NHS-ester 

coupling on one end of a PEG chain followed by acrylate coupling to PLG on the 

other end. This resulted in a synthetic polymer scaffold that presented osteogenic 

growth factors to mesenchymal stem cells (MSCs). The tethered BMP2 retained a 

dose-dependent bioactivity, indicating that this motif is suitable for incorporating 

BMP2 into polymer substrates. Their in vivo rabbit models of critical-sized cranial 

defects also demonstrated improved healing efficacy, especially when pre-seeded 

with MSCs prior to implantation.  

 

Shiels et al. incorporated BMP2 onto a hydroxyapatite substrate via a combination 

of two polymer tethers: polyethyleneimine (PEI) and PEG.[63] The tubes were first 

coated with branched PEI followed by subsequent attachment of 

heterobifunctional PEG (maleimide-PEG-succinimide) via maleimide conjugation 

to PEI. Finally, BMP2 was conjugated to the surface via succinimide coupling to 

the free end. This covalent coupling motif greatly reduced the burst-release 

associated with affinity-based substrates, with only a 14.5% release after 24 hours 

compared to 43% in adsorbed controls. The presence of covalently bound BMP2 

also resulted in a 10-fold increase in cell attachment after 2 hours, and a significant 

increase in cell attachment was observed after 8 hours. Cell morphology was also 
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improved on the tethered BMP2 substrates after 8 hours. Taken together, these 

results indicate that BMP2 can be effectively tethered to osteogenic substrates and 

retain suitable bioactivity, at least in vitro, via NHS coupling to free amines within 

the protein sequence. Though this tethering resulted in a level of temporal control 

over the presentation of BMP2, it is not clear whether this translated to an 

increased spatial or temporal control over bone formation. 

 

Using similar techniques, there are several promising bone tissue engineering 

strategies currently being explored. Covalently tethering growth factors to 

polymer substrates may provide a more stable temporal presentation of those 

factors. Indeed, Peeters et al. showed that BMP release rates were reduced by a 

factor of 4 when tethered to a degradable fibrin substrate, indicating a higher 

potential for controlled release.[66] However, this study did not indicate whether 

the BMP heterodimers retained bioactivity in vivo. As such, there is a push to 

develop tethering motifs which do not adversely affect the bioactivity of the bound 

osteogenic growth factors. 

 

Another promising strategy to exert temporal control of bone formation involves 

exerting temporal control over the degradation and thus release of bound 

substrates. This can be achieved using degradable substrates or degradable 
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chemical tethers. These approaches allow researchers to tightly control temporal 

release kinetics simply by increasing or decreasing the concentration of the 

cleavable element. Karfeld-Sulzer et al. modified BMP2 and BMP7 dimers with 

plasmin-degradable linkers, a type of active degradation strategy that requires 

biochemical processes, such as an enzyme, to cleave the chemical bonds 

constraining the growth factor.[67] Other strategies involve a passive degradation 

that simply relies on non-biological cues, such as pH, to degrade the substrate.[68] 

 

1.2.3 Spatial Control 

Poly(ethylene glycol) PEG has been investigated for numerous tissue engineering 

applications, most notably in the form of highly crosslinked hydrogel networks, 

created by modifying the hydroxyl endgroups of PEG and incorporating 

crosslinkable functional groups such as acrylate derivatives.[62, 69] Due to its 

resistance to cell adhesion and protein adsorption as well as its non-

immunogenicity, PEG can be used to encapsulate and protect cells from attack by 

the immune system while its tunable mesh size allows the transport of 

wastes/nutrients and growth factors to and from the encapsulated cells.[62] For 

example, PEG hydrogels have been used to immunoisolate implanted cells that 

produce BMP2 as a localized delivery vector.[70] MC3T3 cells were transduced to 

express BMP2, then injected into mouse hindlimbs with or without prior 
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encapsulation into PEG hydrogel microspheres. This delivery system greatly 

increased heterotopic bone formation over non-encapsulated cells when injected 

intramuscularly into the hindlimbs of mice (Figure 1.2). The transduced cells 

released sustained physiologic levels of BMP2, thus, aside from the injection site, 

no ectopic bone formation was observed. Histological results demonstrated that 

all bone formation was directly adjacent to the PEG microspheres. The system 

showed high spatial control of bone formation, and by using a tetracycline 

regulated gene expression system (Tet-On system), it is very likely that this system 

could also display temporal control of bone formation. 

 

Figure 1.2: Micro computed tomography rendering of heterotopic bone formation 

after injection of adBMP2 transfected cells. (A)  Cells encapsulated in PEGDA 

microspheres. (B) Non-encapsulated Cells. Adapted images reproduced with 

A B 
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permission[70] 2010, Mary Ann Liebert.  

 

Bone tissue engineering has addressed the limitations of BMP2-based therapies to 

circumvent ectopic bone growth and new approaches to achieve spatial control 

over bone formation have been developed. One of the most promising aspects of 

protein-substrate conjugation is the promise of exact spatial control over tissue 

formation. Proteins conjugated to PEG (PEGylated) and other covalently 

immobilized proteins can be patterned into hydrogels via several methods. Some 

groups directly pattern BMP2 into their substrates. In a series of studies, 

Perikamana et al. demonstrated that covalently immobilized BMP2 enhanced in 

vitro differentiation of human mesenchymal stem cells (hMSCs) and in vivo 

remodeling in a rat calvarial defect.[71, 72] The same group also showed that the 

alignment of the fibers in poly(l-lactic acid) (PLLA) scaffolds influences the 

directionality of collagen fiber formation in vivo.[71]  Other groups pattern 

attachment sites into their substrates.[61] Thus cells are only attached within the 

patterns and thus mineralization only occurs within these patterns. While these 

approaches show success in vitro, tissues present infinite attachment sites in vivo, 

and inhibiting cell attachment to specified sites on BMP2 loaded scaffolds are not 

likely to prevent ectopic bone formation in host tissues.  

 



19	
	

	

Still, other groups have achieved patterned mineralization by promoting bone 

formation in selected areas while inhibiting it in other areas (Figure 1.3).[73] The 

right half of human allograft scaffold disks were inkjet printed with three-

dimensional patterns of BMP2 with and without its inhibitors on the left half. 

Scaffolds were seeded with C2C12 cells and stained for alkaline phosphatase 

activity. At lower doses, the scaffolds achieved spatial control of osteoblastic 

differentiation. As BMP2 concentration increased, the spatial control decreased. It 

was thought that the loss of spatial control was due to desorption of BMP2 at high 

doses and re-adsorption elsewhere on the discs. Noggin inhibited off-pattern 

osteoblastic differentiation. 

 

Figure 1.3: Spatial patterning of osteoblast differentiation was achieved using 
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Inkjet-printed BMP2 and its inhibitors in a dose-dependent manner in C2C12 cells. 

Reproduced with permission[73] 2010, Mary Ann Liebert.  

 

Inhibiting osteogenesis in specified areas on BMP2-loaded scaffolds may prevent 

osteogenesis in those areas, but may not prevent ectopic bone formation, 

particularly if bioactive BMP2 is desorbing from the scaffold. To establish whether 

these methods were also  capable of achieving spatial control over osteogenesis in 

vivo, the ink-jet printed disks were used to treat critical-size calvarial defects in 

mice (Figure 1.4).[74] Patterning BMP2 with a cofactor, stromal cell-derived factor-

1β, induced bone growth with an effective BMP2 dosage reduced by several orders 

of magnitude below current clinical standards.[73]  
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Figure 1.4: Radiographs of mouse critical-size calvarial defect treated with inkjet-

patterned BMP2 and cofactors. Circles represent implanted discs; semicircles show 

the blank side (black) and the side bioprinted with growth factors. Reproduced 

with permission[74] 2014, Elsevier. 

 

Such successes drive investigations into a variety of spatial presentations of 

growth factors in scaffolds. Mechanical and chemical gradients have also been 
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employed to control osteogenic differentiation and mineralization. A microfluidic 

device was used to create a BMP2 gradient in a polymer film. The resulting 

gradient showed a dose-dependent response when exposed to mesenchymal stem 

cells.[75] Liu et al. recently demonstrated spatial control of osteogenic 

differentiation on woven poly(lactic-co-glycolic acid) (PLGA) nanofibers by 

applying a mineral gradient across the scaffold.[76] Gradients in pore size in 

poly(caprolactone) and poly(ethylene oxide therphtalate) and poly(butylene 

therephtalate) also demonstrate spatial control over the early stages of 

osteogenesis and mineralization.[77] 

 

1.3 Non-BMP Proteins 

In addition to BMPs, several other proteins have exhibited osteogenic potential 

and have been incorporated into tissue engineering applications. Dentin matrix 

protein 1 (DMP1) has been shown to enhance the differentiation of rat bone 

marrow stromal cells.[78] Past studies have also shown that DMP1 facilitates the 

acellular deposition of apatite and hydroxyapatite when adsorbed to glass 

substrates, indicating promise for spatial control applications.[79, 80] It is thought 

that DMP1 nucleates mineral formation in specific sites on collagen (the N-

terminal end), and that this spatial control can be harnessed for tissue engineering 

purposes.[17, 81] Lin et. al recently incorporated DMP1 into a hydrogel 
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network.[82] The incorporation of DMP1 led to increased differentiation of 

primary rat bone marrow stromal cells as well as increased mineralization, further 

establishing its potential for spatial control.  

 

Recent developments suggest that insulin-like growth factors (IGFs) may also be 

beneficial in osteogenic tissue engineering systems.[19, 83-85] Wang et al. have 

shown that IGF1 promotes osteogenic differentiation in stem cells from apical 

papilla.[83] Reible et al. found that IGF1 induces osteogenic differentiation of 

hMSCs in a manner comparable to BMP7.[84] Kang et al. have shown that IGF2 

may enhance the osteogenic differentiation potential of parthenogenetic murine 

embryonic stem cells, which are inherently deficient in IGF.[19] In addition to 

using IGFs as osteoinducers, inhibiting their expression has been shown to reduce 

osteogenic differentiation. Ochial et al. have even shown that the introduction of 

TGF-β1 suppresses osteoblast differentiation in MC3T3-E1 cells by inhibiting IGF1 

production.[85] A scaffold incorporating TGF-β1 in areas where bone formation is 

not desired and IGFs in areas where it is desired may be able to harness these 

osteogenic induction and suppression properties to achieve spatial control of bone 

formation. 
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1.3.1 Temporal Control 

Kempen et. al showed the potential of temporal control over BMP2 and VEGF 

delivery to increase bone formation in a rat model. PLGA microspheres loaded 

with BMP2 were embedded in a gelatin hydrogel loaded with VEGF to facilitate 

the sequential release of the growth factors. These scaffolds were evaluated for 

their ability to induce both ectopic and orthotopic bone formation. The scaffolds 

were implanted for 56 days into femoral defects and subcutaneous implants into 

contralateral lower limbs and the dorsa. Temporal control over the release of the 

growth factors was successful, with VEGF released in a burst over the first 3 days 

and BMP2 released in a sustained manner over the 56-day duration. While this 

method significantly increased heterotopic bone formation, no significant increase 

in orthotopic bone formation was observed in the segmented femur defect.[42] 

These results both show the potential of temporal delivery of growth factors, and 

that further work is needed. 

 

1.3.2 Spatial Control 

Tethered proteins have been investigated for bone tissue engineering to directly 

promote bone formation or auxiliary function, such as the delivery of anti-

inflammatory agents to aid in osteoblast function during wound healing. A 2012 

study by Rodrigues et al. reported that surface tethered endothelial growth factor 
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served to protect MSC-differentiated preosteoblasts from cytotoxic inflammatory 

cytokines that would be present during wound healing.[86] Sofia et al. tethered 

RGD, parathyroid hormone, and a modified parathyroid hormone peptide onto a 

silk-based scaffold.[56] They observed elevated levels of cell adhesion, osteogenic 

markers, and mineralization in human osteoblast-like cells. This study also 

indicated that RGD had the greatest impact on osteogenesis in this model. 

However, RGD is the primary facilitator of cell adhesion in in vitro models, so it 

is possible that increased cell attachment could be the primary driver of these 

particular results. Bentz et al. tethered transforming growth factor-β (TGF- β) into 

a collagen network via a heterobifunctional PEG tether.[87] The covalently 

tethered TGF-β was stable in PBS and fully retained bioactivity throughout the 

four-week study. Conversely, unmodified TGF-β lost activity after one week of 

incubation. Thus, their results were promising for potentially using their method 

to also tether BMP2 since BMP2 is a member of the TGF-β family and has also been 

shown to retain bioactivity when conjugated to polymers and substrates.[63, 64] 

 

Though few studies have demonstrated microscale patterned bone formation, 

promising work has been conducted with other tissues, including those important 

in bone formation. A study conducted by Leslie-Barbick et al. induced microscale 

cellular angiogenic activity on PEG hydrogels via VEGF surface patterning.[60] 
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Human umbilical vascular endothelial cells showed significantly increased tubule 

formation when cultured on these VEGF-patterned PEG hydrogels (Figure 1.5). 

Combining this approach with BMP2 may result in microscale spatial control of 

bone formation, particularly considering the combined role BMP2 and VEGF plays 

in bone tissue formation.[39-43]  

 

Figure 1.5: Patterned angiogenesis on PEGDA substrates containing covalently 

conjugated VEGF. (A, B) Tubule formation and cross-section on VEGF-patterned 

PEGDA hydrogels. (C, D) Cells cultured on non-VEGF-patterned hydrogels 

display no tubule formation. (E, F) Fluorescent VEGF pattern visualization. 

Adapted images reproduced with permission[60] 2011, Mary Ann Liebert. 
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1.4 Small Molecules 

Small molecules and compounds have also garnered interest in drug delivery, 

regenerative medicine, and tissue engineering.[88] They are attractive targets for 

bone tissue engineering because their low molecular weight is often too small to 

induce the immune responses observed with larger proteins, and unlike proteins, 

they do not require structural integrity to retain bioactivity.[88-92] This makes 

them ideal candidates to covalently incorporate into scaffolds. 

 

Locally delivered bisphosphonate has been used to prevent the loosening of 

orthopaedic implants in an osteoporotic sheep model.[93] When ovariectomized 

sheep had bisphosphonate coated implants inserted into their femoral condyles, 

bone at the implant site was 50% higher than controls, demonstrating high spatial 

control. Sphingosine 1-phosphate and a synthetic analog, FTY720, have been 

shown to promote the incorporation of bone allografts in rat critically sized tibial 

defect models.[94] When bone allografts were coated with FTY720, significantly 

more bone formed at the allograft-host bone interface, demonstrating high spatial 

control. N-acetyl cysteine (NAC) has been shown to upregulate bone-related gene 

expression and mineralization in primary rat bone marrow stromal cells.[95] 

Additionally, NAC-infused collagen sponge implants enhanced trabecular bone 

formation in a critical-size femoral cortical bone defect model in rats.  All bone 
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formation occurred at the site of the sponges, thus demonstrating high spatial 

control.  

 

Statins, commonly used to treat high-cholesterol, when delivered systemically or 

locally promote bone formation by stimulating BMP2 gene expression, inhibiting 

osteoblast apoptosis, and inhibiting osteoclast differentiation.[96] Though there 

are conflicting reports of success using statins, many of the variables can be traced 

to the differing routes of administration, doses, and statin type.[96] Simvastatin, 

Lovastatin, Rosuvastatin, and Fluvastatin have been all delivered to defect models 

in rabbits, rats, and mice, using scaffolds comprised of collagen sponges, 

hydroxyapatite fibers, poly(D,L-lactide) (PDLLA), hyaluronic acid hydrogels, 

calcium sulfate, polyurethane, methylcellulose/polylactide, propylene glycol 

alginate, and gelatin.[97-110]  In each of these studies, the statin enhanced bone 

formation or otherwise induced osteogenesis at the defect site, with the exception 

of PDLLA, which had conflicting results. In one study using PDLLA as a scaffold 

carrier of simvastatin, the higher dose had catabolic effects on bone compared to 

the lower dose, while another study by the same group using PDLLA as a coating 

carrier of simvastatin, the local delivery of simvastatin improved fracture healing 

in a dose-dependent manner.[105, 106] In each of these results the bone formed 

was localized to the scaffold, with no reports of ectopic bone formation. Thus, 
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small molecules have demonstrated a strong potential for spatial control in bone 

tissue engineering. 

 

1.5 Bone Tissue Engineering Substrates 

While incorporating proteins, growth factors, and small molecules into scaffold 

substrates is a main approach in achieving spatiotemporal control over bone 

formation, another approach is using substrates and scaffolds that are themselves 

osteogenic. 

 

1.5.1 Substrates Derived from Bone 

In addition to being osteogenic, the substrate must be suitable for tissue 

engineering purposes. Ideal substrates should be biocompatible and non-toxic, 

mimic the mechanical and biochemical properties of natural bone, prevent soft or 

foreign tissue invasion, and be resorbed or replaced once they are no longer 

needed to facilitate osteogenesis. To this end, natural substrates often exhibit a 

more complete mimetic profile, and therefore they tend to begin closer to this ideal. 

Aside from the use of raw bone, either as an autograft, allograft, or xenograft, the 

most obvious solution is to produce or derive the substrate directly from bone. 

Most research into bone-derived scaffolds investigates decellularized bone, 

collagen, or demineralized bone matrix (DBM) and much of the work on the latter 
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two dates back decades.  

 

Decellularizing tissues is a relatively new method that results in natural scaffolds 

for tissue engineering purposes. Decellularized tissues are gaining popularity in 

the field because they possess microarchitectural cues, intact bioactive molecules 

such as growth factors, chemokines, and cytokines, and are capable of directing 

MSCs to differentiate towards the tissue of origin.[111] Immune responses are 

avoided by removing the cells, and thus DNA, from the tissue. Successful 

decellularization has been reported for a variety of organs and soft tissues, but 

there are fewer reports of decellularized hard tissues, such as bone. Lee et al. 

investigated the osteogenic capacity of decellularized bone matrix both in vitro and 

in vivo.[112] When rat MSCs were incubated with decellularized bone particles, 

the osteogenic gene expression of the MSCs were significantly higher in bone 

sialoprotein and alkaline phosphatase activity than control MSCs without the 

particles. In addition, the MSCs with the decellularized bone particles exhibited 

significantly greater mineralization than controls. When implanted into calvarial 

defects, decellularized bone grafts alone stimulated bony ingrowth into the graft. 

When combined with MSCs, the response was even greater. New bone formation 

was significantly higher than controls, but without MSCs, bone only formed at the 

interface of the decellularized bone graft and the host bone. Thus, decellularized 
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bone is a strong candidate for achieving spatial control of bone formation.  

 

When human decellularized bone grafts from healthy young and osteoporotic 

aged donors were exposed to MSCs from old and young donors, the aged bone 

grafts increased the osteogenic activity of MSCs significantly more than the young 

decellularized bone.[113] In both old and young MSCs, alkaline phosphatase 

activity, the osteogenic markers RUNX2, and osteopontin, were significantly 

increased over day 0 controls. The osteogenic marker osteocalcin was only 

increased in young MSCs. The researchers demonstrated that the concentration of 

IGF binding protein 1 (IGFBP1) was significantly higher in young decellularized 

bone matrix, and postulated that the combination of reduced IGFBP1 availability 

and increased porosity resulted in the significantly greater osteogenic 

differentiation induced by the older bone, and further suggested that this 

explained the excellent clinical results observed with aged allograft. These results 

show the potential of decellularized bone, particularly derived from aged bone, 

combined with the patient’s own MSCs to form bone with high spatial precision. 

 

While decellularized bone matrices contain the mineral content of the bone, 

demineralized bone matrices lack it. Demineralized bone matrix is human-derived 

allograft bone that has had the inorganic, or mineral, components removed, 
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leaving a mostly collagenous matrix that can be modified or implanted as-is.[114] 

It is commercially available and clinically approved. Demineralized bone matrix-

based devices, in fact, account for approximately twenty percent of the $1 billion 

per year bone grafting market.[115] Its properties as a substrate, however, vary 

greatly depending on the source of the bone, the demineralization method, and 

any post demineralization processing.[116, 117] Pietrzak compared twenty 

available demineralized bone matrix formulations and found that the protein 

content of several bone morphogenetic proteins correlated to donor gender, but 

varied independent of donor age and other factors.[117] Despite these drawbacks, 

however, there are notable advantages compared to other therapies. 

Demineralized bone matrix has a much higher concentration of osteogenic factors 

than raw bone or hydroxyapatite-derived materials and contains collagen, which 

may significantly contribute to mineralization.[81] Demineralized bone matrix can 

also be extensively modified and or incorporated with other therapies, such as for 

use with BMP2. Francis et al. reported that incorporating rhBMP2 into 

demineralized bone matrix served as a viable alternative to autograft in alveolar 

cleft reconstruction with a 94.4 percent clinical success rate.[118] Of note, the 

demineralized bone matrix treatment group consisted of ten subjects who had 

previously undergone failed autograft treatments. Within this group 9 out of 10 

were deemed clinically successful. While demineralized bone matrix alone does 
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not result in ectopic bone formation and in that sense offers relatively high spatial 

control, when BMP2 is incorporated into it, the same risks of ectopic bone 

formation are associated with it. 

 

1.5.2 Substrates Derived from Non-bone Biominerals 

Certain species of coral are structurally and mechanically similar to trabecular 

bone. Coral has been researched for over 45 years in vitro and in vivo, in humans 

and in animals.[2] It is currently used as a bone graft in a variety of surgical 

specialties: orthopedic, cranial, maxillofacial, periodontal and plastic.[119-123] 

Coralline hydroxyapatite is derived from sea coral, and can occur naturally, can 

be converted from calcium carbonate to hydroxyapatite by exchanging the 

carbonate of coral with phosphate to form coralline hydroxyapatite, or it can be 

coated with hydroxyapatite. With the exception of naturally occurring coralline 

hydroxyapatite, most coral is over 97% calcium carbonate. When implanted in 

vivo, coral has neither induced an inflammatory nor an immune response.[119, 

124-128] By itself, coral is osteoconductive, but not osteoinductive.[119] However, 

it can be treated so that it is osteoinductive. When coral blocks were coated with 

nano-hydroxyapatite and VEGF, they induced osteogenesis in a canine 

mandibular defect model.[129] The bone formation was localized to the coating of 

the nano-hydroxyapatite, thus exhibiting spatial control. 
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Conversely, mother of pearl is both osteoconductive and osteoinductive. Also 

known as nacre, it is another marine biomineral that has been heavily investigated. 

In the same way that bone and some of its extracted proteins (e.g., BMPs) are 

powerful osteogenic agents, nacre and its extracted proteins are proving to be as 

well. A primary difference is that nacre does not lose its osteogenic capabilities 

when subjected to processing. Archeological discoveries suggest that the Mayans 

performed the world’s earliest known endosseous implant in the seventh century 

using nacre, as evidenced by a human skull containing nacre teeth implants that 

had fused with the underlying bone of the jaw.[130] More recent research over the 

last two decades has demonstrated that nacre is highly osteogenic, osteoclast-

degradable, and does not elicit an immune response. Since its promise as an 

“implantation material of unparalleled virtues,” it has been studied extensively to 

harness its osteogenic properties.[130]  

 

Following the rediscovery of nacre, both whole nacre and its extracted proteins 

have been investigated through in vitro and in vivo studies. When bone chips and 

nacre chips were separated by a millimeter and placed on mammalian osteoblasts, 

highly ordered bone formed between the two chips, and not elsewhere.[131] Using 

nacre as a subchondral implant in sheep knees, analysis of the interface between 
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nacre and bone showed in-growth of bone into the nacre material with erosion 

present on the nacre surface, indicating that nacre can be resorbed by osteoclasts 

to some extent.[132-134] Further studies that exposed nacre to osteoclasts showed 

osteoclast pits on nacre were fewer than those on bone.[135] The authors 

established that nacre inhibited osteoclast activity. Although these studies 

demonstrate that nacre itself may serve as an implant scaffold, unprocessed nacre 

is limited by the geometry of its source (e.g. seashell) because it is too thin to fill in 

larger defects. To circumvent this limitation, nacre has been ground into a powder 

and implanted as a moldable paste in both humans and animals. These nacre 

powder implants have shown both osteogenic and chondrogenic activity.[136, 

137] Nacre powders injected into the vertebral cavities of sheep showed slow 

degradation and demonstrated a lining of osteoid containing active osteoblasts in 

contact with the nacre.[137] These findings suggest that nacre was inducing the 

formation of bone along the interface. Additionally, nacre powders implanted into 

human maxillary defects showed no immunogenic response and no resulting 

toxicity after osteoclast resorption.[136] These powders, however, drifted in vivo, 

resulting in malformed bone.[136] 

 

Incorporating powdered nacre or bioactive nacre extracts into a polymer network 

has the potential to eliminate powder drift and malformed bone. When powdered 



36	
	

	

nacre was encapsulated with hMSCs in an alginate hydrogel, a significant increase 

in collagen matrix and hydroxyapatite deposition was observed over hMSCs 

encapsulated in alginate with no nacre.[138] Powdered nacre encapsulated with 

MC3T3-E1 cells in a PLGA hydrogel showed increased osteogenesis-relevant 

markers of collagen I, osteopontin, and osteocalcin over control.[139] When MSCs 

were seeded on PLGA scaffolds incorporating pearl nacre or tricalcium phosphate, 

the scaffolds containing nacre exhibited greater biocompatibility and 

osteoconductivity, as determined by alkaline phosphatase activity and real time 

reverse transcription polymerase chain reaction (RT-PCR).[140] 

 

 

Figure 1.6: The lamellar brick and mortar structural organization of nacre. 

Adapted images reproduced with permission[141] 2001, Materials Research 

Society. 

 

Although the powders are easier to incorporate into hydrogels, extracted nacre 
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proteins are also known to direct the molecular orientation of the different 

polymorphs of calcium carbonate crystals that comprise mollusk shells, 

controlling the formation of aragonite (nacre) and calcite (the outer layer) (Figure 

1.6).[141-143] This protein-nucleated aragonite has a fracture resistance 

approximately 3,000 times that of its geological counterpart due to its protein-

controlled interdigitating structure.[144] Since nacre and its proteins are capable 

of controlling both de novo mineralization and osteoblast-mediated bone 

formation, it is thought that nacre’s high control over calcium mineralization 

(Figure 1.7) may provide insight into spatially controlling the formation of bone 

tissue using orthopaedic biomaterials, tissue engineering, and regenerative 

medicine. 

 

Figure 1.7: Proteins spatially direct the lamellar brick-and-mortar structure of 

nacre. Arrows indicate the organic layer between mineral crystals. Reproduced 
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with permission[144] 2005, Elsevier. 

 

The water-soluble portion of nacre protein extracts have shown the capability to 

induce osteogenesis in mouse pre-osteoblasts, rat bone marrow tissue, and human 

mesenchymal stem cells in vitro.[145] Although BMP2 is present in nacre and 

highly conserved between mollusks and humans, several non-BMP2 proteins 

within nacre have demonstrated the ability to nucleate aragonite from solution 

and to induce osteogenesis in mammalian cells.[145-147] Though several proteins 

and peptides capable of nucleating aragonite have been isolated from nacre, only 

three have been shown to induce osteogenesis in vitro.[147-149] Many of the 

pathways for non-BMP2 nacre osteogenesis are unknown. Thus, the exact 

mechanisms by which nacre proteins initiate and seemingly augment osteogenesis 

is poorly understood. Despite this poor understanding, the collective conclusion 

from these studies is that nacre appears to have all the osteogenic benefits of BMP2 

with none of the immunogenic or uncontrolled growth side effects. Hence, there 

is strong motivation to develop a delivery system capable of presenting nacre or 

its proteins in the desired geometry while preventing its migration. 

 

In a preliminary investigation, Olabisi et al. explored the potential of PEGylated 

nacre proteins to exert microscopic spatial control of bone mineralization.[18] 
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After incorporating pegylated fibronectin into bulk hydrogel sheets to provide 

attachment ligands, PEGylated proteins isolated from the water soluble matrix of 

oyster nacre were photopatterned onto PEG hydrogel surfaces. Prior to 

photopatterning, nacre proteins were combined with an acrylated fluorescent 

marker to enable visualization. Prepared hydrogel surfaces were seeded with 

MC3T3-E1 osteoblasts and hydrogels were stained on day 12 using the von Kossa 

silver staining method for calcium. Mineralization was concentrated within 

patterned regions (Figure 1.8). 

 

Figure 1.8: Micropatterning osteoblast-mediated mineralization using nacre 

proteins photopatterned on PEGDA. (A)  Hydrogel sheets are photopolymerized 

E 

A 
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then pegylated nacre proteins are added to surfaces and covalently bound in place 

using photolithography. (B) Photomask used. (C) Color image of hydrogel surface. 

(D) Fluorescent image of hydrogel surface. (E) Hydrogel surface following von 

Kossa staining 12 days after seeding with MC3T3-E1 osteoblasts. Scale bars are 200 

µm. Adapted images reproduced with permission[18] 2011, Biomedical 

Engineering Society. 

 

1.5.3 Synthetic Substrates 

Although some studies have presented compelling evidence that bone mineral is 

composed of mostly carbonated apatite, hydroxyapatite has generally been 

recognized as the primary mineral component of teeth and bones.[150, 151] As 

such, hydroxyapatite has been the primary mineral substrate in orthopaedic 

studies. It is biocompatible, immunologically inert, and is resorbable in vivo.[152-

154] Recently, Woodard et al. demonstrated that implanted microporous 

hydroxyapatite scaffolds may approximate the mechanical properties of 

trabecular bone.[155] These substrates show high spatial control as the substrate 

itself induces osteogenesis. Studies using hydroxyapatite do not report ectopic 

bone formation as do those using BMP2. 

 

Chemically synthesized or geologic hydroxyapatite with smooth surfaces suffer 
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from a relatively poor binding affinity to bone, and such hydroxyapatite ceramics 

by themselves do not induce osteogenesis without the presence of progenitor 

cells.[156, 157] When nanoscale features are introduced to hydroxyapatite surfaces, 

the binding affinity and osteogenic properties are improved. Apatite from human 

bone was discovered to be comprised of nanoscale calcium phosphate crystals and 

that nanoscale hydroxyapatite resembles the inorganic component of human 

bone.[158-160] Nanostructured hydroxyapatite surfaces promote the adhesion, 

proliferation, and osteogenic differentiation of MSCs and osteoprogenitors, and 

increase mineral deposition[161-166] while improving the biocompatibility, 

biological activity, and bony integration of any material coated by it.[159, 161, 166]  

Hydroxyapatite is often used as a coating of another material rather than as the 

implant material itself because its brittleness and poor mechanical stability limit 

its use.[167] Thus, other ceramics and polymers are coated with hydroxyapatite. 

Calcium carbonate and calcium phosphate ceramics demonstrate high 

biocompatibility and osteoconduction, though they are not inherently 

osteoinductive and often require supplementation with BMPs. When combined or 

coated with hydroxyapatite, the suitability of these ceramics for bone tissue 

engineering is improved.  Biphasic calcium phosphate is comprised of 

hydroxyapatite and beta-tricalcium phosphate (β-TCP). The degradation and 

bioactivity of biphasic calcium phosphate can be adjusted by adjusting the ratio of 
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hydroxyapatite and β-TCP.[168, 169] Nevertheless, traditional biphasic calcium 

phosphate is not osteoinductive. Hu et al. coated biphasic calcium phosphate with 

nano-hydroxyapatite then seeded MSCs onto them. Several osteogenic markers of 

differentiation, alkaline phosphatase activity, collagen I production, and 

osteocalcin expression were significantly greater on coated biphasic calcium 

phosphate scaffolds than on the uncoated scaffolds.  

 

Spence et al. investigated the incorporation of calcium carbonate into an 

hydroxyapatite scaffold, resulting in improved osteoclast resorption and bonding 

to bone.[170] Calcium carbonate is more soluble in aqueous solution, particularly 

under acidic condition created by osteoclast secretions, than hydroxyapatite and 

may therefore be more readily resorbed by osteoclasts.[171, 172] Both synthesized 

and biologically derived calcium carbonate are osteoclast-degradable.[135] 

Osteoclast involvement in bone formation is important; during remodeling, 

osteoclast and osteoblast activity is coupled, thus osteoclasts play an important 

role in the recruitment and activity of osteoblast progenitor cells during 

osteogenesis.[170, 173] Thus an implant that stimulates osteoclast resorption may 

ultimately recruit osteoblast activity. 

 

Though polymers have been successful for use in soft tissue engineering 
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applications, they have poor mechanical properties compared to bone. Since bone 

itself is a composite of a brittle substance (apatite) and a compliant one (collagen), 

a logical approach has been to form polymer/ceramic composite materials. Such 

composites have been formed using hydroxyapatite and polymers such as PLLA, 

chitosan, poly(lactic acid), and poly(3-hydroxybutyrate). Wang et al. coated PLLA 

with nano-hydroxyapatite and found increased alkaline phosphatase activity and 

collagen I production in rabbit MSCs.[167] When the composite 

hydroxyapatite/PLLA scaffold was inserted into rabbit mandibular critical sized 

defects, scaffolds were completely integrated into the host bone. The authors 

reported that the interface of the scaffolds and the host bone was indistinguishable, 

and the location of bone formation was highly specific to the implant. Further, the 

authors reported that the process was accelerated from 16 weeks to 12 weeks with 

the incorporation of MSCs. Thus, their system demonstrated spatial control over 

bone formation, and through a dose response with MSCs has the potential to also 

exhibit temporal control. 

 

1.6 Summary 

While several approaches to promote bone formation exhibited successful 

temporal control by design, the majority of systems demonstrating high spatial 

control over bone formation do so by happenstance rather than intent. In these 
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systems, bone formation occurred at the interface of an implant and the host bone. 

While materials that can cause osseous integration directly into the surface of 

biomaterial are promising, the ultimate goal is to achieve bony growth throughout 

the biomaterial, culminating in its replacement. Currently, bone formation did not 

proceed beyond the biomaterial/bone interface in the majority of systems, with the 

exception of nacre and decellularized bone matrix.  Both nacre and decellularized 

bone matrix are intact biominerals that are devoid of cells. Accordingly, both nacre 

and decellularized bone matrix demonstrated the spatial control and presentation 

necessary to achieve microscale control of bone formation. Further, nacre proteins 

patterned into a synthetic hydrogel were able to exert spatiotemporal control over 

the resulting mineralization. Though covalently bound BMP2 was unable to exert 

patterned spatiotemporal control, adhered BMP2 could at low doses. Such results 

are promising towards the application of tissue engineering and regenerative 

medicine approaches to bone formation that avoid producing ectopic bone. The 

application of spatiotemporal control strategies in bone tissue mineralization 

should be further explored. 
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 : PEGYLATED OSTEOGENIC GROWTH FACTORS INITIATE 

MINERALIZATION IN ACELLULAR ENVIRONMENTS  

 

2.1 Introduction 

The formation of bone is a complex sequence of events involving both cell- and 

protein-mediated processes. In general, it involves the cell-guided development of 

a protein-based organic matrix followed by cellular deposition of osteoid, which 

crystallizes on the matrix in a manner controlled by the comprising proteins. Many 

proteins and growth factors play a role in bone formation. Some of these proteins 

stimulate cellular activity while others provide a template for the nucleation of 

bone mineral crystals. BMP-2, for instance, is known to induce differentiation in 

precursor cells toward the osteoblast lineage but has not been shown to nucleate 

calcium from solution.[1] BSP, on the other hand, has been shown to readily 

nucleate and self-assemble apatite (calcium phosphate) crystals in solution.[2] The 

water-soluble matrix (WSM) of nacre has been shown to nucleate and self-

assemble aragonite (calcium carbonate) crystals in solution as well as to play a 

significant role in osteogenic response.[3, 4] The nacre-derived peptide, n16N, has 

also been shown to nucleate calcium from solution, but does not appear to induce 

osteogenesis.[5] Thus, although headway has been made in determining which 

proteins are “osteonucleators” and which are osteoinductors, little data exists to 
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elucidate any relationship between acellular mineralization and osteogenic 

activity, and few studies have directly compared the two processes. This 

relationship between cell- and protein-mediated processes may hold significance 

in the understanding of microspatial control of bone tissue formation. 

 

Approaches to harness microspatial control involve incorporating osteogenic 

and/or osteonucleating proteins into biomaterials. Poly(ethylene glycol) (PEG) is 

a hydrophilic, bioinert polymer (Figure 2.1) that is easily modified to fit numerous 

biomedical engineering applications in both tissue engineering and drug delivery. 

In particular, PEG can be covalently attached to proteins, peptides, and other small 

molecules, and these in turn can be incorporated into a larger PEG hydrogel, thus 

“functionalizing” an otherwise inert hydrogel.[6, 7] Such functionalized PEG 

hydrogel networks have been shown to exhibit high affinities for therapeutics, 

which enables control of the presentation and release of the therapeutics, both in 

vitro and in vivo.[6, 8] PEG has also been used to covalently modify and completely 

immobilize growth factors and therapeutics on and within various substrates 

ranging from PEG and other hydrogel networks to glass surfaces.[7, 9] Although 

moieties covalently bound to PEG have been used to guide angiogenesis and cell-

mediated biomaterial degradation, spatial control over mineralization using 

PEGylated molecules has been accomplished by restricting osteoprogenitor cell 
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access to attachment sites like RGDS rather than by PEGylating osteogenic 

proteins in specified patterns.[10-13] In short, attachment sites were patterned, not 

mineralization sites. This work aims to demonstrate that PEGylated growth factors 

are capable of organizing mineral formation when immobilized onto substrates. 

 

Figure 2.1: Poly(ethylene glycol) (PEG) chemical structure 

 

2.2 Materials and Methods 

2.2.1 Extraction of Nacre Water-soluble Matrix  

The shells of the giant oyster Pinctada maxima were obtained from the Phillipines. 

The inner nacreous layer of the shells was stripped from the outer calcite layer 

using a tungsten carbide drill bit. The resulting powder (50 g) was sterilized via 

dry heat (170oC, 1 h) to eliminate contamination. The sterile powder was then 

immediately placed into a sterile container with 100 mL cold ultrapure water (~18 

MΩ-cm) and stirred under refrigeration for four days. Afterward, the slurry was 

transferred into 50 mL conical centrifuge tubes and centrifuged at 3700 g for 20 

minutes. The supernatant was then transferred into clean conical tubes and 
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lyophilized until dry and stored at -20ºC. The resulting material was then weighed 

and used as-is, designated as nacre WSM (water soluble matrix). 

 
2.2.2 Synthesis of PEGylated proteins and peptides  

Nacre proteins were extracted as described above. BMP-2 (Life Technologies Cat# 

PHC7141), BSP, DMP-1 (Life Technologies, 11929H08H50), and the synthetic cell 

adherent peptide RGDS (MedChemExpress, HY12290) were purchased and used 

as received. The synthesis of the aragonite-nucleating nacre-derived peptide, 

n16N[5] (Biomatik, custom order), was outsourced and used as received. Proteins 

were PEGylated by combining them with Acrylate-PEG-succinimidyl valerate 

(SVA) in HEPES buffered saline (HBS, pH 8.5) at a 20:1 PEG-SVA:protein molar 

ratio for BMP-2, a 16:1 molar ratio for BSP, a 21:1 molar ratio for DMP-1, a 5:1 molar 

ratio for n16N, and a 100:1 PEG-SVA:nacre WSM weight ratio. The molar 

stoichiometric amounts are relative to the number of primary amine residues in 

the protein sequence. The ratios for WSM and n16N were selected to ensure excess 

PEG-SVA would be present for the reaction. 
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Figure 2.2: Schematic of reaction between Acrylate-PEG-SVA and RGDS. 
 

2.2.3 Confirmation of Protein Conjugation 

Protein-PEG conjugation was confirmed using the ninhydrin assay for free 

amines. Ninhydrin reacts with free amines to form a purple dye called 

Ruhemann’s purple. This purple reaction product is used in a colorimetric assay 

to measure the total available free amines in a given peptide or protein sample. 

After reacting the proteins and peptides with acrylate-PEG-SVA, samples were 

lyophilized to dryness and reconstituted in 100 µL phosphate buffered saline (PBS, 

pH 7.4). The solutions were then separately added to 100 µL sodium citrate buffer 

(pH 5.0) and 200 µL ninhydrin solution (2%) in low protein binding 

microcentrifuge tubes. The tubes were heated to >95OC for 15 minutes to facilitate 
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the reaction. The absorbance was then read at 570 nm. Standard curves for all 

proteins and peptides were prepared using known concentrations of each. The 

conjugation efficiency was reported as the quotient of occupied amines post 

conjugation to available amines pre-conjugation. 

 

2.2.4 Synthesis of Surface-immobilized Protein Substrate 

Nucleation capacity was tested on glass slides coated with proteins. The 

nucleation protocol was adapted from He et al.[14, 15] The glass slides were 

cleaned in an acidic mixture of concentrated hydrochloric acid (HCl, 22.5%) and 

nitric acid (HNO3, 7.5%) to remove any residual biological contaminates and to 

condition the slides for subsequent adsorption steps. The slides were placed into 

the acid mixture and subjected to sonication (50 kHz) for 1 hour at 60oC. The slides 

were then washed in ultrapure water five times. Each wash lasted 1 minute under 

sonication. The washed slides were placed into a HEPA-filtered incubator 

overnight to dry. The slides were then coated with proteins by placing 50 µL 

protein solution (0.2 mg/mL in ultrapure water) onto the surface of the glass slides. 

The slides were again allowed to dry overnight for protein deposition, after which 

they were washed twice in cold ultrapure water to remove excess and unadsorbed 

proteins. 
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PEGylated proteins were immobilized on the glass slides via photoconjugation 

reaction. Slides were cleaned in concentrated HCl/HNO3 as described above. The 

clean slides were then acrylated using 3-(trimethoxysilyl)propyl acrylate to permit 

conjugation of PEGylated proteins. 3-(trimethoxysilyl)propyl acrylate was 

dissolved in chloroform at 0.1% by volume. The slides were coated with 50 µL of 

the acrylate solution pipetted onto the surface of the glass slide. Care was taken to 

completely cover the surface. The slides were then dried overnight in a HEPA-

filtered environment. Once dry, a thin acrylate film could be seen on the surface 

of the slide. The slides were washed twice in cold ultrapure water to remove excess 

acrylate. Once washed and dried, no film was visible to the naked eye on the glass 

surface. Further, the absence of film was confirmed via light and electron 

microscopy, indicating that only adsorbed acrylate groups were present and that 

a poly acrylated surface did not form. After the acrylated slides were dry, they 

were coated with 50 µL PEGylated protein solution (2 mg protein equivalent per 

mL ultrapure water), taking care to cover the entire slide to facilitate homogenous 

distribution of protein. The slides were exposed to white light for 1 minute to 

facilitate surface conjugation via photo-initiated acrylate coupling between the 

PEGylated proteins and the acrylated slide surface. The protein-conjugated slides 

were then washed twice with cold ultrapure water to remove unbound proteins. 
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Figure 2.3: Schematic of protein-adsorbed vs. PEGylated protein glass slides. 

Proteins were directly adsorbed to clean glass slides or immobilized to acrylated 

slides via a PEG linker. 

 

2.2.5 Acellular Mineralization 

The slides containing surface-adsorbed and surface-conjugated proteins were 

placed into the center of a modified horizontal electrophoresis chamber such that 

a thin film of buffer would form over the slides once the chamber was filled (Figure 

2.4). The anode chamber was filled with a calcium buffer (165 mM NaCl, 10 mM 

HEPES, 2.5 mM CaCl2, pH 7.4) and the cathode chamber was filled with phosphate 

buffer (165 mM NaCl, 10 mM HEPES, 1 mM KH2PO4, pH 7.4). The thin film of 

buffer allowed the ions to move freely across the surface of the slides, where the 

proteins could facilitate Ca/P binding. An external 10 mA current was applied to 

prevent non-specific mineral nucleation. The buffer was changed twice per day to 

maintain pH and ion concentration. After 3 days, the slides were removed from 

the buffer and washed once in cold water to remove any residual buffer. The slides 

were then dried under vacuum and sputter coated with gold (10 nm) before 
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imaging on a Zeiss Sigma Field Emission SEM equipped with an Oxford INCA 

PentaFETx3 EDS system. 

 

Figure 2.4: Illustration of electrophoresis chamber for mineral nucleation over 

glass slides. 

 

2.2.6 Characterization of Acellular Mineralization 

The resulting FE-SEM images were analyzed via ImageJ software. The images 

were first thresholded to remove the background and converted to black and 

white. The images were then analyzed for particle sizes >1 µm. The resulting 

particle analysis was then used to calculate the total mineralized area of each slide 

and the average particle size. 

 

2.2.7 Statistical Analysis 

Conjugation	efficiency,	total	area	of	mineralization,	nodule	size,	submicron	particle	

counts,	and	total	area	of	submicron	particles,	were	compared	between	the	different	

protein	or	peptide	groups	using	an	analysis	of	variance	(ANOVA).	Following	ANOVA,	
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pairwise	comparisons	between	groups	was	performed	using	a	Tukey-Kramer	HSD	

(honestly	significant	difference)	post-hoc	analysis.	p	Values	less	than	0.05	were	

considered	significant	and	analyses	were	conducted	using	Microsoft	Excel.	

Statistical	significance	is	indicated	by	asterisks	in	the	figures	or	figure	legends,	

which	are	reported	as	graphs	of	mean	±	standard	deviation.	

 

2.3 Results 

2.3.1 Nacre Protein Extraction 

After lyophilization, 0.072 g nacre WSM was collected from 50 g powdered nacre. 

The dry protein was white in color and readily dissolved when reconstituted in 

aqueous medium. 

 
2.3.2 Confirmation of PEGylation 

The ninhydrin assay indicated that between 10 and 20 percent conjugation of free 

amines were achieved for all protein samples. The conjugation efficiencies were 

observed to be 18.3 ± 5.1 percent, 15.4 ± 7.0 percent, 17.2 ± 7.7 percent, and 12.4 ± 

9.7 percent for BMP-2, BSP, DMP1, and WSM, respectively (Figure 2.3). The 

conjugation efficiencies of the peptides were higher than that of the proteins. The 

conjugation efficiency of free amines in n16N was greater at 30.9 ± 2.9 percent. This 

is likely due to less steric interference as the molecular weight of n16N is 

significantly lower than that of the full proteins. The conjugation efficiency of free 
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amines in RGDS was observed to be 90.1 ± 4.1 percent. As RGDS only constitutes 

four amino acid residues, steric interference of the reaction site is expected to be 

much lower than that of any of the other proteins or peptide, thus resulting in a 

much higher reaction efficiency. Additionally, RGDS has only one primary amine 

at the N-terminal, resulting in a much more predictable reaction with comparable 

efficiencies reported in the literature.[16] 

 

 

Figure 2.5: Conjugation efficiency of PEG-SVA to free amines in each 

protein/peptide. Error bars represent standard deviation in triplicate samples. 
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2.3.3 FE-SEM Visualization of Acellular Mineralization 

FE-SEM images of the protein-adsorbed slides post-nucleation showed surface 

features consistent with calcium phosphate mineralization (Figure 2.6). 

Additionally, increased mineralization was observed for all proteins compared to 

negative control slides. PEGylated BMP-2, BSP, and WSM also appeared to induce 

acellular mineralization. In contrast, no mineralization occurred in any PEGylated 

DMP1 samples. FE-SEM images of PEG-WSM taken before mineralization assays 

indicated that acrylation and protein conjugation caused no change in surface 

features on the glass slides, suggesting that any changes were due to 

mineralization. 

 

Figure 2.6: FE-SEM images of glass slides coated in PEGylated and non-PEGylated 

proteins or peptides. Scale bars are 10 µm. 
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Particle analysis was performed using ImageJ software (Figure 2.7). The 

PEGylated BSP slides showed the highest average total mineralization area, but all 

non-PEGylated samples were comparable to one another (Figure 2.8). PEGylated 

samples, however, showed greater variance. No mineralization was observed in 

PEGylated DMP1 samples. Conjugation of BMP-2 and n16N showed decreased 

mineralization compared to their non-PEGylated counterparts. Both PEGylated 

BSP and WSM samples showed similar or slightly increased mineralization area 

compared to non-PEGylated BSP and WSM, respectively. PEGylation and 

immobilization appeared to increase nodule size in BMP-2 and BSP samples but 

decreased average nodule size in WSM and n16N samples with the PEGylation of 

n16N resulting in significantly decreased average size compared to non-Pegylated 

n16N (Figure 2.9). 

 

  

Figure 2.7: ImageJ particle analysis on slides coated with PEG-WSM. The raw FE-

SEM images (A) were first thresholded to remove background features and color 

(B). Particles were then highlighted, counted, and characterized using the 

software’s particle analysis tool (C). 
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Figure 2.8: Average total area of mineralization calculated from FE-SEM images. 

Error bars represent the standard deviation. Note: No mineralization observed in 

PEGylated DMP1 samples. 
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Figure 2.9: Average nodule size for PEGylated and non-PEGylated proteins. Error 

bars show standard deviation. Asterisks denote significant difference between 

indicated samples (p < 0.05). Note: No mineralization observed in PEGylated 

DMP1 samples. 

 

Higher magnification revealed submicron features on the PEGylated WSM slides 

(Figure 2.10). No such features were present on the PEGylated BMP-2 slides 

(Figure 2.10D). When thresholding was bound at a maximum particle size of 1 

µm2, a particle count confirmed this observation (Figure 2.11), as did an 

assessment of the total area of submicron particles observed (Figure 2.12). Further 

analysis reveals that PEGylation of WSM and n16N, a peptide derived from WSM, 
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increases the occurrence of sub-micron features whereas PEGylation of the other 

proteins tested resulted in the decreased presence of these features relative to their 

non-PEGylated counterparts. 

 

  

Figure 2.10: FE-SEM images at 10,000X magnification of slides coated with A) 

WSM, B) PEG-WSM, C) BMP-2, AND D) PEG-BMP-2. Mineralization features 

below 1 µm can be seen as a “dusting of snow” in both non-PEGylated proteins 

BMP-2 and WSM. PEGylation inhibits this type of mineralization in BMP-2 but not 

in WSM as they are present in the PEG-WSM slide but not on the PEG-BMP-2 slide.  
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Figure 2.11: Number of sub-1µm particles counted in FE-SEM images. Error bars 

represent the standard deviation. Note: No mineralization observed in PEGylated 

DMP1 samples. 
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Figure 2.12: Total area of submicron particles in FE-SEM images of acellular 

mineralization. Error bars represent the standard deviation. Asterisks denote 

significant difference between indicated samples (p < 0.05). Note: No 

mineralization observed in PEGylated DMP1 samples. 

 

2.4 Discussion 

The lack of acellular mineralization altogether in the PEG-DMP1 samples may be 

the result of excessive modification to the protein structure or via steric hindrance 

due to the presence of PEG. This method of PEGylation binds PEG to free primary 

and secondary amines. The presence of multiple amine-containing residues means 

that any number of these sites may be PEGylated and used to bind the protein to 
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the substrate in multiple orientations relative to one another. Some PEG binding 

sites may also interfere with calcium binding sites due to a reorganization of the 

protein structure during PEG conjugation.[17]  

 

The elevated presence of submicron features in acellular mineralization of PEG-

WSM is particularly interesting, especially when compared to the other commonly 

studied osteogenic growth factors. For instance, BMP-2 is known to be a powerful 

osteogenic agent, and our results show that it is capable of nucleating an 

abundance of submicron minerals. The fact that PEGylated BMP-2 loses this ability 

may explain the decreased osteogenic activity that has been reported for 

PEGylated BMP-2,[18] thus diminishing its potential use within biomaterials. 

Conversely, PEGylated WSM does not suffer a loss in its capacity to form 

submicron minerals. If nothing else, these features offer an abundance of 

nucleation sites, which should translate to more mineralization in PEG-WSM 

groups than in other PEGylated osteogenic proteins. This was indeed the case, as 

PEGylated WSM showed comparable mineralization to both non-PEGylated BMP-

2 and WSM. Since PEGylation can interfere with protein function, the ubiquitous 

nature of these features coupled with a lower average nodule size than other 

PEGylated growth factors suggests that PEGylated WSM may be able to act on a 

more therapeutically relevant spatial scale than the other PEGylated proteins. If 
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coupled with a sufficient targeting motif, PEG-WSM may be a promising 

therapeutic candidate for bone tissue engineering, fracture repair, or perhaps even 

the treatment of chronic bone diseases such osteoporosis via targeted micro 

remodeling. 
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 : PEGYLATED OSTEOGENIC GROWTH FACTORS INDUCE 

OSTEOGENIC RESPONSE IN TWO- AND THREE-DIMENSIONAL CELL 

CULTURE 

 

3.1 Introduction 

In order to probe the relationship between mineral nucleation and osteoinduction, 

the ability of proteins and/or peptides to induce both must be examined. Thus, the 

mineralization experiments that characterized the nucleation capacity of the 

proteins must be adapted for cell-mediated biomineralization to determine the 

osteogenic capacity of the proteins. Therefore, the ultimate goal of this chapter is 

to assess cellular osteogenesis induced by PEG-conjugated proteins when they are 

immobilized on (2D) and within (3D) biocompatible substrates. 

 

Many diseases and conditions disrupt bone tissue formation by altering one or 

more steps in the normal tissue formation process. Additionally, medical 

interventions and treatments for such diseases may have the side effect of 

impeding certain steps in this process. For instance, bisphosphonates, which are 

used in the treatment of osteoporosis, slow osteoclast activity to prevent the 

formation of pits and pores within bone that characterize the disease.[1, 2] 

However, this has the unintentional side effect of interrupting the natural 
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remodeling process entirely, as bone remodeling is cyclical, and osteoblast activity 

requires signaling factors left by osteoclasts to identify remodeling sites.[3] This 

side effect has resulted in a new class of mid-femur fractures that had not been 

previously encountered.[4-6] Thus, there is a need for anabolic therapeutics and 

materials that promote osteogenesis rather than impede bone remodeling as a 

whole, either to be used alone or administered concurrently with existing 

bisphosphonate treatments.[7]  

 

Currently, the only FDA-approved anabolic treatment is a synthetic parathyroid 

hormone (PTH) marketed under the trade name Teriparatide™.[8] PTH has been 

shown to stimulate osteoblast mineralization in vitro  and in vivo and has improved 

bone density in clinical trials.[9-12] However, this treatment is limited to 

intermittent systemic application for the treatment of the osteoporosis itself and 

thus is not suitable for localized bone tissue engineering applications.[13, 14] 

Additionally, Teriparatide™ has been linked to the development of 

osteosarcoma.[15] Aside from the obvious contraindication in patients at risk for 

cancer, this limits the approved treatment period to two years. 

 

As the physiological processes that produce bone in vivo involves and indeed 

requires the presence of cellular processes in order to produce mature bone tissue 
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(Figure 3.1), the PEG-conjugated osteogenic factors presented in Chapter 2 must 

be assessed for their ability to induce osteogenesis in the presence of cells. BMP-2, 

BSP, and DMP1 have been shown to induce osteogenic differentiation in bone 

mesenchymal stem cells.[16-18] The experiments described in this chapter are 

designed to determine whether these proteins, once PEGylated, are still capable of 

osteoinduction in 2D and 3D environments.
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Figure 3.1: The bone remodeling process begins in the initiation phase with the 

identification of defects and recruitment of preosteoblasts. The transition phase 

occurs as differentiated osteoblasts vacate the resulting pit and leave signaling 

proteins and coupling factors that help with the recruitment of osteoblast 

progenitors. During the Formation phase, Osteoblasts differentiate and lay down 

new bone tissue, filling the pit and completing the remodeling cycle. 

 

3.2 Materials and Methods 

3.2.1 PEGDA Hydrogel Formation and Protein Incorporation 

Nacre WSM, BMP-2, DMP1, BSP, and n16N were acquired and processed as 

described in section 2.2.1. The proteins and peptides were PEGylated as described 

in section 2.2.2. Hydrogel disks (1-cm diameter) were formed via 

photopolymerization in glass and silicon molds. Prepolymer solutions were 

prepared by combining 0.1 g/mL 10 kDa PEGDA (10% w/v) with 10 mM PEG-

RGDS, 1 ml HBS and 10  µL/mL photoinitiator solution (2,2-dimoxy-2-phenyl-

acetophenone 300 mg/mL in N-vinyl-pyrrolidone; acetophenone/NVP). Separate 

solutions were supplemented with 200ng/mL of one PEGylated or non PEGylated 

protein or peptide. The disks were formed by injecting the solution into 1 cm-

diameter silicon molds clamped between glass slides and exposing the 

prepolymer molds to long-wavelength UV light (365 nm, 10 mW/cm2) for 1 min. 
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The resulting gels were then washed in PBS to remove excess photoinitiator and 

allowed to swell in growth medium at 4oC for 24 h before use. 

 

3.2.2 Cell Culture 

3.2.2.1 W-20-17 Cell Culture 

W-20-17 mouse bone marrow stromal cells (ATCC, Manassas, VA, USA) were 

seeded on PEGDA scaffolds at 10,000 cells/cm2. Cells were cultured in DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin 

solution (10,000 Units penicillin and 10 mg streptomycin per mL). Seeded scaffolds 

were placed in 6 well transwells (Sigma Aldrich, St. Louis, MO, USA) and moved 

to new wells 12 hours after seeding to retain only cells that attached to the surface. 

Media was replaced daily until differentiation analysis was conducted. 

 

3.2.2.2 MC3T3-E1 Cell Culture on 2D Scaffold 

MC3T3-E1 mouse preosteoblast cells (ATCC, Manassas, VA, USA) were seeded on 

PEGDA scaffolds at 10,000 cells/cm2. Cells were cultured in MEM-α supplemented 

with 10% fetal bovine serum and 1% penicillin/streptomycin solution (10,000 Units 

penicillin and 10 mg streptomycin per mL). Seeded scaffolds were placed in 6 well 

transwells (Sigma Aldrich, St. Louis, MO, USA) and moved to new wells 12 hours 
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after seeding to retain only cells that attached to the surface. Media was replaced 

every other day until mineralization analysis was conducted. 

 

3.2.2.3 MC3T3-E1 Cell Culture in Microspheres 

MC3T3-E1 Subclone 4 cells were encapsulated in PEGDA microspheres via water-

in-oil emulsification followed by photopolymerization. A bulk prepolymer 

solution was prepared by dissolving 0.2 g poly(ethylene glycol) diacrylate, 0.30 µL 

triethanolamine, 0.20 µL eosin Y solution (1.0mM), 0.2 µL pluronic acid, 7.5 µL 

photoinitiator solution (300 mg 2,2-dimethoxy-2-phenyl acetophenone in 1 mL 1 -

vinyl-2-pyrrolidinone) in 1 mL HBS (25 mM). The bulk prepolymer solution was 

then aliquoted into 10 separate vials. One growth factor was added to each vial to 

a final concentration of 200 ng/mL protein or PEG-protein equivalent. The 

prepolymer solutions were combined with an equal volume of cell suspension 

such that the final cell concentration was 5x106 cells/mL. A separate mineral oil 

solution was prepared by adding 3 µL photoinitiator solution to 1 mL mineral oil. 

100 µL of the cell/prepolymer solution was then added to 1 mL of the mineral oil 

solution in a borosilicate test tube and briefly vortexed to create and water-in-oil 

emulsion where the cells remained in the aqueous phase. The emulsion was then 

exposed to white light for 20 seconds with intermittent vortexing and rotation to 
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maintain the integrity of the emulsion while evenly applying light to the entire 

tube (Figure 3.2). 

 

Figure 3.2. Cell microencapsulation technique. Cells are harvested, combined with 

a 10 kDa PEGDA containing photoinitiator, subjected to vortex to induce a water-

in-oil emulsion, and exposed to white light to polymerize the resulting droplets. 

 

The microsphere-encapsulated MC3T3-E1 cells were cultured in 12-well 

transwells (Sigma Aldrich, St. Louis, MO, USA) containing MEM-α supplemented 

with 10% fetal bovine serum and 1% penicillin/streptomycin solution (10,000 Units 

penicillin and 10 mg streptomycin per mL). Media was replaced every other day 

until mineralization analysis was conducted. 
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3.2.3 Cell Analysis 

3.2.3.1 Osteogenic Response of W-20-17 Cells in 2D Culture 

W-20-17 bone marrow stromal cells were cultured on PEGDA hydrogels in the 

presence of PEGylated and non PEGylated osteogenic proteins. After 4 days, the 

growth medium was aspirated from the wells. The gels were washed with PBS to 

remove any media residue. The cells were then stained for ALP activity using a 

Stemgent AP II staining kit, and the stain was visualized via light microscopy. The 

images were processed for stain intensity via imageJ. 

 

3.2.3.2 Mineralization of MC3T3-E1 Cells in 2D Culture 

MC3T3-E1 mouse preosteoblast cells were cultured on PEGDA hydrogels in the 

presence of PEGylated and non PEGylated osteogenic proteins. After 12 days, the 

growth medium was aspirated from the wells. The gels were washed with PBS to 

remove any media residue. The cells were fixed in 10% paraformaldehyde for 15 

minutes, then stained for calcium mineralization via Alizarin red S (40mM, pH 

4.1). After removal of excess Alizarin red S solution and washing with ultrapure 

water, the cells were imaged using light microscopy. The images were processed 

for stain intensity via imageJ. 
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3.2.4 Mineralization of Encapsulated MC3T3-E1 Cells 

After 21 days, the microspheres were removed from the media, washed with 

ultrapure water, and fixed in 10% paraformaldehyde for 15 minutes. Each sample 

was then stained with Alizarin red S (40 mM, pH 4.1) for 15 minutes. After removal 

of excess Alizarin red S solution and washing with ultrapure water, the cells were 

imaged using light microscopy. 

 

Mineralization was quantified within each image by assigning numeric value to 

the stain intensity of each microsphere within an image, adding up the values, and 

then dividing by the total number of microspheres within the image. Unstained 

microspheres were assigned a value of zero, partially-stained microspheres were 

assigned a value of 1, and fully stained microspheres were assigned a value of 2. 

So the normalized mineralization value of an image ranges between 0 and 2. 

 

3.2.5 Statistical Analysis 

Samples were compared using a one-way ANOVA followed by a Tukey-Kramer 

HSD post-hoc test. Unless otherwise indicated, p-Values less than 0.05 were 

considered significant and	analyses	were	conducted	using	Microsoft	Excel.	Statistical 

significance is indicated with asterisks in the figures or figure legends, which are 

depicted as bar graphs reporting mean ± standard deviation.   
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3.3 Results 

3.3.1 Osteogenic Differentiation of 2D Cell Cultures 

W-20-17 cells were stained for ALP expression after 4 days of growth on PEGDA 

hydrogels incorporating PEGylated and non-PEGylated proteins (Figure 3.3). ALP 

expression appeared to be highest in BMP-2 and WSM samples. All samples 

appeared to retain the ability to induce osteodifferentiation in W-20-17 cell 

monolayers when PEGylated. When samples were thresholded for pigmentation, 

the quantified data also supports these observations. When all images were 

thresholded against a standard background, the highest area percentage of 

pigmentation was present in the WSM images followed by BMP-2 (Figure 3.4). 

However, PEGylation did not significantly affect osteodifferentiation across all 

protein and peptide samples. All samples showed significant bioactivity 

compared to control gels without protein incorporation. 
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Figure 3.3: W-20-17 cells seeded onto PEGDA hydrogels incorporating PEGylated 

and non-PEGylated osteogenic proteins and peptides. Cells stained for ALP. 

 

 

Figure 3.4: ALP expression in W-20-17 cells quantified as percent area covered. 

Error bars show standard deviation. 
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3.3.2 Alizarin Red S Visualization of Cellular Mineralization in 2D Cell Culture  

MC3T3-E1 cells were stained for calcium mineralization after 12 days of growth 

on PEGDA hydrogels incorporating PEGylated and non-PEGylated proteins 

(Figure 3.5). PEGylation appeared to negatively impact mineralization in BMP-2 

and n16N. However, statistical analysis did not reveal a significant change due to 

PEGylation. Though PEGylation did not significantly alter mineralization, 

PEGylated WSM is the only covalently incorporated protein sample to show 

significantly increased mineralization compared to protein-negative controls. 

Among non-PEGylated proteins, only BMP-2 and n16N showed significantly 

increased mineralization compared to negative controls (Figure 3.6). 

 

Figure 3.5: MC3T3-E1 cells on PEGDA hydrogels incorporating PEGylated and 

non-PEGylated proteins. Cells stained with Alizarin red S to visualize calcium. 
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Figure 3.6: Quantification of calcium mineralization in MC3T3-E1 cells on PEGDA 

hydrogels incorporating PEGylated and non-PEGylated osteogenic proteins. Error 

bars represent standard deviation. Asterisks denote significant difference between 

sample and protein negative control (p < 0.05). 

 

3.3.3 Mineralization in 3D Cultures 

MC3T3-E1 cells were encapsulated in hydrogel microspheres containing 

PEGylated and non-PEGylated osteogenic proteins and peptides. After 21 days, 

Alizarin red S staining of encapsulated MC3T3-E1 cells in the presence of growth 

factors showed elevated mineralization when compared to hydrogels prepared 

without growth factors (Figure 3.7). Cellular mineralization appeared to increase 
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with immobilization for all proteins. However, no significant difference due to 

PEGylation was observed. PEGylated BMP-2 and n16N showed significant 

difference in mineralization compared to the negative control. 

 

 

Figure 3.7: Encapsulated MC3T3-E1 cells stained with ARS. Scale bars are 100 µm. 
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Figure 3.8: Quantification of mineralization in MC3T3-E1 cells encapsulated in 

microspheres incorporating PEGylated and non-PEGylated growth factors. Each 

image was quantified by coding fully mineralized microspheres as 2, partially 

mineralized microspheres as 1, and unmineralized microspheres as 0. The total 

coded values were summed for each image and then divided by the total number 

of microspheres in the respective image to normalize the mineralization on a per 

microsphere basis, reported as the Mineralization Factor. Error bars represent 

standard deviation. Asterisks denote significant difference compared to protein-

negative controls (p < 0.05). 
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3.4 Discussion 

The results of this study indicate that induction of osteogenic mineralization can 

be enhanced by covalently immobilizing growth factors within PEG hydrogel 

substrates and thus preventing the factors from migrating away from the desired 

area of action. In particular, covalently incorporating nacre WSM and n16N into a 

hydrogel substrate appears to offer increased bioactivity. Additionally, the 

increased mineralization observed in these samples may correlate to the observed 

increase in sub-micron particles observed in their acellular counterparts. Taken 

together, this indicates that immobilizing these proteins may increase their 

availability to osteoblasts. This may hold promise in the field of orthopaedics 

when systemic drug delivery is undesirable or where mineralization needs to 

occur on the microscale such as the treatment of osteoporosis. 

 

The lower mineralization observed in PEGylated DMP1 samples is consistent with 

the lack of mineralization observed in acellular PEGylated DMP1 samples, 

indicating that modification with PEG may detrimentally alter the osteoinductive 

properties of DMP1. 
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 : MICROSPATIAL PATTERNING OF CELLULAR 

OSTEOGENIC RESPONSE 

 

4.1 Introduction 

 As nacre is spatially directed and assembled via protein-mediated 

processes, its soluble matrices may hold the potential to spatially direct and 

control osteogenic processes as well. Indeed, the WSM of nacre has been shown to 

facilitate mineralization in mouse preosteoblast cells.[1] Fractionated and 

individual components of nacre’s protein matrix have also been shown to induce 

and promote mineralization within preosteoblast cells.[2, 3] A protein fragment, 

n16N, derived from P. fucata, commonly referred to as the Japanese Pearl Oyster, 

has been shown to facilitate the ordered nucleation of calcium carbonate when in 

solution and when adsorbed to chitin substrates.[4, 5] When attached to ordered 

silk fibroins, chitin-n16N complexes have also been shown to spatially direct 

calcium carbonate mineralization along the fibroin direction, indicating the 

potential to microspatially direct mineralization along predefined geometries.[6] 

 

Though mineral-nucleating proteins have the capability to spatially direct 

nucleation from solution, they have not yet been shown to pattern cell-mediated 

mineralization in a microspatially relevant context. However, some work has been 
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done in the field of patterned bone tissue engineering. BMP-2 and BMP-7 have 

been patterned into poly(L-lysine) and hyaluronan substrates via microfluidic 

diffusion.[7] These substrates demonstrated the graduated control of C2C12 

differentiation along a continuous protein gradient. BMP-2 has also been 

patterned onto commercial scaffolds and evaluated in vivo to facilitate increased 

healing in critical sized rat calvarial defects.[8, 9] Micro CT scans showed 

preferential bone formation in the printed areas of the scaffolds. Alkaline 

phosphatase (ALP) staining in vitro also showed preferential differentiation of 

C2C12 cells in printed areas. Moreover, these studies indicate that spatial 

presentation of osteogenic growth factors can spatially control osteogenic 

differentiation and mineralization without simultaneous restrictions to cell 

binding geometries. This is an important distinction that demonstrates the ability 

of a substrate to control cell-mediated biomineralization, which is more 

challenging than preventing biomineralization by preventing cell attachment. 

However, these studies do not indicate microspatial control and the printing 

process does not permanently or semipermanently bind the proteins to the 

substrate. Rather they are allowed to diffuse out of the scaffold over time. 

 

Micron-scale control has been demonstrated in angiogenic studies, however. 

Vascular Endothelial Growth Factor (VEGF) has been covalently bound to PEG 
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hydrogels in prescribed patterns, resulting in increased angiogenic response and 

tubule formation in vitro.[10] However, these studies also patterned cell-binding 

sites along with the bioactive protein, limiting the direction that endothelial cells 

were allowed to grow. Because of this growth restriction, this model does not 

strictly isolate the influence of VEGF. The objective of the following experiments 

is to demonstrate microspatial control over osteogenic differentiation and cell-

mediated mineralization via patterned osteogenic proteins within an environment 

that does not spatially restrict cell growth or attachment. 

 

Pilot studies indicated that nacre WSM may have the ability to microspatially 

control osteoblast mineralization in vivo (Figure 4.1). MC3T3-E1 mouse 

preosteoblast cells were seeded onto hydrogels patterned with PEGylated nacre 

WSM proteins and cultured in growth media. After 12 days, the cultures were 

stained with von Kossa silver nitrate solution. When both the von Kossa stained 

image and the fluorescent pattern were thresholded and overlayed with one 

another, a particle analysis suggested that 90.20 ± 8.90 percent of the mineralized 

nodules were associated with the pattern. 
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Figure 4.1: MC3T3-E1 cells seeded onto PEG hydrogel patterned with nacre WSM 

proteins. Mineralization is visualized via von Kossa stain (A), thresholded via 

ImageJ to remove background noise (B), overlayed with thresholded fluorescent 

pattern image (C), and analyzed for particle association with patterned proteins 

(D). Scale bars are 200 µm. 

 

4.2 Materials and Methods 

4.2.1 Protein Patterning 

Hydrogel disks (1-cm diameter) were formed via photopolymerization in glass 

and silicon molds. Prepolymer solutions were prepared by combining 0.1 g 10 kDa 
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PEGDA (10% w/v) with 10 mM mg PEG-RGDS, 1 ml HBS and 10  µl photoinitiator 

solution (2,2-dimoxy-2-phenyl-acetophenone 300 mg/ml in N-vinyl-pyrrolidone; 

acetophenone/NVP), injecting the solution into 1 cm-diameter silicon molds 

clamped between glass slides, and exposing the prepolymer molds to long-

wavelength UV light (365 nm, 10 mW/cm2) for 1 min. The gels were then washed 

in PBS to remove excess photoinitiator and allowed to swell in sterile PBS at 4oC 

for 24 h. 

 

Fluorescein o-acrylate solution (50 µL) was then pipetted onto the surface of the 

hydrogels and covered with a photomask transparency printed with a prescribed 

microscale pattern. The hydrogels were exposed to intense, white light from a 

Metal Halide Illuminator (Edmonds Optics) passing through a focusing lens for 1 

minute to conjugate the acrylate groups in the fluorescent compound to the 

acrylate groups on the hydrogel surface within the boundaries of the prescribed 

photomask pattern. After extensive washing in PBS, protein conjugation was 

confirmed using fluorescent microscopy to visualize the resulting pattern. 

 

4.2.2 Acellular Patterning of Mineralization 

Nacre WSM, BMP-2, DMP1, BSP, and n16N were acquired and processed as 

described in section 2.2.1. The proteins and peptides were PEGylated as described 
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in section 2.2.2. Acrylated glass slides were prepared as described in section 2.2.3. 

The PEGylated proteins were patterned onto the surface of acrylated slides via 

photolithography. As previously described, after the acrylated slides were dry, 

they were coated with 50 µL PEGylated protein solution (2 mg protein equivalent 

per mL ultrapure water), taking care to cover the entire slide to facilitate 

homogenous distribution of protein. A crosshatched nylon photomask was then 

placed over the top of the solution such that only openings in the mesh were 

exposed to focused white light for 1 minute. For acellular patterning, the nylon 

meshes offered higher resolution than the photomasks used for hydrogel 

patterning, permitting visualization of mineralization with electron microscopy. 

The slides were then washed twice with cold ultrapure water to remove unbound 

proteins. Mineralization was then initiated and assessed as described in section 

2.2.5. 

 

4.2.3 Patterning Cellular Osteogenic Response 

A 50 µL droplet of PEGylated protein solution (0.2 mg/mL) containing 

photoinitiator was pipetted onto the surface of each hydrogel and covered with a 

photomask transparency printed with a prescribed microscale pattern. The 

hydrogels were exposed to intense, white light passing through a focusing lens for 

1 minute to conjugate the PEGylated proteins to the hydrogel within the 
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boundaries of the prescribed photomask pattern. Fluorescent patterns were 

confirmed as described in section 4.2.1. 

 

W-20-17 and MC3T3-E1 cells were cultured on the patterned hydrogel substrates 

as described 3.2.2.1 and 3.2.2.2, respectively. ALP activity in W-20-17 cells were 

visualized on day 4 via ALP staining using a Stemgent AP Staining Kit II. MC3T3-

E1 cell monolayers were assayed for calcium mineralization after 12 days via 

Alizarin red S staining as described in section 3.2.3.2 and imaged via brightfield 

color microscopy. 

 

4.2.4 Statistical Analysis 

Mineralization associated with patterns or not associated were compared using a 

student’s T test. Unless otherwise indicated, p-Values less than 0.05 were 

considered significant and	analyses	were	conducted	using	Microsoft	Excel.	Statistical 

significance is indicated with asterisks in the figures or figure legends, which are 

depicted as bar graphs reporting mean ± standard deviation. 
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4.3 Results 

4.3.1 Visualizing Pattern Transfer 

Patterned substrates were visualized via fluorescent microscopy. The bright green 

areas present in Figure 4.2 shows conjugation patterns transferred via several 

different geometries. Microscale features were also clearly visible within the edges 

of the pattern consistent with the micron scale features present in the edges of the 

photomask. 
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Figure 4.2: Fluorescein o-acrylate patterns on hydrogels visualized via fluorescent 

microscopy. Scale bars are 200 µm. 

 

4.3.2 Patterned Acellular Mineralization  

Quantification of mineralization directly associated to the pattern could not be 

readily conducted as direct transfer of the pattern onto the glass substrate could 

not be observed. However, Patterned WSM resulted in the development of 

crosshatched areas of mineralization under acellular conditions (Figure 4.3). The 

photomask, however, did not readily align with the observed mineralization. 

When the photomask was enlarged 2.69 times and rotated, alignment could be 

approximated (Figure 4.4). This suggests that the photomask may be elevated 

above the surface of the glass rather than making contact, creating an enlarged 

projection of the mask onto the substrate. From optics, this can be characterized 

and tested if a few parameters are known (Figure 4.5). The hypothetical distance 

between the mask and the surface of the slide, L, was calculated at 1.3 mm. The 

actual distance between the mask and the surface of the slide was measured to be 

1.1 mm, meaning the calculated value of 1.3 mm showed an 18 percent deviation 

from the measured value. Mineralization associated with the photomask pattern 

was determined to be 97.87 percent. In contrast to the PEGylated WSM, patterned 
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mineralization consistent with the photomask was not observed in any of the other 

protein samples. 

 

 

Figure 4.3: FE-SEM micrographs of mineralization on glass slides patterned with 

PEGylated proteins. PEGylated Nacre WSM (B), BMP-2 (C), DMP-1 (D), BSP (E), 

and n16N (F) were patterned using a nylon mesh photomask (A). Scale bars are 

100 µm. 
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Figure 4.4: Quantifying patterned acellular mineralization. (A) FE-SEM image of 

patterned mineralization over patterned PEGylated WSM, (B) patterned 

mineralization overlayed with enlarged and rotated photomask image, (C) 

thresholded patterned mineralization image, (D) quantified mineral nodules 

associated with photomask pattern. Error bars indicate standard deviation. 

Asterisk shows statistical significance. 

 

 

*	
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Figure 4.5: Schematic of diagram illustrating photomask projections. Beam 

divergence and both diameters are known, allowing for the calculation of a 

hypothetical distance between the mask and the surface of the slide. 

 

4.3.3 Patterned Cellular Osteogenic Response 

PEG hydrogels patterned with covalently bound osteogenic proteins were seeded 

with either W-20-17 cells (Figure 4.6) or MC3T3-E1 cells (Figure 4.6). PEGylated 

WSM and BMP-2 show patterned differentiation (Figure 4.7). ALP expression 

correlated to the pattern was determined to be 83.17 percent and 93.48 percent in 

hydrogels patterned with PEGylated WSM and BMP-2, respectively. 

Mineralization patterns were observed in MC3T3 cells after 12 days when cultured 

on hydrogels patterned with nacre WSM (Figure 4.8 B). The association of the 

mineralization with the pattern is apparent when the pattern is rotated and 

digitally overlaid onto the stained image (Figure 4.9). Mineralization associated 

with the PEGylated WSM pattern was calculated to be 63.37 percent from the 

thresholded image. Though the pattern transfer could be observed on the 

hydrogels directly following the photomask step, the pattern could not be viewed 

concurrently with mineralization or ALP staining due to differences in camera 

specifications and orientation, preventing a direct pixel-to-pixel overlay. Thus, 

representative scale patterns were used for illustration purposes. 
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Figure 4.6: Alkaline phosphatase (ALP) staining of Day 4 W-20-17 cells seeded on 

PEG hydrogels patterned with PEGylated proteins. Red color indicates ALP 

activity. Hydrogels were patterned via photlithography through a transparency 

photomask pattern (A) with PEGylated nacre WSM proteins (B), BMP-2 (C), DMP-

1 (D), BSP (E), and n16N (F). ALP activity did not appear to be associated with 

patterns. Scale bars are 200 µm. 
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Figure 4.7: ALP-stained images of PEGDA hydrogels incorporating patterned 

PEGylated WSM (A) and BMP-2 (C) were thresholded for intensity and overlayed 

with pattern (B, D). Mineralization associated with the overlayed patterns were 

quantified (D). ALP expression appears red. Patterns are illustrative. 

 

 

Figure 4.8: Alizarin red S stain of Day 12 MC3T3-E1 cells on patterned PEGDA 

hydrogels. Hydrogels were patterned via photolithography through a 
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transparency photomask pattern (A) with nacre WSM proteins (B), BMP-2 (C), 

DMP-1 (D), BSP (E), and n16N (F). Red stain is indicative of calcium 

mineralization. B-F show red stain, while only B shows red stain following a 

pattern. Scale bars are 200 µm. 

 

 

Figure 4.9: Day 12 MC3T3-E1 cells seeded onto PEG hydrogels patterned with 

PEG-WSM proteins and stained with Alizarin red S (A). Mineralization overlaid 

with fluorescent pattern (B). Thresholded binary image of mineralization overlaid 

with photomask pattern (C). Mineralization associated with the overlayed pattern 

was quantified (D). Calcium mineralization appears red and is collocated with the 

*	
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fluorescent pattern. Patterns are illustrative. Scale bars are 200 µm. Error bars 

show standard deviation. Asterisk indicates significance. 

 

4.4 Discussion 

In both acellular and cellular patterning experiments, patterned PEG-WSM 

demonstrated an ability to exert spatial control over the resulting mineralization. 

Mineralization was concentrated within the patterns only in the PEG-WSM 

groups. The other PEGylated proteins exhibited no such control. All other groups 

showed diffuse mineralization not associated with any patterns. This was 

particularly unexpected for the acellular case since the proteins offered the only 

mineralization sites. In control samples with no proteins, no mineralization 

occurred. This was expected in the focal areas of the mesh pattern without 

PEGylated proteins; it was not expected that mineralization would extend beyond 

the pattern. This may be explained in several ways. While the close association of 

the mineralization in the nacre WSM samples with the nylon mesh grid is 

encouraging, the non-specific mineralization observed in the other protein 

samples may indicate artifact introduced by the grid. The non-specific 

mineralization may be a result of the physical contact of the mesh to the glass 

surface. The mesh may have physically altered the surface, creating additional 

nucleation sites. The mesh was used because the transparency pattern used for the 
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hydrogel patterning was not appropriate for glass slide patterning. The 

transparency would adhere to the glass slide during the patterning process, 

impacting the resolution of any resulting patterns. Another possibility for the 

nonspecific patterning observed lies in the presentation of acrylate groups. In the 

hydrogels, acrylate groups are ubiquitous within the gel structure. However, these 

groups may be more disperse on the glass surface, providing fewer acrylate 

groups per unit area for covalent conjugation in general. Another curiosity is the 

presence, albeit comparatively low, of mineralization observed in PEG-DMP1 

patterned glass slides as there was no such mineralization observed in non-

patterned PEG-DMP1 samples in Chapter 2. Again, this may have been caused by 

physical alteration to the acrylated surface caused by the nylon mesh. 

 

A one-to-one comparison between acellular and cellular mineralization patterns is 

not possible for several reasons. Since the cells are capable of migrating, it is 

possible that they come into contact with the PEGylated protein, receive an 

osteogenic signal, migrate, and lay down osteoid outside of the pattern. Further, 

as aforementioned, the presence of acrylate groups in hydrogels and on the glass 

slides are different, and thus the presentation of the PEGylated proteins are 

different. Although a direct comparison is not possible, it is possible to determine 

correlation. In this study, PEGylated proteins capable of restricting acellular 
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mineralization to patterns are also capable of restricting cellular mineralization to 

patterns.  

 

Patterned ALP expression was observed in W-20-17 cells cultured over PEGylated 

WSM and BMP-2 patterns, indicating that these proteins are capable of patterning 

early osteogenic differentiation. As expected, the presence of nacre WSM, BMP-2, 

DMP1, BSP, and n16N induced ALP production, indicating that these proteins are 

capable of inducing osteoblastic differentiation in progenitor cells. The protein 

fragment n16N is derived from the full protein isolated from the nacre of P. fucata. 

This larger protein has been shown to inhibit osteoclast differentiation and 

promote osteodifferentiation and biomineralization in MC3T3-E1 cells.[11] The 

protein fragment appears to retain this activity, possibly to a lesser extent. Both 

the peptide and protein, as well as WSM proteins have demonstrated the ability 

to nucleate aragonite. This study is the first to demonstrate that aragonite 

nucleators can be used to pattern both acellular and cellular mineralization.  

 

Patterned mineralization was observed only in the nacre WSM patterned 

hydrogels. This is consistent with the patterned mineralization observed in the 

pilot study. However, none of the other proteins resulted in patterned 

mineralization on their own, with the BMP-2, DMP1, and BSP samples resulting 
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in a high degree of non-specific mineralization deposited onto the hydrogel 

surfaces. Very few individual constituents of the nacre protein matrix have been 

identified. The mechanism through which microscale control occurs remains 

unclear. It is possible that a yet unidentified protein within the nacre matrix is 

responsible for microscale control by inducing local mineralization without 

inducing large scale cell-cell signaling. The production of BMP-2 and other factors 

by osteoblasts during osteogenesis should induce osteogenesis in neighboring 

cells. It is possible that the WSM acts as both a stimulator and a substrate upon 

which osteoblasts mineralize. For instance, locations for calcium mineralization 

within collagen have been identified.[12] These calcium binding sites are 

responsible for assembling collagen minerals appropriately within bone. It is 

possible that proteins within the WSM behave similarly when organizing 

mineralization during patterning. It is also possible that multiple proteins are 

necessary to achieve spatial control, and that these proteins act synergistically to 

control biomineralization within the patterns. The WSM is a collection of proteins 

while all other groups were single proteins (or a peptide).  Regardless of the 

ultimate reasons, these studies demonstrate that WSM can be PEGylated, that 

following PEGylation it can be covalently attached to a substrate, and finally, once 

there it retains its ability to induce osteogenesis and nucleate mineralization. 

Further study to elucidate these compounds is needed. 
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 : CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 Dissertation Summary 

The work presented in this dissertation was directed toward developing a 

platform capable of exerting microscale control over key osteogenic processes. A 

significant hurdle in this task is effectively immobilizing therapeutics, preventing 

their escape from treatment sites. Exciting developments in scaffold technologies 

hold promise. However, scaffolds must also be optimized and essentially 

developed independently for each growth factor as the release kinetics ultimately 

depend on the growth factor’s size, shape, and affinity to the varying substrates. 

For example, VEGF shows a higher affinity and more favorable release profile 

from acidic gelatin microparticles while BMP-2 performed more favorably in basic 

gelatin microparticles.[1-3] These studies also demonstrate that in vivo efficacy of 

these systems varies greatly, likely due to the complex interplay between the 

various components. The authors point out that affinity operates on a relative 

scale. For example, the protein release profiles from affinity-based delivery 

systems can be accelerated in vivo if they are displaced by other proteins and 

molecules that show a greater affinity for the delivery substrate. Covalently 

binding the growth factors to the substrate – this dissertation uses a PEG linker, 

for instance – can effectively mitigate this consideration. 
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It has been repeatedly demonstrated that BMP-2 has a short half-life and a poor 

affinity to the collagen sponges that are typically used as a delivery vehicle.[4] This 

has necessitated high doses that have in turn resulted in complications such as 

cancer promotion and ectopic bone formation, which has led to alarming 

symptoms such as neurologic impairment and airway restriction. These 

complications have prompted efforts to more efficiently deliver BMP-2. Previous 

work has demonstrated that covalently immobilizing BMP-2 and/or cell binding 

sites within a scaffold may be a viable approach.[5, 6] This indicates that other 

growth factors may also benefit from immobilization. However, BMP-2 remains 

the only clinically approved growth factor for implants. At this time, nacre and 

nacre WSM are well established within the field of biomineralization and bone 

tissue engineering.[7-13] Though whole nacre has been shown to be osteogenic 

both in vitro and in vivo, it is not an ideal therapeutic on its own due to irregularities 

in shape and composition. To mediate some of this, whole nacre has been ground 

into powder and incorporated into hydrogels, which has shown some success in 

inducing bone formation.[14] This method, however, does not effectively retain 

the WSM proteins, which leech out of the powder in aqueous environments. Since 

the proteins are the agents responsible for organizing biomineralization, extracting 

and immobilizing the proteins may be a more effective approach. The WSM of 
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nacre, however, has been shown to organize biomineralization in acellular and 

cellular environments, marking it as an ideal candidate for incorporation into bone 

tissue scaffolds.  

 

PEGylated nacre WSM indeed shows the ability to direct cell-mediated 

mineralization. To a lesser extent, covalently bound BMP-2 may have the capacity 

to induce osteogenesis in prescribed patterns. As BMP-2 is already FDA-approved, 

this work may lead to future breakthroughs in drug delivery applications. Some 

proteins in this study, most notably DMP1, may be particularly sensitive to 

PEGylation as the process appeared to completely negate its capacity to induce 

acellular nucleation. However, PEGylation of all the growth factors in this study 

appears to increase mineralization in cells encapsulated in three-dimensional 

microsphere environments, indicating the possibility that factor retention within 

the hydrogel matrix leads to increased cellular exposure in this arrangement. It is 

also possible that the hydrogels trap cellular products, such as collagen or secreted 

growth factors during, leading to increased activity within a given microsphere. 

This increase may not have transferred over to the two-dimensional cell cultures 

due to the PEGylated growth factors being incorporated within the bulk scaffold, 

meaning that only the fraction of the proteins near the cell-seeded surface were 

available to the cells for the duration of the experiment. Additionally, entrapped 
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non-PEGylated proteins may have become available to the cells as they eventually 

migrated out to the surfaces of the gels, where the cells were seeded. This gradual 

replenishment of growth factors may have mitigated any difference between the 

observed cellular effects. However, it is important to consider potential use cases 

where this migration and eventual release might introduce the growth factor 

systemically. 

 

Acellular mineralization studies revealed that PEGylated WSM proteins may 

increase mineralization on the sub-micron scale compared to other PEGylated 

proteins. This may indicate a relationship between nacre WSM’s ability to organize 

calcium mineralization and its ability to spatially direct cell-mediated 

mineralization. 

 

5.2 Contribution to the Field 

For the first time, this work demonstrates that patterned nacre WSM is capable of 

microspatial control over osteogenic differentiation and mineralization. 

Additionally, this study attempted to compare a wide range of osteogenic growth 

factors on a highly reproducible PEGDA scaffold, providing a 1-to-1 comparison 

between each factor. 
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While n16N, a protein fragment derived from the calcium binding domain of a 

larger protein within nacre, has been shown to template and direct aragonite 

formation, this is the first study reporting osteogenic mineralization. This result is 

promising as the field of bone tissue engineering may be able to expand further by 

drawing on the broader biomineralization literature in the future.    

 

5.3 Future Directions 

This work serves as a foundation for further study in osteogenesis and 

biomineralization. There are several directions to move into: (1) further work on 

the potential of nacre WSM in disease treatment and (2) further characterization 

of nacre WSM proteins. 

 

5.3.1 WSM in the Treatment of Disease 

A substance capable of controlling microscale mineralization features may also 

serve as a therapeutic target to repair non-fracture related damage to bone tissues 

as a result of osteoporosis and other metabolic bone diseases. A promising 

systemic delivery vector was recently developed to target the tartrate-resistant 

acid phosphatase (TRAP) found in osteoclast pits (Figure 4.1).[13] However, no 

osteogenic compounds have been shown to control bone tissue formation on the 
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µm scale these pits occupy. Thus, the development of therapeutic systems capable 

of spatially controlling bone formation has multiple driving factors. 

 

 

Figure 5.1: Schematic of tartrate-resistant acid phosphatase (TRAP) targeting 

within osteoclast pits. WSM presents as a possible bioactive compound candidate. 

 

5.3.2 WSM Protein Studies  

While nacre WSM proteins show promise in the field of bone tissue engineering, 

the ultimate goal is to isolate or derive a biofactor that can be reliably reproduced. 

A body of work already exists in the biomineralization literature as several 

proteins and peptide derivatives capable of facilitating and directing 

biomineralization have been identified from nacre.[14-20] This provides a good 

place to begin exploring potential osteogenic effects as well. The protein from 

which n16N was derived has shown to both inhibit osteoclast differentiation and 
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enhance osteogenesis.[17] Additionally, low molecular weight fractions of nacre 

proteins have been shown to induce mineralization in MC3T3-E1 cells.[21] New 

avenues of inquiry continue to be opened through these interactions with the 

broader field of biomineralization. Thus, a targeted approach seems likely to yield 

even more success. 

 

5.3.3 Characterization of Mineral Composition 

Though the observed mineralization is consistent with calcium phosphate 

mineralization, the thesis presented here would benefit from further 

characterization. In particular, the use of EDS or X-ray diffraction could be used to 

quantify the calcium to phosphate ratio in the acellular mineralization studies, 

indicating the calcium phosphate polymorph nucleated by the PEGylated 

proteins. Additionally, examining the physical micro and nano structure of the 

crystals themselves may shed some light on the broader protein-mediated 

mineralization process. 
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