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Osteocytes are the most common type of cell in bone, and they reside within the 

mineralized bone matrix in a three-dimensional (3D) interconnected network of dendritic cells. 

Osteocytes are mechanosensitive cells that maintain bone homeostasis by directing bone formation 

or resorption in response to changes in mechanical loading. In the subchondral bone plate, the 

osteocytes contribute to degeneration during diseases such as osteoarthritis that is accompanied by 

bone and cartilage deterioration. Yet, it is difficult to study osteocyte mechanobiology in vivo, and 

existing 2D and 3D in vitro culture methods are insufficient.  

The goal of this dissertation was to develop a 3D ex vivo culture system to study osteocyte 

mechanobiology, specifically within the subchondral bone plate. A 3D ex vivo culture system to 

study osteocyte mechanobiology needs both biological relevance (i.e., mature osteocytes, bone 

matrix deposition, and 3D interconnected dendritic network) and mechanical relevance (bone-level 

strains and interstitial fluid flow). This work used the tunable poly(ethylene glycol) (PEG) 

hydrogel system to develop a 3D culture system. This work developed a degradable PEG hydrogel 

that enhanced osteocyte differentiation and bone matrix deposition in 3D. Using this degradable 

PEG hydrogel system, we investigated how osteocyte dendritic network formation is influenced 

by physical and biochemical factors. The dimensionality (2D culture vs. 3D hydrogel) greatly 

influenced differentiation and significantly altered the osteocyte response to Prostaglandin E2, a 

molecule that is rapidly produced by osteocytes in response to mechanical loading Finally, the 

degradable PEG hydrogel was incorporated into a bilayer composite hydrogel system that was 
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designed to control the bone-level strains and induce interstitial fluid flow, mimicking the loading 

environment in subchondral bone. This dissertation thus contributes an improved understanding 

of the physical and biochemical cues that support osteocyte differentiation and dendrite formation 

in 3D. Further, this system supports the study of osteocyte mechanobiology in a physiologically 

relevant ex vivo model that captures both biological and mechanical relevance to the subchondral 

bone plate.  
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1.1 Bone 

1.1.1 Bone Composition 

 Bone is a hierarchical tissue and macroscopically is classified as either cortical or 

trabecular bone (Figure 1.1). Cortical bone makes up the majority of the bone mass (roughly 80%), 

exhibits low porosity, and serves to mechanically support and protect the body.1 On the other hand, 

trabecular bone comprises the remainder of the bone mass and is characterized by lower 

compressive strength, high porosity, and low bone density (only 25-30% of the tissue volume is 

composed of bone).2 Trabecular bone is organized in an interconnected network of plate- and rod-

like structural elements that gives it a sponge-like appearance and also increases its surface area in 

contact with marrow.  

Microscopically, both cortical and trabecular bone are organized into units called osteons. 

Each osteon is made up of concentric layers (or lamellae) of tissue, giving osteons the appearance 

of tree trunks, which are centered around a Haversian canal in cortical bone. Within each lamella, 

small cavities called lacunae encase the cell body of osteocytes, which are connected to 

neighboring osteocytes via canalicular channels. Osteocytes are surrounded by bone matrix, which 

is comprised of both organic and inorganic materials. 90% of the organic matrix is collagen type 

I, which is organized into fibers that are approximately 150 nm in diameter and 10 μm in length. 

At the nanometer length scale, collagen fibers are comprised of collagen fibrils, and each fibril 

contains five collagen molecules that are staggered and separated by 67 nm holes that are filled 

with mineral deposition. Bone mineral makes up roughly 65% of bone’s wet weight and is 

composed primarily of calcium hydroxyapatite (Ca10[PO4]6[OH]2).3 In contrast to the naturally 

1. Introduction 
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occurring geologic hydroxyapatite, bone’s hydroxyapatite crystals are relatively small and contain 

many lattice-substituted impurities. The organic matrix (primarily collagen) contributes to bone’s 

flexibility, while the inorganic mineral network provides stiffness to the bone. 

 

Figure 1.1: Hierarchical composition of bone. Figure created with BioRender.com 

   

The 10% of the organic matrix that is not collagen type I consists of various other types of 

collagen (types III, V, and X), non-collagenous proteins (e.g. osteocalcin, fibronectin, osteopontin, 

osteonectin, dentin matrix protein 1 [DMP1], matrix extracellular phosphoglycoprotein [MEPE], 

alkaline phosphatase [ALP], sclerostin, receptor activator of nuclear factor kappa-β 

ligand [RANKL], osteoprotegerin [OPG]), and proteoglycans (e.g. decorin, biglycan, hyaluronan, 

perlecan). These proteins and proteoglycans are key regulators of bone matrix development and 

homeostasis.  
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Embedded within and surrounding the bone matrix are three bone cell types with distinct 

functions: osteoblasts, osteoclasts, and osteocytes (Figure 1.2). Osteoblasts and osteoclasts reside 

on the bone surface and are responsible for bone formation and resorption, respectively. On the 

other hand, osteocytes are embedded within the bone matrix, and although they remodel the matrix 

immediately surrounding them on a small scale,4–6 their primary function is to coordinate the 

activity of osteoblasts and osteoclasts in response to mechanical and hormonal cues. These three 

cell populations communicate via paracrine signaling through the lacunocanalicular network and 

via gap junctions at the bone surface. Osteocytes close to the bone surface form gap junctions with 

osteoblasts and osteoclasts on the surface via canaliculi.  

 

Figure 1.2: Three bone cell types: osteocytes, osteoclasts, and osteoblasts. Each cell type has a 
distinct function in bone development and homoeostasis. Figure created with BioRender.com 

 

1.1.2 Subchondral Bone Plate 

In any articulating joint, a unique set of tissues make up the osteochondral unit at the 

articulating surface: articular cartilage overlying a subchondral bone plate, with an interfacial thin 

calcified cartilage layer (Figure 1.3). These tissues differ in their mechanical properties and in their 
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composition of extracellular matrix (ECM).7,8 Although they are distinct, each tissue layer is 

physically connected and communicates with each other via transfer of mechanical loads and 

biochemical signaling.9,10 Thus, it is critical to understand the mechanobiology of the osteocytes 

within the subchondral bone plate because they likely contribute to bone and cartilage degeneration 

during diseases such as osteoarthritis (OA). During the progression of OA, bone and cartilage both 

undergo physical changes; for example, cartilage permeability increases,11 which in turn increases 

the fluid flow in bone and cartilage.12,13 Osteocytes detect the increased fluid flow in subchondral 

bone, leading them to secrete signaling molecules that affect chondrocyte, osteoblast, and 

osteoclast activities that contribute to further osteochondral degeneration.7,9,10,14–16  

 

Figure 1.3: The osteochondral unit is comprised of articular cartilage overlying a 
subchondral bone plate with a thin interfacial calcified cartilage layer in between. Figure 
created with BioRender.com 



5 
 

1.1.3 Bone Development 

Collagen type I is assembled via cellular and extracellular processes. Each molecule is 

made up of approximately 3000 amino acids and is approximately 300 nm in length.2 Its triple 

helix organization is comprised of three chains of repeating units of Gly-X-Y, with proline and 

hydroxyproline being the most common residues for X and Y, respectively.17 Hydroxyproline is 

abundant in collagen and is critical to maintain the stability of the triple helix through hydrogen 

bonding between its hydroxyl group and water molecules. Collagen is first assembled as a 

procollagen molecule within the cell, which consists of the triple helix with terminal N- and C-

propeptides. After exocytosis, the propeptide regions are enzymatically cleaved, which leaves 

nonhelical end domains and a mature collagen molecule.  

Bone mineral deposition is also regulated by both cellular and extracellular factors. First, 

a collagen matrix is required, as hydroxyapatite in bone is oriented on this matrix. This is supported 

by the finding that bones of patients with osteogenesis imperfecta, a disease associated with defects 

in collagen structure,18,19 have smaller hydroxyapatite crystals than normal.20,21 Mineral is initially 

deposited as amorphous calcium phosphate22,23 via osteoblast exocytosis of vesicles containing 

mineral aggregates.24–27 The initial nucleation of mineralization then occurs at binding sites on the 

collagen matrix in the gaps between collagen molecules and at the ends of collagen fibrils.28–31 

The hydroxyapatite crystals that form in this nucleation phase are poorly organized and contain 

little carbonate. Following nucleation, the crystals grow: a phase called primary mineralization. In 

this phase, the crystals become more plate-like and align themselves with the collagen fibrils and 

the longitudinal axis of the bone. During primary mineralization, 65-70% of the total crystals are 

rapidly deposited within the collagen matrix in roughly 3 weeks.2 The secondary mineralization 
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phase then occurs over months to years, where some new crystals are formed and existing crystals 

become larger and more crystalline.  

1.1.4 Bone Cell Development 

Osteoblasts arise from mesenchymal stem cells that differentiate into osteoblasts when 

exposed to specific transcription factors, specifically those activated by bone morphogenic 

proteins (BMPs) and Wnts.32 Mature osteoblasts are cuboidal cells that secrete high levels of 

protein, specifically alkaline phosphatase (ALP), bone sialoprotein (BSP), osteocalcin, 

osteopontin, osteonectin, and type I collagen, among others. They also secrete high levels of 

mineral in the form of amorphous calcium phosphate. Extensive heterogeneity in osteoblast gene 

and protein expression has been reported, even among neighboring cells that appear histologically 

similar.33 

Osteoclasts arise from the hematopoietic monocyte-macrophage lineage in the bone 

marrow. Two factors that are necessary for osteoclastogenesis are macrophage colony-stimulating 

factors (M-CSFs) and receptor activator of nuclear factor kappa-B ligand (RANKL). Other growth 

factors, cytokines, and matrix metalloproteinases (MMPs) that are secreted by osteoblasts and 

osteocytes regulate osteoclastogenesis as well.  

 After becoming partly surrounded by osteoid, or newly formed bone, an osteoblast 

undergoes functional and morphological changes that mark the beginning of its differentiation into 

an osteocyte. Depending on the species and age of the animal, it has been estimated that ~10-30% 

of osteoblasts transform into osteocytes.33 The fundamental mode of osteoblast entrapment in 

osteoid remains a mystery, but it is likely a combination of the several theories, with two being the 

most prominent: (1) osteoblasts entrap themselves in their deposited matrix and (2) some 

osteoblasts slow or stop their rate of matrix deposition and thus become entrapped by other 
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osteoblasts’ deposition.33 After entrapment in osteoid or once differentiation has been initiated, the 

cells are often referred to as any of the following: “osteoid-osteoblasts,” “pre-osteocytes,” 

“osteocytic osteoblasts,” “early osteocytes,” or “young osteocytes” to distinguish intermediate 

transitional stages.  

Many of the cellular and molecular mechanisms that initiate and regulate osteocyte 

differentiation are not fully understood, largely because of the difficulty in studying cells entombed 

in mineralized tissue and the variable expression at different stages and among cell types. One 

theory posits that as the newly-formed bone layer grows, the osteoblasts on the surface become 

farther from the embedded osteocytes with which they are in contact with, and eventually the 

embedded osteocytes secrete a molecular signal that is transported to the surface to induce 

osteoblast-to-osteocyte differentiation.34 Various other theories suggest that the differentiation is 

driven by Transforming Growth Factor β-related signaling mechanisms or by transcription factors, 

such as Runx2 which activates osteoblast/osteocyte markers.33  

The osteoblast-to-osteocyte transition process has been increasingly studied in recent 

decades and has some well-documented markers (Figure 1.4).33,35–37 Three morphological changes 

that are agreed upon are: (1) a decrease in cell body size, (2) increase in cell processes, and (3) 

changes to intracellular organelles.33 Differentiating osteocytes also down-regulate, or end, 

production of many extracellular proteins, such as osteocalcin, collagen type I, and Alkaline 

Phosphatase (ALP), among others.33 There are several markers that indicate differentiation (gene 

name in parentheses): E11/gp38 (Pdpn) is one of the earliest markers, followed by Matrix 

extracellular phosphoglycoprotein (Mepe), Phosphate Regulating Endopeptidase Homolog X-

Linked (Phex), Dentin matrix acidic phosphoprotein 1 (Dmp1), Sclerostin (Sost) and Fibroblast 

growth factor 23 (Fgf23). Sclerostin and FGF23 indicate mature osteocyte differentiation.38  
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Figure 1.4: Markers of osteoblast-to-osteocyte differentiation: changes in morphology and 
protein expression. Gene names are given in parentheses. Figure created with BioRender.com  

 

1.2 Osteocytes  

1.2.1 Lacunocanalicular Network Structure and Composition 

In vivo, osteocytes are connected to each other via a lacunocanalicular network (LCN, 

Figure 1.1 and Figure 1.5). Cell bodies are encased within lacunae—small, rounded cavities in the 

bone matrix—with approximately 0.5-1 μm pericellular space between the cell membrane and 

lacunar wall.39 Each cell body develops approximately 50-60 dendrites, which extend outward to 

form connexin 43 gap junctions40 with neighboring cell dendrites.15 The dendrites, which have an 

average length of 30 μm41 and diameter of 100-150 nm,39 extend through small channels called 

canaliculi. The canaliculi have a diameter of approximately 200-250 nm, leaving 50-150 nm 

annular space between the dendrite and channel wall.39 The LCN extends throughout bone and to 

the bone surface, where the dendrites form gap junctions with osteoblasts and osteoclasts. The 

interconnected LCN in bone is comparable to the neural network in both size (total length of 

processes) and number of connections.42   
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Figure 1.5: Lacunocanalicular Network (LCN): osteocyte cell bodies encased in rounded 
lacunae (yellow arrow) are connected to each other via dendrites which extend throughout 
canaliculi (blue arrow). Image was taken of mouse cortical bone after silver nitrate staining. Scale 
bar is 10 μm. 

 

 A thin layer of collagen type I lines the walls of the LCN, but the remaining pericellular 

space between the cell cytoskeleton and the walls is not empty. Rather, the pericellular space in 

the LCN is composed of extracellular proteins and proteoglycans, and is sometimes called the 

glycocalyx (Figure 1.6).43,44 The two main functions of the pericellular matrix are to (1) tether the 

osteocyte cell body and dendrites to the lacunar/canaliculi walls and (2) provide the osteocyte for 

a way to sense mechanical loads (e.g. fluid flow or direct matrix strain).43,45 Extracellular proteins 

in the pericellular matrix include collagen, fibronectin, and vitronectin, and osteocyte cell bodies 

and dendrites attach to these proteins via cell surface receptors such as CD44 and integrins. Along 

the dendrites, “collagen hillocks” have been observed with ~130 nm spacing.46 These collagen 

protrusions extend outwards from the canalicular wall and attach to the dendrites via integrins that 

are connected to the actin cytoskeleton through focal adhesions.47 The main proteoglycan of the 



10 
 

pericellular matrix is perlecan,45,48 which also plays a key role in LCN formation, as mice without 

perlecan develop a LCN with reduced size and number of canaliculi.49 

 

 

Figure 1.6: Osteocyte cell body and dendrites are surrounded by a pericellular matrix 
composed of extracellular proteins and proteoglycans. 

 

Interestingly, the integrin-based focal adhesions that tether osteocytes to the pericellular 

matrix differ between the cell body and dendrites. In both locations, integrins span from the 

cytoplasm to the pericellular matrix, with the α subunit attaching to the pericellular matrix ligands 

and the β subunit contributing to intracellular signaling mechanisms. On the dendrites, integrin β3 

(with αv subunit) is found, whereas on the cell body, only β1 is found (with varying α subunits 

including 1, 2, 3, 5, and 5).43,46 Further, on the cell body, β1 forms traditional large focal adhesions 

with vinculin and paxillin, but on the dendrites, β3 forms atypical, smaller focal adhesions with 

specialized channel proteins such as pannexin-1, P2X7R, and CaV3.2-1.43,50 It is thought that the 



11 
 

dendritic focal adhesions are atypical to fit into smaller pericellular locations along the canaliculi 

and into smaller cytoplasmic locations within the dendrites.  

The LCN enables gap junctional and paracrine signaling throughout the dense bone tissue. 

Gap junctions permit direct exchange of secondary messenger molecules <1.2 kDa in size (e.g., 

cAMP, Ca2+, ATP, prostaglandins) between cells.51 Osteocytes share these secondary messengers 

in part to amplify a local response (such as to fluid flow).52 Larger solutes up to ~70 kDa (e.g., 

sclerostin, RANKL, and PTH) can be transported throughout the LCN via fluid movement.53  

1.2.2 Sensing and Responding to Mechanical Loads 

Osteocytes have become known as the “mechanostat” for bone; they sense and respond to 

mechanical cues with a cellular response. Osteocytes respond to multiple types of loading such as 

direct matrix strains, hydraulic pressure, and interstitial fluid flow.15 In vivo, strain-amplification 

at lacunae occurs due to the softer pericellular matrix that surrounds osteocytes, where strain 

increases by 1.4 to 2.7-fold.54 However, the strain amplification that occurs due to fluid flow 

throughout the LCN is estimated to amplify the tissue-level strains on the cell’s cytoskeleton by 

10 to 100-fold.14 The higher strain amplification due to fluid flow in addition to the in vitro 

experiments that show osteocytes to be more sensitive to fluid flow than strains14,55 supports the 

consensus that fluid flow through the LCN dominates the mechanical stimuli sensed by osteocytes.   

Osteocyte mechanosensation of the LCN fluid flow occurs through several different 

cellular mechanisms. The first response to mechanical loading is an increase in cytoplasmic Ca2+, 

which is triggered by the opening of mechanically sensitive ion channels.56 Primary cilia also 

orient themselves in the direction of fluid flow, and removal of cilia changes the osteocyte response 

to fluid flow.57 As fluid moves throughout the LCN, the perlecan that tethers the cytoplasm is 

subjected to a drag force, which the cell membrane senses, and which is evidenced by the 
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diminished response to mechanical loading in perlecan-deficient mice.49 Finally, osteocytes 

depend on both β1 and β3 integrins to sense and respond to mechanical loads.58–60  

Dendrites are responsible for most of the mechanosensation due to LCN fluid flow. This is 

partly due to the increased fluid flow in the canaliculi as compared to the lacunae, due to the 

smaller pericellular space.14 Additionally, cellular experiments have shown that dendrites produce 

a cellular response at much lower loads than the softer cell body does.61–63 

At a macroscale, increased mechanical loading increases bone formation while decreased 

mechanical loading increases bone remodeling, which was first theorized by Wolff’s Law in 

1834.64 Osteocytes, being incredibly mechanosensitive, orchestrate these changes by secreting 

signaling proteins that directly regulate osteoblast bone formation and osteoclast bone resorption 

(Table 1.1). The mechanisms by which osteocytes alter their production of these (and other) 

signaling molecules are not fully understood. One secondary messenger that osteocytes produce 

in response to mechanical loading65,66 and that also induces downstream protein expression 

changes in osteocytes is Prostaglandin E2 (PGE2).67–69 PGE2 is rapidly secreted by osteocytes via 

connexin 43 hemichannels70 in response to mechanical loading on the order of minutes.65,66,71,72 

Then, by autocrine signaling, PGE2 binds to cell surface receptors on osteocytes to initialize 

intracellular signaling cascades that alter expression of some of the proteins outlined in Table 1.1, 

(e.g., increased PGE2 decreases sclerostin, an anabolic effect73). 

 

  



13 
 

Table 1.1: Key proteins secreted by osteocytes to regulate anabolic and catabolic activity. 

Gene 
Name Protein Name Category Function 

Il6 IL-6 Catabolic 
signaling 

↑ leads to bone resorption 74–77 

Tnfrsf11b Osteoprotegerin 
(OPG) 

Catabolic 
signaling 

↓ leads to bone resorption 78 

Tnfsf11 Receptor 
activator of 
nuclear factor 
kappa B ligand 
(RANKL) 

Catabolic 
signaling 

↑ leads to bone resorption 78–82 

Bglap Osteocalcin 
(OCN) 

Anabolic 
signaling 

↓ leads to bone formation 83,84 

Sost Sclerostin Anabolic 
signaling 

↓ leads to bone formation 85 
↑ leads to bone resorption 86 

 

1.2.3  Prostaglandin E2 Signaling 

PGE2 is one of the earliest responses secreted by osteocytes in response to mechanical 

loading and has an overall anabolic effect on bone.87–89 Yet, the mechanisms by which PGE2 

affects osteocyte production of key anabolic or catabolic signaling proteins is not fully understood. 

Figure 1.7 is a compilation of several recent studies that have elucidated some of the intracellular 

signaling pathways (but show some inconsistencies) in primarily bone cells when stimulated with 

PGE2 binding to one of the two EP receptors responsible for most anabolic signaling effects, EP2 

or EP4.90–92  

Briefly, PGE2 binds to any of the four EP receptor subtypes (EP1, EP2, EP3, EP4). EP2 

and EP4 activation increases intracellular 3,5’-cyclic adenosine monophosphate (cAMP) levels 

while EP1 and EP3 activation has other effects (EP3 decreases cAMP and EP1 increases Ca2+).68 

Increased intracellular cAMP activates the protein kinase A (PKA) pathway,52,69 which leads to 
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phosphorylation of glycogen synthase kinase-3β (GSK-3β).93 Phosphorylation of GSK-3β inhibits 

β-catenin degradation in the cytosol.94 Accumulation of β-catenin in the cytosol leads to nuclear 

translocation of β-catenin and transcriptional activation of T-cell factor (TCF)-regulated gene 

expression,95 including the gene Ptgs2, which encodes the protein cyclooxygenase-2.93 One key 

difference between EP2 and EP4 is that EP2 likely dominates the cAMP/PKA-mediated 

phosphorylation of GSK-3β, whereas only EP4 couples to phosphatidylinositol 3-kinase (PI3K)-

mediated GSK-3β phosphorylation.68,93 This may be related to the difference in cAMP stimulation: 

at comparable protein levels and equal PGE2 stimulation, EP2 stimulated cAMP formation ~71-

fold as compared to ~10-fold from EP4.96 It is also possible that this difference is also explained 

by the PGE2 desensitization that EP4 undergoes but EP2 does not.97 PI3K activation (from EP4) 

has also been shown to phosphorylate the extracellular signal-regulates kinases (ERKs), which 

induces expression of early growth response factor-1 (EGR-1) that was not observed with EP2 

stimulation.96 A number of genes including Ptges (encoding PGE2 synthase, or mPGES1) are 

known to be regulated by EGR-1,96 and PGE2 has been shown to increase Ptges.98  

 

 

Figure 1.7: PGE2-induced signaling pathways as activated by the cell surface receptors EP2 
and EP4. The findings from each study are color-coded by the cell type. The red arrows were 
specifically shown in the experiment to not affect the downstream signaling, which is different 
than either inhibition or stimulation. 
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1.3 In vitro Study of Osteocytes 

It has been difficult to study osteocyte mechanobiology and signaling in vivo for several 

reasons. First, it is difficult to isolate and control the effects of different mechanical stimuli (e.g. 

fluid flow vs. strain) on osteocytes embedded within the LCN. Second, any techniques to study 

signaling that require high resolution imaging have been difficult until recent advances were 

developed in confocal microscopy42 due to the location of osteocytes within the heavily 

mineralized bone tissue. Third, a transgenic mouse model that targets only mature osteocytes has 

not been developed until very recently (2019) and there are undesirable side effects with this model 

that limit its utility.99 A transgenic model that targets only mature osteocytes would enable in vivo 

experimental knockouts, but without this model it is difficult to isolate the effects of any treatment 

on osteocytes alone. This is particularly challenging because osteoblasts are from the same lineage 

as osteocytes and therefore express many of the same genes and proteins as osteocytes. Therefore, 

the bulk of osteocyte mechanobiology and cell signaling experiments to date have used in vitro 

cultures. 

1.3.1 Cell Lines 

Although protocols exist for isolating primary osteocytes (e.g., from mature mice100), the 

protocols are time-intensive and require many animals to obtain the necessary cell numbers for 

most in vitro experiments. Primary osteocytes are post-mitotic and therefore rarely proliferate, and 

even de-differentiate in 2D cultures.101 When cultured in 2D, isolated primary osteocytes show 

increased expression of osteoblast markers as compared to when cultured in 3D, indicating that 

osteocytes can de-differentiate back into osteoblasts depending on the extracellular matrix cues.102 

These challenges led to the development of several osteocyte-like cell lines that most in vitro 
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osteocyte research currently uses. These cell lines have enabled the field of osteocyte biology to 

exponentially expand in the past 20 years.103  

The first osteocyte cell line that was developed is also the most frequently used cell line: 

MLO-Y4. These murine cells resemble early osteocytes and were derived from long bones from a 

transgenic mouse with the immortalizing T-antigen expression under control of the osteocalcin 

(OCN) promoter.104 MLO-Y4 cells proliferate rapidly and express high levels of OCN, connexin 

43, E11, CD44, DMP1, MEPE, and PHEX. These cells are highly dendritic and responsive to 

mechanical loading and thus have been used to extensively study osteocyte mechanobiology 

(approximately 300 publications to date using these cells103,105). However, MLO-Y4 cells show 

limited capacity to express the mature osteocyte markers of FGF23 and sclerostin.  

The HOB-01-C1 was the first human cell line developed to resemble early osteocytes. 

These cells extend cellular dendrites and express low levels of ALP with high levels of CD44 and 

OCN.106 However, this cell line has not been used to the same extent as the mouse-derived cell 

lines, likely due to the expedited progress of mouse genetics.  

The MLO-A5 murine cell line resembles osteoid-osteocytes, with the ability to mineralize 

without β-glycerolphosphate in ~7 days in sheets that resemble primary mineralization.107 MLO-

A5 cells were established from the same animals as the MLO-Y4 cells.107 In culture, these cells 

express high levels of late osteoblast markers, including ALP, collagen type I, bone sialoprotein 

(BSP), parathyroid hormone (PTH), type 1 receptor, and OCN.107 In later culture times, these cells 

develop dendrites and can express osteocyte markers such as E11.108  

The IDG-SW3 cells were derived from double transgenic mice: mice with a temperature 

sensitive SV40 T-antigen were crossed with mice where the Dmp1 promoter drives Green 
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Fluorescent Protein (GFP).109 The temperature sensitive SV40 T-antigen enables these cells to 

rapidly proliferate in their immortalized state at 33˚C, but when cultured at 37˚C, they end 

expression of the T-antigen, no longer proliferate, and begin to differentiate. These cells display 

an initial osteoblast-like phenotype, but after extended culture in osteogenic media they express 

mature osteocyte markers such as Sost and Fgf23,109 making them an ideal cell line to study the 

osteoblast-to-osteocyte transition.  

The OCY454 cell line was derived from the same double transgenic mouse line as the IDG-

SW3 cells, but these cells produce sclerostin (and Sost) after 10-14 days,110 a much shorter culture 

period than the IDG-SW3 cells require. OCY454 cells are a more recently developed cell line than 

the IDG-SW3 cells, and thus have not been studied as extensively, although they have been shown 

to respond to parathyroid hormone110 and mechanical stimulation.111  

The most recently developed osteocyte cell line is the OmGFP66, first published on in 

2019.112 This cell line was derived from mice with a membrane-targeted GFP driven by the Dmp1 

promoter. This cell line is a promising new addition to the osteocyte cell lines because these cells 

express osteocyte markers (E11, DMP1, sclerostin) after 7-14 days and form lacunocanalicular-

like structures in 2D culture.112 

1.3.2 Mechanobiology  

Most osteocyte studies of mechanobiology in vitro to date use 2D cultures. These studies 

primarily induce mechanical loading by culturing cells on a 2D substrate and either stretching that 

substrate to induce a direct matrix strain or flowing fluid over the cell monolayer to subject to fluid 

shear stress. The results from these studies have been fundamental in understanding the 

mechanobiology and mechanotransduction of osteocytes. For example, osteoblasts (T23) and 

osteocytes (MLO-Y4) subjected to fluid flow both secrete PGE2 via β-catenin activation, but the 
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sensitivity and kinetics greatly differ between the cell populations.65 Yet, 2D cultures of osteocytes 

are limited because of the osteocyte dedifferentiation that occurs and for the lack of 3D 

environmental cues that are necessary to resemble in vivo conditions.113  

A few recent novel studies have developed 3D in vitro culture systems to study osteocyte 

mechanobiology.110,114–118 For example, one study developed a 3D osteocyte-osteoblast co-culture 

system combined with cyclic strains ranging from 0.4-0.5% to study strain-induced osteocyte 

regulation of osteoblast bone formation.114 Another study cultured osteocytes in a 3D collagen gel 

to mimic aspects of the loading environment around a dental implant.116 Other studies developed 

3D culture systems that replicate aspects of in vivo osteocyte cell density, function, and phenotype 

and that incorporate loading via fluid perfusion.110,115,117 Yet another study developed an osteocyte 

3D culture system to study the effects of damaging levels of loading on osteocyte signaling to bone 

marrow cells.  However, these studies that combine 3D osteocyte culture systems with mechanical 

stimulation are limited in their ability to culture osteocytes with a mature phenotype while also 

recapitulating physiological bone-levels of strain (i.e., between 0.001% and 0.3%),53,119 in 

combination with fluid flow. 

1.4 Bone Tissue Engineering Scaffolds 

The in vitro model that best mimics the physiology of in vivo conditions is a bone explant. 

Yet, osteocytes in bone explants decrease their production of sclerostin and FGF23120 and decrease 

in viability over time.121,122 Additionally, studying osteocyte mechanobiology in bone explants 

retains the same challenge as in vivo: it is difficult to isolate and control the effects of different 

mechanical stimuli. Therefore, 3D osteocyte cultures have been developed using bone tissue 

engineering scaffolds.  
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Tissue engineering scaffolds generally fall into two categories: natural or synthetic. Natural 

scaffolds are derived from proteins or proteoglycans, such as collagen, silk, gelatin, agarose, 

alginate, and hyaluronic acid. Natural polymers contain naturally occurring cell attachment sites, 

are degradable by cells, and emulate the pericellular or extracellular matrix of tissue. For bone 

tissue engineering, collagen I scaffolds have been widely used for 3D culture systems for their 

biocompatibility, availability, ease of use, and ability to support osteocyte differentiation and 

dendritic formations.123 Yet, natural polymers, including collagen scaffolds, are limited by their 

batch variability, tunability, and mechanical properties. For example, the elastic modulus of 

collagen gels is often in the single kPa range, yet osteogenic differentiation is enhanced in scaffolds 

with an elastic modulus in the 10-20 kPa range.124,125 

Synthetic polymers offer much more tunability than natural polymers, and include poly(N-

isopropylacrylamide), polycaprolactone, poly-L-lactic acid, and poly(ethylene glycol) (PEG). 

Although synthetic polymers do not have a natural affinity for cells, they can be easily modified 

by tethering in cell attachment motifs, growth factors, and even natural polymers such as 

chondroitin sulfate126 or collagen.127 Synthetic polymers can be crosslinked via a variety of 

physical, chemical, or ionic mechanisms.  

Mineral particles have also been incorporated into synthetic and natural scaffolds to mimic 

the nonorganic component of bone. Hydroxyapatite (HA), tricalcium phosphate, and biphasic 

calcium phosphate particles have all shown promising osteogenic results when incorporated into 

other scaffolds.115,117,128,129 It is thought that incorporation of mineral particles provides osteocytes 

with mineral nucleation sites, which emulates osteoid development in osteoblast- and osteocyte-

mediated bone formation.  
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1.4.1 Poly(ethylene glycol) Hydrogels 

One of the more common synthetic scaffolds used in a variety of tissue engineering 

applications are PEG hydrogels. Hydrogels are a subset of crosslinked scaffolds that are 

hydrophilic and retain a high-water content. The high-water content mimics native tissues and 

allows for transport. PEG is cytocompatible, hydrophilic, and incredibly tunable, making it ideal 

for tissue engineering.130 In order to form a crosslinked network, the PEG is functionalized with a 

chemically reactive group, such as a norbornene in the case of PEG thiol-norbornene photoclick 

chemistry hydrogels. With this chemistry, any biological moiety (such as RGD, growth factors, or 

collagen I) can be covalently tethered (and thus immobilized) to the PEG monomer by 

functionalizing the moiety with a cysteine or thiol.131 The hydrogel can form a crosslinked network 

by also incorporating a crosslinker (e.g. PEG-dithiol) and initiating the free-radical 

polymerization. This method of polymerization in this dissertation uses a photoinitiator that is 

cleaved by UV light to produce radicals that propagate through the reactive groups via step-growth 

polymerization. 

Given the tight polymer mesh of PEG hydrogels, cell-mediated degradation is necessary to 

allow for cell-mediated extracellular matrix (ECM) deposition.132 Incorporation of MMP-sensitive 

crosslinks into a hydrogel enhanced osteogenesis,37,38 supported ECM deposition,133,134 and was 

biocompatible in a subcutaneous implant.134 To replace the hydrogel with neotissue and develop 

an LCN, reverse gelation must occur at the same time as macroscopic tissue growth, a delicate 

balance to reach.135  
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1.5 Motivation and Specific Aims 

Osteocytes amount to greater than 95% of the total bone cells in the body and reside within 

the mineralized bone matrix in an interconnected lacunocanalicular network. The primary function 

of osteocytes is to coordinate the activity of bone forming osteoblasts and bone resorbing 

osteoclasts in response to mechanical and hormonal cues.38,136 The sensitivity to mechanical loads 

and the corresponding cellular response is often referred to as mechanobiology. Due to their key 

regulatory and mechanobiology capabilities, osteocytes are integral to maintaining healthy bone 

homeostasis, and deregulating bone homeostasis in disease states.137  

Osteoarthritis (OA) causes disability and pain for over 30 million adults in the U.S.138 The 

cause of this pain is the degeneration of the osteochondral unit, which is comprised of articulating 

cartilage, calcified cartilage, and subchondral bone. During the progression of OA, bone and 

cartilage both undergo property changes; for example, cartilage permeability increases,11 which in 

turn increases the fluid flow in bone.12,13 Osteocytes embedded in this bone detect the increased 

fluid flow and then secrete signaling molecules that affect osteoblast bone formation and osteoclast 

bone resorption that further contribute to osteochondral degeneration.7,9,10,14–16 A hallmark of late-

stage OA is a thickening of the subchondral bone plate, which is likely mediated by the osteocyte-

initiated anabolic signaling in response to increased fluid flows. Thus, osteocyte signaling in 

response to increased fluid flow is crucial to better understanding the contribution of bone and 

cartilage degeneration to the progression of diseases such as OA.  

Insufficient tools exist to study osteocyte mechanobiology within the subchondral bone 

plate. Studying osteocyte mechanobiology mechanisms in vivo is challenging due to the difficulty 

in isolating and controlling the effects of different mechanical stimuli (e.g. fluid flow vs. strain) 

on osteocytes embedded within the lacunocanalicular network. To date, most osteocyte 



22 
 

mechanobiology studies use in vitro, two-dimensional (2D) cultures of osteocytes, which have 

been fundamental in increasing our understanding of osteocyte mechanobiology. Yet, 2D cultures 

lack the ability to support a mature osteocyte phenotype in primary osteocytes and osteocyte cells 

lines.113 Additionally, they lack a three-dimensional (3D) extracellular matrix (ECM) that more 

accurately resembles in vivo conditions. Some recently developed 3D osteocyte culture models 

exist but lack the combination of a mature osteocyte phenotype with physiologically relevant 

matrix strains and fluid perfusion relevant to the subchondral bone plate.  

Therefore, the overarching goal of this work is to develop a 3D ex vivo culture system to 

study osteocyte mechanobiology, specifically within the subchondral bone plate. The first aim of 

this work is to develop a 3D degradable hydrogel system that promotes osteocyte 

differentiation and bone extracellular matrix deposition. Poly(ethylene glycol) (PEG) 

hydrogels are cytocompatible, hydrophilic, and incredibly tunable, making them ideal for tissue 

engineering scaffolds.130 Yet, the tight polymer mesh of PEG hydrogels requires cell-mediated 

degradation to allow for ECM deposition and extension of cellular dendrites.132 IDG-SW3 cells 

can produce a mineralized collagen matrix and transition from osteoblasts to mature osteocytes, 

but there are no known tunable hydrogel systems that support IDG-SW3 differentiation. The three 

sub-aims are as follows: (1) Identify a matrix metalloproteinase (MMP)-sensitive hydrogel which 

would support IDG-SW3 cell-mediated degradation. (2) Assess IDG-SW3 differentiation within 

the MMP-sensitive degradable hydrogel and compare to a non-degradable hydrogel and 2D culture 

on tissue culture polystyrene. (3) Examine the effect of cell encapsulation density on cellular 

morphology and bone ECM deposition. In particular, cell density was identified as a key regulator 

of osteoblast-to-osteocyte differentiation139–141 and will influence cell-cell contacts as well as the 

amount of total ECM deposited. 
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The second aim of this work is to investigate physical and biochemical factors that 

influence dendrite formation in a 3D hydrogel. In vivo, osteocytes reside within a highly 

interconnected 3D environment known as the lacunocanalicular network (LCN), characterized by 

~30 dendrites extending outwards from each cell body to form gap junctions with neighboring 

cells. Osteocytes use the LCN to communicate via autocrine and paracrine signaling, but also via 

direct gap junctions between cells. In Aim 1, dendrite extension was not observed to a great extent. 

In this second aim, OCY454 cells, which are known to produce mature osteocyte markers (e.g. 

sclerostin) after a much shorter culture period than IDG-SW3 cells, were cultured in a variety of 

PEG hydrogels. Physical factors, such as crosslinking density, modulus, and degradability were 

varied, as these factors can influence differentiation and cell spreading.124,142 Additionally, a 

variety of biochemical factors were included, such as transforming growth factor-β3, collagen I, 

RGD, and hydroxyapatite, which are known to influence dendrite extension and osteocyte 

differentiation.123,143,144 With the varying physical and biochemical factors, osteocyte 

differentiation gene expression and dendrite formation (via confocal microscopy) were assessed.  

The third aim of this work is to elucidate the effect of culture environment on the gene 

expression response to Prostaglandin E2. PGE2 is synthesized and released by osteocytes as an 

early response to mechanical loading,95 but its autocrine signaling effect on osteocytes is not well 

understood. It is challenging to isolate the effects of PGE2 on osteocytes in vivo because this 

molecule affects both osteoblast and osteoclast activity. Thus, osteocyte PGE2 signaling has 

largely been studied in vitro in 2D cultures of either osteoblasts55,65,67,73–75,89,145–148 or MLO-Y4 

osteocyte-like cells.65,66,147,149–151 Yet, these studies use cells that do not produce mature osteocyte 

markers (e.g. Sost, which encodes sclerostin) and it is known that the stage of differentiation affects 

cell behavior in osteoblasts and osteocytes.65,71 Thus, we aimed to investigate if the dimensionality 
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(i.e., 2D vs. 3D), which greatly impacts osteocyte differentiation,115,128,152 also impacts the 

osteocyte response to PGE2. The gene expression for a variety of PGE2-signaling, anabolic-

signaling, or catabolic-signaling markers were measured after PGE2 treatment in IDG-SW3 

osteocytes cultured in 2D and 3D.  

The fourth aim of this work is to develop an osteocyte 3D ex vivo model that 

recapitulates key aspects of osteochondral loading in osteoarthritis. Existing 3D osteocyte 

culture systems that succeed in mimicking aspects of in vivo osteocyte phenotype and incorporate 

mechanical stimulation are limited. No 3D models exist that adequately recapitulate physiological 

bone-levels of strain combined with fluid flow within the subchondral bone, while also supporting 

a mature osteocyte phenotype. While numerous studies use bilayer scaffolds for osteochondral 

defect repair models (e.g.,153–161), few studies examine osteocytes in these scaffolds. This aim 

develops a 3D hydrogel bilayer composite that supports osteocyte differentiation and bone matrix 

deposition in a bone-like layer. When loaded in compression, the composite design recapitulates 

key aspects of the osteochondral unit’s complex loading environment. Specifically, the design 

achieves near-physiological levels of strain in combination with fluid flow.  
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2.1 Abstract 

Osteocytes reside within a heavily mineralized matrix making them difficult to study in vivo 

and to extract for studies in vitro. IDG-SW3 cells are capable of producing mineralized collagen 

matrix and transitioning from osteoblasts to mature osteocytes, thus offering an alternative to study 

osteoblast to late osteocyte differentiation in vitro. The goal for this work was to develop a 3D 

degradable hydrogel to support IDG-SW3 differentiation and deposition of bone ECM. In 2D, the 

genes Mmp2 and Mmp13 increased during IDG-SW3 differentiation and were used as targets to 

create a MMP-sensitive poly(ethylene glycol) hydrogel containing the peptide crosslink 

GCGPLG-LWARCG and RGD to promote cell attachment. IDG-SW3 differentiation in the MMP-

sensitive hydrogels improved over non-degradable hydrogels and standard 2D culture. Alkaline 

phosphatase activity at day 14 was higher, Dmp1 and Phex were 8.1-fold and 3.8-fold higher, 

respectively, and DMP1 protein expression was more pronounced in the MMP-sensitive hydrogels 

compared to non-degradable hydrogels. Cell-encapsulation density (cells/ml precursor) influenced 

formation of dendrite-like cellular process and mineral and collagen deposition with 80x106 

performing better than 2x106 or 20x106, while connexin 43 was not affected by cell density. The 

cell density effects were more pronounced in the MMP-sensitive hydrogels over non-degradable 

hydrogels. This study identified that high cell encapsulation density and a hydrogel susceptible to 

2. Osteocyte Differentiation and Bone Extracellular Matrix Deposition Are 
Enhanced in a 3D Matrix Metalloproteinase-Sensitive Hydrogel. 
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cell-mediated degradation enhanced mineralized collagen matrix and osteocyte differentiation. 

Overall, a promising hydrogel is presented that supports IDG-SW3 cell maturation from 

osteoblasts to osteocytes in 3D.  

2.2 Introduction 

In bone, osteocytes are the most abundant cells and are vital in regulating homeostasis and 

healing.1,2 Osteocytes sense mechanical cues that transfer through the bone lacuno-canalicular 

network (LCN) during load-bearing activities, and in turn serve as orchestrators of bone 

remodeling by regulating bone formation and resorption in osteoblasts and osteoclasts.3–5 

Osteocytes arise from osteoblasts; when osteoblasts become encased in newly formed osteoid, the 

entrapped cells form dendrites that extend towards the mineralizing front or vascular space.6 The 

osteocyte dendritic processes facilitate cellular communication throughout bony tissue by creating 

a highly interconnected, three-dimensional (3D) cellular network.6–8 While our understanding of 

osteocyte biology and function is improving, our understanding is far from complete. Novel in 

vivo studies have shed some light on osteocyte mechanisms (e.g.,9–13), but such studies are difficult 

and costly. In vitro models that support the mature osteocyte phenotype and mimic in vivo 

conditions are thus needed to study osteocyte function in a controlled environment.14 

The location of osteocytes within the mineralized matrix of bone makes primary osteocyte 

isolation and culture particularly challenging.15 As an alternative, osteocyte-related cell lines 

enable in vitro study of osteocytes, such as studying the mechanisms by which osteocytes 

mineralize bone 16 or respond to fluid shear stress.17 MLO-Y4 cells exhibit osteocyte properties 

including a dendritic morphology concomitant with high expression of osteocalcin, low expression 

of the osteoblast marker, alkaline phosphatase, but limited ability to mineralize.18 MLO-A5 cells 

exhibit a post-osteoblast phenotype with high alkaline phosphatase and rapid mineralization. 
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However, both these osteocyte-related cell lines lack markers of mature osteocytes, such as Dmp1 

(encoding for dentine matrix protein 1) and Phex (encoding for phosphate-regulating neutral 

endopeptidase, X-linked).19 

More recently, the murine IDG-SW3 cell line was developed to study the transition from 

osteoblasts to osteocytes.20 IDG-SW3 cells cultured on collagen-coated plates showed up-

regulation of mature osteocyte markers, including Dmp1 and Phex, and produced a mineralized 

matrix.20 Recent 2D studies have investigated IDG-SW3 expression of mature osteocyte markers 

in response to various physical, biochemical, and mechanical cues (e.g.,21–25). These types of 

studies were previously not possible due to the limitations of the other osteocyte-related cell lines. 

However, to date, IDG-SW3 osteocyte maturation has not yet been achieved and fully 

characterized in a 3D environment.  

Three-dimensional, rather than two-dimensional, environments more accurately resemble 

the native tissue networking of cells.26,27 Various studies have shown that osteocyte differentiation 

is significantly improved when cultured in 3D.28–31 For example, primary human osteoblasts 

cultured on a biphasic calcium phosphate porous scaffold showed up-regulation of several 

osteocyte-related genes within two weeks of culture including Dmp1 and Phex.28 The expression 

of these genes was either low or undetectable in 2D cultures. Pre-osteoblastic MC3T3-E1 cells 

were shown to differentiate towards an osteocyte phenotype in vitro, but only after migrating into 

a 3D collagen hydrogel.31 These studies indicate that osteocytes will maintain their in vivo 

phenotype, but only if cultured in 3D. To relate findings from in vitro studies to the in vivo 

environment, 3D culture systems are important. Some studies have established 3D cultures for 

osteoblasts and early osteocytes using scaffolds such as collagen type I hydrogels or microbeads 

(e.g.13,32–34), but there are few 3D models that support mature osteocyte differentiation using late 
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osteocyte cell lines, and, to date, there are no known 3D tunable hydrogel systems that support 

IDG-SW3 culture.  

The goal of this study is to develop and characterize a hydrogel system that supports the 

transition from osteoblasts to osteocytes in a 3D environment. A poly(ethylene glycol) (PEG) 

hydrogel based on the thiol-norbornene photoclick chemistry was chosen for its cytocompatibility, 

tunability, and ease with which peptides are incorporated.35 Specifically, cell adhesion peptides 

and matrix metalloproteinase (MMP)-sensitive crosslinks were introduced into the hydrogel. 

Given the tight polymer mesh of the hydrogel, cell-mediated degradation is important for the 

extension of cellular processes, such as dendrites, and formation of cell-cell contacts.36 Moreover, 

studies have reported that incorporating MMP-sensitive crosslinks into a hydrogel enhanced 

osteogenesis,37,38 supported ECM deposition,37,38 and was biocompatible in a subcutaneous 

implant.38 To develop this hydrogel system, this study focused on three aims. The first aim was to 

identify a MMP-sensitive hydrogel, which would support IDG-SW3 cell-mediated degradation. 

To this end, several MMPs were investigated for their known roles in bone development and 

homeostasis and include MMP 2,9,13 and 14.39 The second aim was to assess IDG-SW3 

differentiation within the MMP-sensitive degradable hydrogel and compare to a non-degradable 

hydrogel and 2D culture on tissue culture polystyrene (TCPS). The final aim examined the effect 

of cell encapsulation density on cellular morphology and bone ECM deposition. In particular, cell 

density has been identified as a key regulator of osteoblast-to-osteocyte differentiation30,40,41 and 

will influence cell-cell contacts as well as the amount of total ECM deposited. Overall, this study 

identified a promising hydrogel for IDG-SW3 culture in 3D that can be degraded by the 

encapsulated IDG-SW3 cells and which supports bone extracellular matrix deposition and mature 

osteocyte differentiation.  
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2.3 Experimental Section 

2.3.1 2D Cell Culture 

IDG-SW3 cells (Kerafast, Inc., Boston, MA) are engineered with GFP expression under 

the control of the dentin matrix acidic phosphoprotein 1 (DMP1) promoter. The cells are also 

engineered to proliferate and remain immortal under interferon-gamma (INF-γ) at 33°C. When 

INF-γ is removed from the culture, and the cells are cultured in osteogenic media at 37°C, they 

revert to their in vivo phenotype of late osteoblasts and are capable of differentiating to osteocytes 

20. IDG-SW3 cells were expanded in culture medium consisting of Modified Essential Medium 

(MEM) α containing L-glutamine and deoxyribonucleosides (Gibco) supplemented with 10% FBS 

(Atlanta Biologicals), 30 U/ml recombinant mouse interferon-gamma (INF-γ) (Peprotech), and 

penicillin/streptomycin/ amphotericin B (PSF, Invitrogen). The cells were seeded at a density of 

3000 cells/cm2 on to T-225 tissue culture polystyrene flasks that were coated with rat-tail collagen 

type-1 (Sigma-Aldrich). The cells were expanded in a regulated incubator at 33°C with 5% CO2. 

Medium was replaced thrice weekly. Cells were treated with trypsin and passaged at ~80-90% 

confluency. 

 To induce osteogenesis, cells were plated on collagen type I-coated surfaces at 80,000 

cells/cm2 and cultured under osteogenic conditions and at 37°C. This process involved the removal 

of IFN-γ from the culture medium, and the introduction of 50 mg/mL of ascorbic acid and 4 mM 

β-glycerophosphate to the culture medium.  

2.3.2 3D Hydrogel Formation and Culture 

An 8-arm PEG with terminal amines (20,000 g/mol; JenKem Technology USA, Plano, TX) 

was functionalized with norbornenes by reacting 5-norbornene-2-carboxylic acid (Sigma-Aldrich, 

St. Louis, MO) with 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium 
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hexafluorophosphate methanaminium (Chem-Impex International, Inc., Wool Dale, IL), and N,N-

diisopropylethylamine (Chem-Impex) in dimethylformamide (DMF)/ dichloromethane (DCM) 

(Sigma-Aldrich). The reaction was carried out overnight at room temperature under inert 

atmosphere. The product was precipitated in diethyl ether (Sigma-Aldrich), filtered, dialyzed, and 

lyophilized. The extent of conjugation of norbornene to each arm of the 8-arm PEG-amine was 

determined to be 92% using 1H NMR by comparing the protons across the carbon-carbon double 

bond in the norbornene to the methylene protons in PEG. Two different crosslinkers were used: a 

non-degradable PEG-dithiol (1000 g/mol; Sigma-Aldrich) and an MMP-sensitive peptide with the 

amino acid sequence GCGPLG-LWARCG (GenScript) containing two cysteines. CRGDS 

(GenScript), which contains one cysteine for tethering, was also introduced as the cell adhesion 

peptide. 

For cell encapsulation studies, MMP-sensitive, degradable hydrogels were formed from a 

precursor solution consisting of 6.5% (w/w) 8-arm PEG-norbornene, MMP-sensitive peptide at 

0.65:1 thiol:ene ratio, 2 mM CRDGS, and 0.05% (w/w) photoinitiator, 1-(4-(2- Hydroxyethoxy)-

phenyl)-2-hydroxy-2-methyl-1-propane-1-one (I2959; BASF, Tarrytown, NY), in phosphate-

buffered saline (PBS). Non-degradable hydrogels were formed from a precursor solution 

consisting of 7% (w/w) 8-arm PEG-norbornene, PEG dithiol (1000 g/mol) at 0.5:1 thiol:ene, 2 

mM CRGDS, and 0.05% (w/w) photoinitiator in PBS. The non-degradable hydrogel formulation 

was chosen to achieve a compressive modulus that was close to the MMP-sensitive hydrogel, with 

an acellular compressive modulus of 10 (1) kPa and 8 (1) kPa for the non-degradable and MMP-

sensitive hydrogel formulations, respectively. Murine IDG-SW3 cells were encapsulated into the 

MMP-sensitive and non-degradable hydrogels at cell concentrations of (1) low, 2x106 cells/mL, 

(2) medium, 20x106 cells/mL, and (3) high, 80x106 cells/mL. All hydrogels were 
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photopolymerized for 10 minutes with 352 nm light at 5–10 mW/cm2 in molds that were 3 mm in 

diameter and 3 mm in height and immediately cultured in osteogenic differentiation media.  

2.3.3 Acellular Hydrogel Degradation 

Acellular, MMP-sensitive, degradable hydrogels were formed from a precursor solution 

consisting of 4.5% (w/w) 8-arm PEG-norbornene, MMP-sensitive peptide at 0.65:1 thiol:ene ratio, 

and 0.05% I2959 in PBS using the same molds and photopolymerization method as described 

above. A lower concentration of 8-arm PEG-norbornene was chosen to shorten the time of 

degradation. A solution of 10 nM MMP-13 or 11.1 nM MMP-2 (Calbiochem, EMD Millipore) 

was prepared in a buffer consisting of 50mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) (Corning), 10mM CaCl2 (Thermo Fisher Scientific), 20% glycerol (Mallinckrodt 

Chemicals), and 0.005% BRIJ-35 (Alfa Aesar). Hydrogels were placed initially in this buffer but 

without MMP and allowed to swell to equilibrium at 37˚C for 48 hours. After equilibrium swelling, 

the buffer solution was replaced with new buffer solution containing either MMP-13 or MMP-2 

and incubated at 37 ̊ C. Every 24 hours for 3 days, the enzyme solution was refreshed, and samples 

were collected, weighed, tested for compressive modulus, and then lyophilized.  

2.3.4 GFP Expression 

GFP-expressing DMP-1 was monitored over culture time up to 30 days by fluorescence 

microscopy (EVOS FL Imaging System; Life Technologies) and image acquisition using a camera 

(Sony ICX445 monochrome CCD camera) in the 2D cultures. At day 28, intact hydrogels were 

imaged by confocal microscopy (Zeiss LSM 5 Pascal system using a Zeiss Axiovert microscope). 

In the 2D culture experiment, the corresponding bright field images were also acquired.  
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2.3.5 Gene Expression 

In the 2D experiment for the first study of the paper (Figure 2.1), samples were collected 

at days 1, 4, 14, 21 and 35, and the cells were lysed directly in the well plates with TRK lysis 

buffer (Omega) and stored at -80°C. In the 2D experiment for the second study of the paper (Figure 

2.3), samples were collected at days 1, 7, 14, and 28. In the 3D culture experiments, samples were 

collected at days 1, 7, 14, and 28, placed in TRK lysis buffer (Omega) and stored at -80°C. Samples 

were disrupted using a tissue lyser (Qiagen), and RNA was isolated using E.Z.N.A. microelute kit 

(Omega) per the manufacturer instructions. The amount of pure RNA was quantified using a 

Nanodrop instrument (ND-1000, Thermo Scientific) with A260/280 greater than 1.90. Purified 

RNA was reverse transcribed into cDNA using a High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) per the manufacturer instructions. Samples were analyzed by qPCR with 

Fast SYBR Green Master Mix (Applied Biosystems) on a 7500 Fast system (Applied Biosystems). 

Custom primers were designed using Primer Express 3.0 software (Applied Biosystems) and were 

evaluated for efficiency. Primer sequences, efficiencies, and accession numbers are listed in Table 

2.1. Data are presented as relative expression (RE) to the housekeeping gene L32 given by 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸 (𝑅𝑅𝐸𝐸) =  𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻
𝐶𝐶𝑡𝑡(𝐻𝐻𝐻𝐻𝐻𝐻) 𝐸𝐸𝐻𝐻𝐺𝐺𝐺𝐺

𝐶𝐶𝑡𝑡(𝐻𝐻𝐺𝐺𝐺𝐺)�  

where E is the true primer efficiency, HKG is the housekeeping gene, GOI is the gene of interest, 

and Ct is the cycle number where the sample crosses the threshold. Data are also presented as 

normalized expression (NE) given by 

𝑁𝑁𝐸𝐸 = (𝐸𝐸𝐻𝐻𝐺𝐺𝐺𝐺)∆𝐶𝐶𝑡𝑡,𝐻𝐻𝐺𝐺𝐺𝐺(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠) (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻)∆𝐶𝐶𝑡𝑡,𝐻𝐻𝐻𝐻𝐻𝐻(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠)⁄  

where the gene expression of the sample is normalized to a control, as described in the text. 
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Table 2.1: Primer sequences, accession numbers, and efficiencies for each gene used in this study. 

Gene Forward Primer Reverse Primer Accession # Efficiency 

L32 CCATCTGTTTT 
ACGGCATCATG 

TGAACTTCTTGG 
TCCTCTTTTTGA 

NM_172086 1.83 

Dmp1 GCTTCTCTGA 
GATCCCTCTTCG 

GCGATTCCTC 
TACCCTCTCT 

NM_016779.2 1.97 

Phex CAACGTTCC 
GCGGTCAATAC 

GTGTTGCTTGGT 
CCAGCTTC 

NM_011077.2 1.88 

Mmp2 AACGGTCGGG 
AATACAGCAG 

GTAAACAAGGC 
TTCATGGGGG 

NM_008610.3 1.91 

Mmp9 GCCGACTTT 
TGTGGTCTTCC 

TACAAGTATGC 
CTCTGCCAGC 

NM_013599.4 1.96 

Mmp13 GGAGCCCTG 
ATGTTTCCCAT 

GTCTTCATCGC 
CTGGACCATA 

NM_008607.2 1.88 

Mmp14 GCCCTCTGTC 
CCAGATAAGC 

ACCATCGCTCC 
TTGAAGACA 

NM_008608.4 2.00 

 

2.3.6 Alkaline Phosphatase Activity 

Hydrogel specimens were removed from culture at 1, 14 and 28 days and rinsed in PBS for 

1 hour, lysed in deionized water (diH2O), frozen in liquid nitrogen, and stored at -80°C. Samples 

were disrupted using a tissue lyser (Qiagen), then subjected to freeze-thaw-sonicate cycles to lyse 

the cells. DNA content was measured using a Quant-iT PicoGreen dsDNA Assay Kit (Thermo 

Fisher Scientific) by fluorescence with an excitation at 485 nm and emission at 520 nm according 

manufacturer specifications. Alkaline phosphatase activity was determined by measuring the 

number of moles of p-nitrophenol phosphate catalyzed to p-nitrophenol, which was measured by 

absorbance at 450 nm using a spectrophotometer. 

2.3.7 Cell Viability and Morphology in 3D Hydrogels 

The viability and morphology of encapsulated IDG-SW3 cells were assessed using a 

live/dead assay based on Calcein AM (Corning), which stains the cytosol of live cells, and 

ethidium homodimer (Corning), which enters the nucleus of compromised cells and stains DNA. 
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Hydrogels were incubated with 4 μM Calcein AM and 2 μM ethidium homodimer for 10 minutes. 

The GFP expression could not be distinguished from the cytosolic stain of Calcein, but the latter 

will stain all live cells. Qualitative assessment of dead cells was not affected by GFP expression. 

Intact hydrogels were imaged by confocal microscopy (Zeiss LSM 5 Pascal system using a Zeiss 

Axiovert microscope). 

2.3.8 Immunohistochemistry and Histology 

Hydrogel specimen were removed from culture at day 28, fixed immediately in 4% 

paraformaldehyde at 4°C for 24 hours, dehydrated, paraffin embedded, and sectioned to 10 μm 

thickness. For connexin 43 staining, sections were treated with an antigen retrieval (Retrivagen A, 

BD Biosciences), blocked for 2 hours at room temperature with 10% normal goat serum, 2% 

bovine serum albumin, and 0.25% triton X-100 in PBS. Sections were then treated with the primary 

antibody to connexin 43 (ab11370, Abcam) at 1:1000 overnight at 4°C. An Alexa Fluor 546 goat 

anti-rabbit secondary (4 μg/mL; Life Technologies) was applied for 1 hour at room temperature. 

Sections were also stained with von Kossa and counterstained with nuclear red, according to 

standard protocols and imaged using light microscopy (Zeiss Axioskop 40) with either a 20x or 

40x objective and a digital camera (Diagnostic Instruments, MN 14.2 Color Mosaic) using SPOT 

Software v. 4.6. For collagen type I, sections were enzyme treated with pepsin (280 kU), protease 

(400 U) and 0.25% trypsin and EDTA for 1 hour at 37°C. Sections were treated for antigen 

retrieval as described above and then blocked with 1% BSA and permeabilized with 1% BSA 

0.25% Triton-X-100. Sections were treated with primary anti-collagen type I (Abcam ab34710) at 

1:50 overnight at 4°C followed by treatment with Alexa Fluor 546 goat anti-rabbit secondary (4 

μg/mL; Life Technologies) for 1 hour at room temperature. Both connexin 43 and collagen type I 

stained sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI) for nucleus 
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detection and then imaged by confocal microscopy (Nikon A1R Confocal System) with a 40x or 

60x objective and NIS-Elements Confocal software. 

The immunohistochemistry microscopy images for connexin 43 and collagen type I were 

quantitated using Image J. For each image (n = 3 per group for connexin 43, n = 9 per group for 

collagen I), the blue (DAPI) channel and red (connexin 43 or collagen I) channel were converted 

to binary using the same threshold value for each respective channel. The number of nuclei per 

image was counted using Analyze Particles with the size range of 10 – infinity μm2. The percent 

total area of red connexin 43 or collagen I staining were calculated using Analyze Particles with 

the size range of 0 – infinity μm2. 

2.3.9 Biochemical Assays 

Hydrogel specimens were removed from culture at 28 days and subsequently rinsed in PBS 

for 1 hour, lysed in diH2O, frozen in liquid nitrogen, and stored at -80°C. Samples were disrupted 

using a tissue lyser (Qiagen) and subjected to freeze-thaw-sonicate cycles. A known amount of 

sample was measured for calcium content using the Calcium (CPC) Liquicolor® Assay (Stanbio) 

according to manufacturer specifications, with absorbance measured at 540 nm. Hydroxyproline, 

an amino acid in high abundance in collagen, was measured. A known amount of sample was 

hydrolyzed in 6 M hydrochloric acid for 3 hours at 120°C, prior to being reacted with 4-

(dimethylamino)benzaldehyde in a chloramine-T/oxidation buffer for 90 min. Absorbance was 

measured at 570 nm using a spectrophotometer and normalized to a baseline at 620 nm. 

2.3.10 Mechanical Testing of 3D Hydrogel Constructs 

Mechanical testing was conducted on a Mechanical Testing System Insight II (MTS; Eden 

Prairie, MN) in unconfined compression acellular hydrogels were tested in their swollen state with 
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a 2 N load cell. Testing was performed with the top platen out-of-contact with the hydrogel and 

then a constant displacement rate of 1.2 mm/min until an approximate 50% strain (based on the 

initial height of the hydrogel) was reached. The point of contact was determined using MATLAB. 

The compressive modulus was calculated from the slope of the linear region of the engineering 

stress-strain curve between 10 and 15% strain.  

 For mechanical testing of cellular hydrogels, the specimens were removed from culture at 

days 14, 21 and 28 for mechanical assessment. A 2 mN pre-load was used to establish consistent 

contact with each sample. Hydrogels were then compressed at a constant displacement rate of 0.5 

mm/min to 15% strain. The compressive modulus was calculated as described above between 10 

and 15% strain.  

2.3.11 Statistical Analysis 

Statistical analysis was performed using Real Statistics add-in for Excel. ANOVAs were 

performed with α = 0.05 where factors included time, culture condition, and/or cell encapsulation 

density as described in the results. If significant interactions between factors were observed, 

follow-up one-way ANOVAs were performed holding each factor constant. Post-hoc analysis was 

performed using Tukey’s HSD and α = 0.05. In comparisons that were limited to two groups, a 

Student’s t-test was performed assuming independent samples and equal variances. P-values from 

the one-way ANOVAs are provided to indicate the level of significance with p < 0.05 being 

considered statistically significant. Data were confirmed to follow a normal distribution and 

exhibit homogeneous variance. All numerical results are presented as mean with standard 

deviation listed parenthetically in the text. Graphical results are presented as mean with standard 

deviation as error bars. The sample size was n = 3 unless otherwise noted. 
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2.4 Results 

2.4.1 IDG-SW3 Differentiation In 2D Culture and MMP Gene Expression Profiles  

IDG-SW3 cells were cultured in 2D on collagen-coated TCPS and analyzed over the course of a 

35-day study using the study design in Figure 2.1A. Differentiation was confirmed by GFP 

expression indicating activity by the DMP-1 promoter. Brightfield images and corresponding 

fluorescent microscopy images are shown over time (Figure 2.1B). The cells were confluent by 

day 7 and remained confluent through the experiment. There was minimal expression of GFP 

detected on days 7 and 10. Qualitatively by day 14, GFP was noticeable in a small number of cells. 

By day 21, GFP was more prevalent and remained consistent at day 30.   

Relative expression for genes encoding matrix degradative enzymes Mmp2, Mmp9, 

Mmp13, and Mmp14 was assessed as a function of culture time (Figure 2.1C). Comparing MMP 

type at each time-point revealed a dynamic pattern of Mmp expression. At day 1, relative 

expression for Mmp2 was highest (p < 0.001) when compared to the other three MMPs, which 

continued through day 21. Mmp9 and Mmp13 relative expression levels were not different from 

each other and were the lowest of the MMPs at day 1. By day 35, Mmp2 and Mmp13 relative 

expressions were not significantly different from each other, but both were higher (p < 0.001) than 

Mmp9 and Mmp14.  

Relative expression for each MMP type was normalized to its expression level prior to the 

initiation of differentiation (i.e., day 1) and shown as a function of culture time (Figure 2.1D). 

Normalized expression levels increased from day 1 to 4 by 1.7-fold (p = 0.005) for Mmp2, 1.9-

fold (p < 0.001) for Mmp9, and 1.8-fold (p = 0.025) for Mmp14. By day 35, Mmp2 and Mmp14 

normalized expression levels returned to levels that were not significantly different from their day 

1 values. Mmp9 levels remained elevated, but no further increase was observed after day 4. On the 
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contrary, Mmp13 normalized expression exhibited a distinctly different expression profile than the 

other MMPs.  Mmp13 expression significantly increased at each time point resulting in a 200-fold 

increase (p < 0.001) from day 1 to day 35.  Collectively, these results demonstrate that Mmp2 

expression is high in the IDG-SW3 cells prior to osteocyte differentiation and is maintained during 

differentiation. In contrast, Mmp13 expression is low prior to differentiation and increases with 

osteocyte differentiation.  
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Figure 2.1: A) Schematic of 2D experiment. B) Brightfield fluorescence images and fluorescent 
microscopy images depicting the expression of DMP-1 (green) in IDG-SW3 cells cultured on 
collagen type-1 coated tissue culture polystyrene on days 7, 10, 14, 21, and 30 of osteogenic 
differentiation. Scale bar is 150 μm. C) Relative and D) Normalized gene expression of Mmp2, 
Mmp9, Mmp13, and Mmp14 genes expressed in IDG-SW3 cells cultured on collagen type-1 coated 
tissue culture polystyrene on days 1, 4, 14, 21, and 35 of osteogenic differentiation. For RE, letter 
symbols denote significance between MMPs at each time point. For normalized expression, 
symbols represent significance from day 1 for a given MMP and are shown in the legend for each 
MMP. 
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2.4.2 Acellular Characterization of an MMP-Sensitive PEG Hydrogel.  

MMP-sensitive PEG hydrogels were formed via the photoclick reaction between thiols and 

norbornene functionalized monomers (Figure 2.2A, B). We chose the peptide sequence GPLG-

LWAR for the crosslinker because it was previously identified for its specificity for MMP-13.42 

Degradation occurs via an enzyme-catalyzed hydrolysis of the peptide bond. Acellular hydrogels 

exposed to exogenous MMP-2 and MMP-13 was assessed by the compressive modulus (Figure 

2.2C). The compressive modulus decreased (p < 0.001) in the first day for both MMP-2 and MMP-

13 exogenous treatment. The hydrogels exposed to MMP-2 degraded more rapidly by day 2, as 

shown by the lower (p = 0.025) modulus as compared to MMP-13. However, by day 3, hydrogels 

exposed to MMP-2 and MMP-13 were not significantly different. 

 

Figure 2.2: A) Schematic of hydrogel formation and cell encapsulation by a photoclickable 
thiol:norbornene reaction. Non-degradable hydrogels were formed by reacting monomers of eight-
arm PEG-norbornene (PEG-NB) with crosslinkers of PEG-dithiol. MMP-sensitive hydrogels were 
formed by reacting PEG-NB with a bis-cysteine peptide sequence shown. Both non-degradable 
and MMP-sensitive hydrogels had the same molar concentration of RGDS and weight percent of 
I2959 Photoinitiator. B) The PEG-NB weight percent and thiol:ene molar ratio used to form the 
hydrogels. C) Compressive modulus of acellular MMP-sensitive hydrogels when exposed to 
exogenous MMP treatment for 3 days. Symbols represent significance from day 0 and are shown 
in legend for each MMP treatment; one symbol p<0.05; two symbols p<0.01; three symbols 
p<0.001. Letter symbols denote significance between MMP treatment each day. 
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2.4.3 IDG-SW3 Differentiation in 3D MMP-Sensitive Hydrogels.  

IDG-SW3 cells were cultured under three conditions: (1) 2D collagen-coated TCPS, (2) 

3D non-degradable hydrogels, and (3) 3D MMP-sensitive hydrogels. The study design is shown 

in Figure 2.3A. The high cell encapsulation density (80x106 cells/mL) was used for this study.  The 

effect of culture condition on osteocyte differentiation over time was assessed by alkaline 

phosphatase activity, expression of the osteocytic genes, Dmp1 and Phex, and GFP expression 

associated with DMP1 (Figure 2.3B-E). 

Alkaline phosphatase (ALP) activity was assessed as a function of time and culture 

condition (Figure 2.3B). Considering time as the only factor, ALP activity in 2D culture increased 

(p < 0.001) from day 1 to 14 and then decreased (p = 0.025) by day 28 where mean ALP levels 

were greater (p = 0.06) than levels from day 1. Similar findings were observed for ALP activity 

from the 3D culture in non-degradable hydrogels, but day 28 levels were not different from day 1. 

In MMP-sensitive hydrogels, ALP activity also reached its highest level at day 14 when compared 

to day 1 (p < 0.001) and day 28 (p < 0.009) with levels remaining higher (p = 0.03) than day 1 at 

day 28. At day 14, ALP activity was 2.4- (p = 0.01) and 3.7- (p = 0.003) fold higher in the MMP-

sensitive hydrogels compared to the 2D culture and 3D culture in non-degradable hydrogels, 

respectively. There were no differences between the 2D culture and the 3D culture in non-

degradable hydrogels at any time point. Although the magnitude of ALP activity was lower at day 

28, similar trends were observed between culture conditions as in day 14.  

Dmp1 expression is normalized to that of the pre-encapsulated cells (Figure 2.3C). 

Considering time as the only factor, Dmp1 levels in 2D culture increased (p = 0.001) with time 

resulting in a 2200-fold change from day 1 to 28. In 3D culture non-degradable hydrogels, Dmp1 

levels increased (p < 0.001) from day 1 to 14 and then decreased (p < 0.001) from day 14 to 28 to 
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levels that were not significantly different from day 1. For the MMP-sensitive hydrogels, Dmp1 

levels increased (p < 0.001) by 2500-fold from day 1 to 28. Considering culture condition as the 

only factor, Dmp1 normalized levels at day 28 were 2.9- (p = 0.016) and 8.1- (p = 0.004) fold 

higher in the MMP-sensitive hydrogel compared to the 2D culture and 3D culture non- degradable 

hydrogels, respectively.  

Phex expression is also shown as normalized to that of the pre-encapsulated cells (Figure 

2.3D). Considering time as the only factor, Phex levels in 2D culture increased (p = 0.015) from 

day 1 to 14, but by day 28 were not significantly different from day 1. In 3D culture non-degradable 

hydrogels, Phex levels increased (p = 0.005) from day 1 to 14 and then decreased (p = 0.049) from 

day 14 to 28 to levels that were not significantly different from day 1. For the MMP-sensitive 

hydrogels, Phex levels increased (p < 0.001) by 140-fold from day 1 to 28. Considering culture 

condition as the only factor, Phex levels at day 28 were 3.2- (p = 0.005) and 3.8- (p = 0.004) fold 

higher in the MMP-sensitive hydrogel compared to the 2D culture and 3D culture non-degradable 

hydrogels, respectively.  

Activity of the DMP-1 promoter was confirmed by the presence of GFP in the cells in 3D 

culture in the non-degradable and the MMP-sensitive hydrogels (Figure 2.3E). At day 28, a few 

cells expressed GFP in the non-degradable hydrogel, while many cells expressed GFP in the MMP-

sensitive hydrogel. Qualitatively, there appeared to be more GFP+ cells in the MMP-sensitive 

hydrogel, but quantification was not performed. Collectively, these results along with gene 

expression and ALP activity demonstrate that osteocyte differentiation is improved in the MMP-

sensitive hydrogels over 3D culture in non-degradable hydrogels and the 2D cultures.   
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Figure 2.3 A) Schematic showing study outline. The high encapsulation density (80x106 cells/ml) 
was used in this study.  Abbreviations are as follows: ALP = Alkaline Phosphatase Assay, qPCR 
= quantitative Polymerase Chain Reaction, GFP = DMP-1 Green Fluorescent Protein positive 
imaging. B) ALP Activity as a function of culture condition. * is difference from day 1, # is 
difference from day 14. one symbol is p<0.05, two symbols is p<0.01, three symbols is p<0.001. 
C&D) Normalized gene expression for (C) Dmp1 and (D) Phex expressed in IDG-SW3 cells at 
days 1, 7, 14 and 28 in osteogenic differentiation media and encapsulated at high cell seeding 
density in MMP-deg (dotted) hydrogels, Non-deg (dashed) hydrogels and collagen type-1 coated 
tissue-culture polystyrene (solid). Normalized expression is the relative expression that is 
normalized to the Day 0 trypsin-treated cells prior to adding in differentiation media and 
encapsulating in hydrogels. Symbols represent significance from day 1 for a given culture 
condition; one symbol p<0.05; two symbols p<0.01; three symbols p<0.001; symbols are shown 
in legend for each condition. Letter symbols denote significance between culture conditions at Day 
28 (a’s are statistically different from b’s; b’s are not statistically different from each other). E) 
Confocal images depicting live IDG-SW3 cells at day 28 expressing DMP-1 GFP (green) cultured 
in osteogenic differentiation media and encapsulated at high cell seeding density in non-degradable 
PEG (left) and MMP-sensitive (right) hydrogels. Scale bar is 150 μm. 
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2.4.4 The Effect of IDG-SW3 Cell Encapsulation Density and Hydrogel Type on Osteocyte 
Morphology and Bone ECM Deposition  

After confirming that IDG-SW3 cells underwent osteocyte differentiation in the MMP-

sensitive hydrogels, we next investigated if cell density within the hydrogels influenced 

differentiation and bone ECM deposition (study design in Figure 2.4). The effect of cell 

encapsulation density and hydrogel type (MMP-sensitive vs non-degradable) was assessed for 

cellular morphology that included formation of dendrite-like processes and connexin 43 staining, 

matrix mineralization, collagen deposition, and compressive modulus. 

 

Figure 2.4: Schematic showing study outline. Abbreviations are as follows: qPCR = quantitative 
Polymerase Chain Reaction, MTS = Mechanical Testing System compressive modulus, IHC = 
immunohistochemistry, Biochemical assays = calcium and hydroxyproline, Histology = von 
Kossa. 

 

Cellular morphology was evaluated as a function of time (day 1, 14, and 28) and cell 

encapsulation density (low, medium and high) in non-degradable and MMP-sensitive hydrogels 

(Figure 2.5). At day 1, cells retained a round morphology after encapsulation with increased cell 

numbers evident at increased cell encapsulation densities. With time, cells retained the round 
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morphology at the low cell encapsulation density in the non-degradable hydrogels. On the 

contrary, in the medium and high cell encapsulation density, there was evidence of short dendritic-

like cellular processes developing by day 14 in the non-degradable hydrogels. In the MMP-

sensitive hydrogels, dendritic-like cellular processes extending into the hydrogel were observable 

across all cell densities by day 14. There were few dead cells observed in the confocal microscopy 

images for the low and medium cell encapsulation density. However, there were dead cells present 

in the high cell encapsulation at day 1 after encapsulation (see also Figure 7.1, which shows the 

dead cells only). Thus, the apparent decrease in live cells for the high cell encapsulation density 

could be attributed to the initial cell death after encapsulation. It is worth noting that there was no 

apparent overlap between green cells and those staining as dead cells. Thus, any GFP+ cells that 

overlap with the calcein stained cells are expected to be limited to live cells. 

 

Figure 2.5: Confocal images depicting live, stained by Calcein AM (green), and dead, stained by 
ethidium homodimer (red), IDG-SW3 cells at days 1, 14 and 28 in osteogenic differentiation media 
encapsulated at low, medium, and high cell seeding densities in MMP-sensitive and non-
degradable PEG hydrogels. Note that any GFP staining would overlap. Scale bar is 150 μm. 
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The presence of connexin 43 was investigated by immunohistochemistry as a function of 

cell encapsulation density in the non-degradable and MMP-sensitive hydrogels (Figure 2.6). 

Positive staining for connexin 43 was evident by punctate staining near the encapsulated cells 

(Figure 2.6A). There was little to minimal staining in the non-degradable hydrogels at low 

encapsulation cell density. With medium and high cell encapsulation density there was some 

evidence of connexin 43 in the non-degradable hydrogels. On the contrary, there was greater 

positive staining for connexin 43 in the MMP-sensitive hydrogels for all three cell encapsulation 

densities. The images were quantified by amount of connexin 43 per cell as measured by positive 

staining area (%) per nuclei for each condition (Figure 2.6B). Connexin 43 on a per cell basis was 

affected by hydrogel type (p = 0.0076), indicating an overall higher amount of connexin 43 in the 

MMP-sensitive hydrogels over the non-degradable gels; although pair-wise comparisons were not 

statistically significant. Cell encapsulation density did not affect the amount of connexin 43 

staining on a per cell basis.      

 

Figure 2.6: A) Representative microscopy images of IDG-SW3 cells at day 28, for connexin 43 
(white, indicated by arrows) and nuclei counterstained with DAPI (blue) cultured in osteogenic 
differentiation media and encapsulated at low, medium, and high cell seeding densities in non-
degradable PEG (top) and MMP-sensitive (bottom) hydrogels. Scale bar is 10 μm. B) Semi-
quantitative analysis of positive staining area (%) per nuclei for connexin 43. 
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Mineralization was quantified by calcium content (Figure 2.7A) and its spatial distribution 

assessed by von Kossa staining (Figure 2.7B) at day 28 of differentiation. Calcium content was 

affected by hydrogel type (p < 0.001) and cell encapsulation density (p < 0.001) with no significant 

interaction between the two factors. Calcium content increased (p < 0.001) with increasing cell 

encapsulation density and was consistently higher (p < 0.001) in the MMP-sensitive hydrogel 

compared to the non-degradable hydrogel. Spatially, there was minimal staining in the low cell 

encapsulation density in the non-degradable hydrogels. There was mineralization present in all 

other experimental groups with mineralization predominantly being localized to regions near the 

cells. 

 

Figure 2.7: Assessment of mineral content in IDG-SW3 cells encapsulated MMP-degradable and 
non-degradable PEG hydrogels at low, medium, and high cell seeding densities at day 28 of 
osteogenic differentiation. A) Calcium content; p-values are shown for pairwise comparisons 
between hydrogel and from low (Indicated by *) and from medium (indicated by #) for the same 
hydrogel. One symbol is p < 0.05, two symbols is p < 0.01, and three symbols is p < 0.001. B) 
Representative microscopy images of IDG-SW3 cells for mineralization by von Kossa staining 
(black) with nuclei counterstained with methyl red (red). Scale bar is 100 μm. 
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IDG-SW3 cells have been shown to produce a mineralized collagen matrix,20  therefore 

total collagen content was quantified by hydroxyproline, an amino acid in high abundance in 

collagen (Figure 2.8A) and the spatial distribution of collagen type 1 (the major collagen type 

found in bone)43 assessed by immunohistochemistry (Figure 2.8B) at day 28 of differentiation. The 

immunohistochemistry images were analyzed to quantify the amount of collagen I per cell as 

measured by positive staining area per nuclei (Figure 2.8C). Considering the non-degradable 

hydrogel only, total collagen content (i.e., Figure 2.8A) was not different between the low and 

medium but was higher (p < 0.01) in the high cell encapsulation density condition. Similarly, 

considering only the MMP-sensitive hydrogel, total collagen content was not different between 

the low and medium but was higher (p < 0.01) in the high cell encapsulation density condition. 

Comparing the two hydrogels, total collagen content was 3.2- (p = 0.004) and 2.9-fold (p = 0.006) 

higher in the MMP-sensitive hydrogels compared to the non-degradable hydrogels for the medium 

and high cell encapsulation density conditions, respectively. Collagen type I was spatially 

restricted to regions in and near the encapsulated cells in all conditions (Figure 2.8B). However, 

there were differences in the amount of collagen I staining per cell (i.e., Figure 2.8C). Considering 

only non-degradable hydrogels, the high encapsulation density showed greater collagen I per cell 

when compared to either low (p = 0.005) or medium (p = 0.007) cell encapsulation densities. 

Considering only the MMP-sensitive hydrogels, the amount of collagen I per cell was not affected 

by cell encapsulation density. This result suggests that the increased total collagen content in 

Figure 2.8A is due to a higher cell number. Comparing the two hydrogel types, the amount of 

collagen I per cell was 4.1-fold higher (p = 0.0114) for low and 4.2-fold higher (p = 0.0026) for 

medium cell encapsulation densities in the MMP-sensitive hydrogels. At high cell encapsulation 

density, there was no difference in the amount of collagen I per cell between the hydrogel types. 
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However, there was more total collagen deposited in the MMP-sensitive hydrogels, which could 

be due to an increase in cell proliferation, although this was not measured. 

 

Figure 2.8: Assessment of collagen content in IDG-SW3 cells encapsulated MMP-degradable and 
non-degradable PEG hydrogels at low, medium, and high cell seeding densities at day 28 of 
osteogenic differentiation. A) Hydroxyproline content. B) Representative microscopy images of 
IDG-SW3 cells for collagen type I (red) with nuclei counterstained with DAPI. Scale bar length is 
20 μm. C) Quantitative analysis of positive staining area (%) per nuclei for collagen I in the 
immunohistochemistry images.  P-values are shown for pairwise comparisons between hydrogel 
and from low (indicated by *) and from medium (indicated by #) for the same hydrogel. One 
symbol is p < 0.05, two symbols is p < 0.01, and three symbols is p < 0.001.   

 

The compressive modulus of the hydrogels was measured over time as a function of 

hydrogel type and cell encapsulation density (Figure 2.9). The non-degradable hydrogels 

maintained their compressive modulus with an average equilibrium modulus of 10.9 kPa over the 
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duration of the 28 days for all three cell encapsulation densities. In the MMP-sensitive hydrogels, 

the modulus remained low for the low cell encapsulation density and did not change with time. 

For the medium cell encapsulation density, the modulus of the MMP-sensitive hydrogels decreased 

(p = 0.006) with time resulting in a modulus of 1.3 kPa by day 28. On the contrary, the modulus 

for the high cell encapsulation density in the MMP-sensitive hydrogels increased (p <  

0.001) with time resulting in a modulus of 4 kPa at day 14 and increasing (p < 0.001) to 14 kPa by 

day 28. 

 

Figure 2.9: Compressive modulus measurements of IDG-SW3 encapsulated MMP-sensitive and 
non-degradable PEG hydrogels at low, medium and high cell seeding densities at days 14, 21 and 
28 of osteogenic differentiation. P-values for MMP-13 sensitive hydrogels denote significance 
from day 1. 

 

Collectively, these results demonstrate that the MMP-sensitive hydrogel led to enhanced 

dendritic-like cellular processes and increased positive staining for connexin 43. Further, the high 

cell encapsulation density in the MMP-sensitive hydrogels improved collagenous matrix 

mineralization when compared to the lower MMP-sensitive encapsulation densities and all 

encapsulation densities in the non-degradable hydrogels.  
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2.5 Discussion 

This study identified an MMP-sensitive hydrogel that is susceptible to degradation by 

MMP-2, MMP-13 and IDG-SW3 cells and supports osteoblast to osteocyte differentiation of IDG-

SW3 cells. As compared to the non-degradable hydrogel, the MMP-sensitive hydrogel led to 

increased osteocyte differentiation and bone extracellular matrix deposition. Overall, a high cell 

encapsulation density combined with the MMP-sensitive hydrogel is a promising 3D culture 

system that supports the osteoblast to osteocyte transition of IDG-SW3 cells. 

In this work, we confirmed that throughout osteocyte differentiation IDG-SW3 cells 

express MMPs of type 2, 9, 13, and 14 at the gene level. These four MMPs have been identified 

as playing an important role in skeletal development.39 Herein, Mmp2 expression maintained 

consistently higher expression throughout differentiation. Mmp14 and Mmp9 mirrored the 

temporal expression pattern of Mmp2, but at lower levels, and with Mmp9 at the lowest expression. 

Studies have reported that mice lacking MMP-1444 or MMP-245 had aberrant bone formation. 

MMP-9 has been shown to be involved in apoptosis and angiogenesis46 and important in 

endochondral ossification.47 Thus, the IDG-SW3 osteoblast to osteocyte transition may require 

MMP-2 and MMP-14, but not MMP-9.  

The temporal expression pattern of Mmp13 was uniquely different from the other three 

MMP types during IDG-SW3 osteoblast to osteocyte transition. While its expression was initially 

low compared to Mmp2 and Mmp14, a 200-fold increase occurred during differentiation from day 

1 to day 35. Studies have reported that mice lacking MMP-13 displayed defects in remodeling and 

ECM organization in the perilacunar space in bone48 In a separate in vitro study, upregulation of 

Mmp13 correlated to DMP-1 expression during migration of differentiating osteocytes in a dense 
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collagen matrix.49 Further, MLO-A5 cells, which do not express the osteocyte marker DMP-1, 

expressed low Mmp13 levels during their differentiation period.50 Thus, it is possible that MMP-

13 plays a critical role in the formation of the LCN and late stage osteocyte differentiation.  

Based on the Mmp2 and Mmp13 expression profiles of IDG-SW3 cells during osteocyte 

differentiation in the established 2D culture, we chose an MMP-sensitive peptide crosslinker that 

was originally identified for its susceptibility to MMP-13,42 but which we confirmed was also 

susceptible to MMP-2. IDG-SW3 cell-mediated hydrogel degradation was also confirmed by 

evidence of cell spreading. Extension of cellular processes was more pronounced within the MMP-

sensitive hydrogel than in the non-degradable PEG hydrogel. This result is consistent with 

previous findings whereby a MMP inhibitor prevented cell spreading within similar MMP-

sensitive PEG based hydrogels.38 Bulk hydrogel degradation in the MMP-sensitive hydrogels was 

also evident, which indicates that cell-secreted enzymes diffused through the hydrogel and 

subsequently cleaved crosslinks in the bulk. This was particularly evident in the medium cell 

density condition where the hydrogel construct modulus decreased from days 14 to 28, which 

indicates bulk degradation. Although the exact MMP type or types used by IDG-SW3 cells during 

differentiation to degrade the MMP-sensitive hydrogel was not identified, the MMP-sensitive 

hydrogel formed with the peptide crosslinker, GCGPLG-LWARCG, supported the formation of 

dendritic-like cellular processes, which are important for osteocyte differentiation and a critical 

first step to forming the LCN of mature bone.  

IDG-SW3 cells were derived from long bone chips and are capable of expressing osteoblast 

markers, producing a mineralized collagen matrix, as well as expressing early to late osteocyte 

markers.20 To investigate the osteoblast to osteocyte transition of IDG-SW3 cells  in this 3D 

hydrogel, this study assessed both osteoblast and osteocyte characteristics with the goal of 
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identifying culture conditions that enhance osteocyte differentiation while supporting a bone ECM 

deposition. Osteocyte differentiation of the IDG-SW3 cells was most pronounced in the MMP-

sensitive hydrogel. ALP is an osteoblast marker that is downregulated as osteoblasts differentiate 

towards osteocytes.51,52 Regardless of the culture environment, ALP increased in the first 14 days 

of culture, and by day 28 ALP decreased to levels that were either similar to day 1 or lower than 

day 14. These results indicated a shift towards an osteocyte phenotype. IDG-SW3 cells in the 

MMP-sensitive hydrogels showed the highest expression of the osteocyte genes, Dmp1 and Phex19 

and showed greater number of DMP1-GFP-positive cells by day 28. In vitro and in vivo, DMP-1 

controls phosphate metabolism during osteocyte differentiation and is important for the 

organization of the osteocyte LCN.53,54 PHEX, which is a membrane-bound endoprotease, binds 

DMP-1 to control phosphate homeostasis and ultimately mineralization.55 The temporal profiles 

of Dmp1 and Phex expressions increased over the 28 days in the MMP-sensitive hydrogels but 

declined between 14 and 28 days in the non-degradable hydrogel.  

Another hallmark of the osteoblast-to-osteocyte transition is dendrite formation.7 IDG-

SW3 cells showed thin cellular processes that extend from the cell body wall, which may be an 

early form of osteocyte dendrite formation. There was evidence of short cellular processes in the 

non-degradable hydrogels at medium and high cell encapsulation densities by day 28. However, 

the cellular processes were longer and more pronounced in the MMP-sensitive hydrogels at all cell 

densities, likely due to cell-mediated hydrogel degradation. While dendrites that formed were less 

numerous than osteocyte LCN in bone tissue, the dendrites appeared to extend towards 

neighboring cells. In the non-degradable hydrogels, extension of these processes is only possible 

if they can extend through the mesh of the hydrogel. Our observations suggest that the hydrogel 

mesh restricted the development of the dendrite-like processes in the non-degradable hydrogels, 
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which may have limited osteocyte differentiation in the non-degradable hydrogels. Yet, the 

evidence of cell-mediated degradation in the MMP-degradable hydrogels suggests that the MMP-

degradation created space for more abundant dendrite formation and therefore enhanced osteocyte 

differentiation.  

Connexin 43 staining was observed in both hydrogel types at day 28, and was greater in 

the MMP-sensitive hydrogels. In bone, connexin 43 is expressed by both osteoblasts and 

osteocytes and acts not only as a gap junction between cells, but also functions as an unopposed 

hemichannel. Hemichannels are located on the cell membrane, and unlike gap junctions, they do 

not require cell-to-cell connections.58 Punctate staining for connexin 43 was observed and 

localized to cells, which is consistent with previous connexin 43 immunohistochemical 

staining.56,57 Further studies are needed to confirm whether the observed connexin 43 is associated 

with hemichannels or gap junctions. Given that connexin 43 staining was similar regardless of cell 

density, the former role may dominate in this system. Connexin 43 is necessary for osteoblast and 

osteocyte survival and function58 and thus we postulate that it is likely present and playing a role 

in IDG-SW3 differentiation. The greater amount of connexin 43 staining in the MMP-sensitive 

hydrogels correlates to the observed greater prevalence of cellular processes and higher expression 

levels for osteocyte genes Dmp1 and Phex. Taken together, we hypothesize that the continued 

ability to extend cellular processes in the MMP-sensitive hydrogels by day 28 improved osteocyte 

differentiation, but that differentiation was impaired when growth of cellular processes was 

restricted in the non-degradable hydrogels. This observation suggests that the formation of cellular 

processes was critical to osteocyte differentiation and that degradable hydrogels facilitated 

formation of osteocyte networks in vitro. However, additional studies are needed to confirm this 

hypothesis. 
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Mineralization and collagen were also present in both hydrogel types at day 28, but to a 

greater amount in the MMP-sensitive hydrogels. ALP activity, which plays a role in bone 

mineralization, was also highest in the MMP-sensitive hydrogels,52 and collagen can serve as a 

nucleation site for mineralization.59 Collagen I is the most abundant collagen type found in bone, 

and contributes approximately 20-25% of the composition of bone.43 Osteocytes are known for 

orchestrating osteoblast bone-forming activity,60 but osteocytes themselves can also deposit new 

bone matrix directly around osteocyte lacunae.61 The exact characteristics that define osteocytes, 

as compared to their parent osteoblast population, are still being elucidated.62,63 Due to the 

restricted transport of large ECM molecules, such as collagen, through the crosslinks of the 

hydrogel,64 deposition was limited to the pericellular region in this study, which also closely 

resembles osteocyte perilacunar modeling. In the MMP-sensitive hydrogel, this region can grow 

providing increasingly more space for more ECM to deposit, which is supported at the low and 

medium cell densities by the higher amount of collagen type I positive staining per nuclei. Longer 

studies are needed to determine if this deposition of bone ECM would continue to replace hydrogel 

beyond the perilacunar space. In this study, osteocyte differentiation and bone ECM deposition 

were both enhanced in the MMP-sensitive hydrogel. Similarly, the pre-osteoblastic cell line 

MC3T3-E1 has shown higher amounts of Dmp1 and Phex expression concomitant with 

mineralization in a collagen gel.65 Thus, it is possible that the ability to mineralize is a quality 

important to both osteoblasts and osteocytes in vitro, and that the presence of bone ECM may be 

necessary for osteocyte differentiation.  

The cell encapsulation density was varied to investigate its impact on cellular morphology 

and bone ECM deposition. For the MMP-sensitive hydrogels, the formation of cellular processes 

and the positive staining of connexin 43 per cell were similar with different cell concentrations, 
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indicating no effect on these osteocyte characteristics. Similarly, the spatial deposition of mineral 

around the cells and the collagen I staining on a per cell basis were similar across all cell densities 

in the MMP-sensitive hydrogels. On the other hand, the total amount of calcium and 

hydroxyproline content increased with cell density and, therefore, a higher number of cells.64 

Moreover, from day 14 to day 28 the compressive modulus tripled for the MMP-sensitive 

hydrogels with high cell encapsulation density which is attributed to a greater amount of ECM in 

the hydrogel. In the non-degradable hydrogels, cell encapsulation density had a greater effect on 

osteocyte characteristics. The hydrogels with low cell density performed poorly with minimal 

signs of cellular processes or connexin 43 and a lack of mineral deposits. On the contrary, the 

hydrogels with medium and high cell densities supported osteocyte characteristics albeit to a lesser 

degree than the MMP-sensitive hydrogels, which was supported by the quantitative analysis of the 

connexin 43 and collagen type I staining per cell. Overall, these results indicate that for the MMP-

sensitive hydrogel, cell density does not have a significant impact on the formation of dendritic-

like processes, expression of connexin 43, and bone ECM deposition. Rather, higher cell 

concentrations produce overall more mineralized collagen matrix, which leads to increases in the 

construct compressive modulus over time. The formation of a mineralized matrix, or osteoid, may 

be necessary to continue IDG-SW3 osteocyte differentiation into mature osteocytes, but cell 

density may not be a critical factor. Additional studies are needed to determine the long-term effect 

of differences in cell density.  

There are several limitations of this study. Notably, there were several differences in 

hydrogel formulation. First, a PEG-dithiol crosslinker was chosen for the non-degradable hydrogel 

to ensure stability of the hydrogel. We have observed (unpublished observations) that scrambled 

peptide sequences can be broadly susceptible to degradation by collagenases. Second, the 



69 
 

formulation of the hydrogel was varied due to differences in crosslinker reactivity, which led to 

differences in the PEG-NB concentration and thus slight differences in the crosslinked structure. 

Third, there were small differences in the modulus between the non-degradable and MMP-

sensitive hydrogel (8 vs 10 kPa). It is possible that differences in the crosslink chemistry, 

formulation and/or modulus could have impacted the cells, but which was not tested in this study. 

We assessed ALP activity at discrete time points and therefore may have missed the timing of 

optimal activity, which typically peaks between 14 and 21 days. We also assessed gene expression 

at discrete time points and thus may have not captured the true trends in differentiation. Although, 

the IDG-SW3 cells were confirmed to differentiate in 2D and 3D in differentiation medium in the 

first part of this study, we did not investigate differentiation markers in the study with cell 

encapsulation density. Thus, it is possible the cell encapsulation density may have altered the 

timing of differentiation. This study focused on IDG-SW3 cells given their known ability to 

differentiate into mature osteocytes. Future studies should investigate whether this promising 

MMP-sensitive hydrogel could support osteocyte differentiation of other cell types, which do not 

readily differentiate into mature osteocytes, such as MLO-Y4, MLO-A5, and MC3T3-E1.   

2.6 Conclusions 

This study provides insight into the importance of 3D culture conditions on IDG-SW3 

osteocyte differentiation. We show that an MMP-sensitive hydrogel promotes osteoblast to 

osteocyte differentiation by the enhanced expression of mature osteocytic genes, formation of 

dendritic-like cellular processes, positive staining for connexin 43, and a mineralized collagen 

matrix. An IDG-SW3 cell-laden hydrogel promotes bone ECM deposition around the cells as they 

differentiate from osteoblasts into osteocytes, thus mimicking aspects of in vivo bone formation, 

but in a highly controlled environment.  The combination of IDG-SW3 cells with an MMP-
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sensitive hydrogel offers a more realistic in vitro culture system when compared to the traditional 

2D culture on TCPS for the study of osteoblast to osteocyte differentiation. Moreover, once the 

cells have differentiated into osteocytes, formed dendrite-like processes, and are embedded in a 

mineralized collagen matrix, this platform can be used to investigate for example, the effects of 

drug treatment, hormone levels, or mechanical loading on osteocytes.  
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3.1 Abstract 

In vivo, osteocytes reside within a highly interconnected 3D environment known as the 

lacunocanalicular network, characterized by dendrites extending outward from the cell body that 

form gap junctions with neighboring cells. Osteocytes use the lacunocanalicular network for 

communication, signaling, and mechanotransduction. This study sought to understand how some 

of the tunable physical and biochemical factors in a 3D hydrogel culture system affect both 

osteocyte differentiation and dendrite formation. In this study, OCY454 cells were cultured in 

poly(ethylene glycol) hydrogels with immobilized transforming growth factor-β3 and RGD in 

chemically defined media. Physical factors, (i.e., hydrogel crosslinking density and degradability 

with matrix-metalloproteinase sensitive crosslinks) and biochemical factors (i.e., collagen I and 

hydroxyapatite) were varied to assess osteocyte differentiation and dendrite formation. Osteocyte 

differentiation gene expression (Dmp1 and Sost) were enhanced in 3D, degradable hydrogels. 

Degradability was essential for dendrite formation and the addition of collagen and hydroxyapatite 

further increased dendrite formation. In hydrogels with RGD but no collagen or hydroxyapatite, 

osteocyte differentiation (Dmp1 and Sost) and dendrite formation both increased with increasing 

crosslinking densities. Together, this study demonstrates that a poly(ethylene glycol) hydrogel 

needs degradable crosslinks to support dendrite formation, that modulus regulates differentiation 

and dendrite formation together, and that addition of bone matrix components increases dendrite 

formation via biochemical signaling.  

3. Osteocyte Differentiation and Dendrite Formation in poly(ethylene glycol) 
Hydrogels with Tunable Physical and Biochemical Cues 
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3.2 Introduction 

 Osteocytes make up over 95% of the total bone cells and reside within the mineralized 

collagenous matrix of bone in a highly interconnected cellular network that is comparable in size 

and connectivity to the neural network. Osteocyte cell bodies are encased within lacunae, which 

are small, rounded cavities in the bone matrix.1 Each cell body develops dendrites that extend 

outward to form connexin 43 gap junctions with neighboring cell dendrites.2–4 The dendrites 

extend through small channels called canaliculi.5 Together, this network is called the 

lacunocanalicular network (LCN). 

 The LCN is vital to osteocyte mechanobiology and intracellular communication. Being 

mechanosensitive cells that regulate bone homeostasis, osteocytes use the fluid movement in the 

annular space (between the cell body/dendrites and lacunae/canaliculi walls) of the LCN to sense 

changes in mechanical loading to bone.3 Osteocytes are more sensitive to changes in fluid flow in 

their dendrites as compared to the cell body.6–8 This difference may be attributed to higher fluid 

velocities within annular space of the canaliculi versus the lacunae,9  but may also be due to the 

mechanosensing mechanisms on the dendrites. To this point, the integrins that tether the osteocyte 

cytoskeleton to the surrounding matrix, vary between the cell body and the dendrite. On the cell 

body, integrins with the β1 subunit form large focal adhesions containing vinculin and paxillin, 

but on the dendrites, integrins with the β3 subunit form atypical, smaller focal adhesions that co-

localize with specialized pannexin-1 ion channels.10,11 Osteocytes depend on both β1 and β3 

integrins to sense and respond to mechanical loads,12–14 but to study the contributions of each in 

vitro relies on a 3D system that enables dendrite formation. Osteocytes also use gap junctions that 

dendrites form with other dendrites of neighboring cells to amplify a signaling response by sharing 

secondary messengers, such as 3,5’-cyclic adenosine monophosphate (cAMP).15 Thus, studying 
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osteocyte mechanobiology and signaling in vitro with a 3D environment that fosters dendrite 

formation will retain more relevance to in vivo conditions because of the unique 

mechanotransduction and gap junctional communication that dendrites facilitate.  

The LCN is vital to osteocyte mechanobiology, yet most studies of osteocyte 

mechanobiology to date culture cells in two-dimensional (2D) environments, which lack the 

characteristics of the 3D LCN.16 While osteocytes form dendrites in 3D collagen gels, 17–19 

collagen gels are limited in their tunability of matrix stiffness and result in gel contraction that 

densifies the collagen matrix. Synthetic hydrogels offer a higher degree of tunability of stiffness 

and allow for control over the types of biological cues that are incorporated into a 3D culture 

environment. For example, the elastic modulus of hydrogels can be easily tuned by varying the 

crosslinking density, by means of changing the monomer concentration or the amount of 

crosslinker.20 Modulus and crosslinking density are both important factors in osteocyte 

differentiation and cell spreading.21–24 Chemically crosslinked hydrogels result in a tight polymer 

mesh (on the order of 1-10 nm),25,26 which is smaller than the diameter of an osteocyte dendrite 

(100-150 nm).1 The polymer mesh has been shown to limit cellular spreading and extracellular 

matrix (ECM) growth.25–27 While the mesh size increases with hydrogel degradation, the hydrogel 

typically has to reach its point of reverse gelation, which is when the hydrogel transitions from a 

solid to a liquid, to allow cell spreading or ECM growth.28 To overcome this limitation, hydrogels 

have been engineered with metalloproteinase (MMP)-sensitive crosslinks, which allows the cells 

to locally degrade the hydrogel, providing regions for cells to extend their processes without 

needing the bulk hydrogel to reach reverse gelation. In designing a synthetic-based hydrogel to 

promote dendrite formation, a degradable hydrogel will be a key requirement. Other studies have 

shown that incorporation of MMP-sensitive crosslinks into a hydrogel enhances osteogenesis,37,38 
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ECM deposition,29,30 and maturation of osteocyte differentiation.31 Another advantage to synthetic 

hydrogels is the ability to incorporate biochemical cues in a highly controlled manner to improve 

differentiation and cell spreading outcomes. For example, tethered RGD increases cell spreading 

as it provides attachment sites for integrin binding.32 Growth factors such as transforming growth 

factor-β (TGF-β) increase the number of dendrites per osteocyte in vivo and in vitro when 

exogenously applied.33 Immobilization of TGF-β via modification and tethering to the hydrogel 

avoids diffusion out of the hydrogel and increases chondrocyte differentiation,34,35 and is thus a 

promising technique to increase osteocyte dendrite formation.  

In vivo, osteocytes form their dendritic connections during the osteoblast-to-osteocyte 

differentiation period. When osteoblasts are encased in newly formed bone (consisting of collagen 

I and mineral), they extend dendritic protrusions outward, which may require E11 protein 

expression.36 Eventually, deeply embedded in bone, osteocytes reside within their cell-mediated 

LCN and express markers of mature osteocytes such DMP1 and sclerostin. Thus, differentiation 

may depend on dendrite extension, and dendrite extension in hydrogels may be influenced by 

physical (e.g., elastic modulus) and biochemical (e.g., collagen I) factors. Therefore, this study 

sought to investigate the influence of controlled physical and biochemical factors on OCY454 

osteocyte differentiation and dendrite extension in a 3D hydrogel. Poly(ethylene glycol) (PEG) 

hydrogels were chosen as the base chemistry, due to their cytocompatibility, bioinertness, and the 

ability to control their properties and incorporate biochemical factors with ease.37 The hydrogels 

were formed with matrix metalloproteinase (MMP)-sensitive crosslinks to impart degradability, 

cell adhesion peptides RGD to support cell-hydrogel interactions, and tethered TGF-β3. This study 

has two main objectives. The first objective was to investigate physical and biochemical factors 

that influence dendrite formation in a 3D hydrogel. This objective aimed to test two hypotheses. 
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First, we hypothesized that degradable hydrogels are required for dendrite extension and will 

increase mature osteocyte differentiation. To test this hypothesis, we compared the MMP-sensitive 

hydrogels to non-degradable hydrogels. Second, we hypothesized that a lower crosslinking density 

and addition of biochemical cues would increase the extent of dendrite formation and the 

differentiation in degradable hydrogels. To test this hypothesis, we compared hydrogels formed 

with varying crosslinking density and bone extracellular matrix biochemical cues (collagen I and 

hydroxyapatite). All hydrogels were cultured in chemically defined media to avoid the use of 

serum. The second objective was to determine if osteocytes when cultured in a hydrogel permitting 

dendrite extension would respond to a common mechanobiology signaling molecule in bone, 

Prostaglandin E2 (PGE2).38 Osteocyte gene expression was assessed for key anabolic and catabolic 

genes associated with PGE2 signaling and compared to a non-degradable hydrogel. The overall 

study outline is shown in Figure 3.1.  
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Figure 3.1: (A) Schematic of Ocy454 cells encapsulated in a crosslinked hydrogel. PEG-
norbornene (PEG-NB) was crosslinked using three different crosslinkers, a non-degradable PEG-
dithiol or one of two MMP-degradable crosslinkers (GCVPLS-LYSGCG, P1 or GCGPLG-
LWARCG, P2). All networks also tethered in CRGDS and thiolated TGF-β3 (TGF-β3-SH), while 
some also included thiolated Collagen-I (Collagen-I-SH). (B) Schematic of the hydrogel 
formulations used in this study, sorted in columns by crosslinker type, colored by the attachment 
additions, and labeled by PEG-NB wt% (g/g). Each hydrogel condition was abbreviated into an 
acronym, which is labeled above each condition (e.g., ND-COL, P1-11-COL, etc.) (C) Schematic 
of the study outline used to evaluate osteocyte differentiation and dendrite extension in each 
hydrogel condition over a 21-day differentiation period. Abbreviations: L/D = Live/Dead, MTS = 
Mechanical Testing, qPCR = quantitative polymerase chain reaction, F-actin = staining and 
imaging of F-actin. (D) Schematic of the study outline used to evaluate the effect of PGE2 or 
EP2/EP4 Agonist treatment on gene expression in two hydrogel conditions.    
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3.3 Methods 

3.3.1 Macromer Synthesis 

An 8-arm PEG (20000 g/mol, JenKem Technology) was synthesized as previously 

described31 with 92% conjugation of norbornene to each arm of the PEG as confirmed using 1H 

NMR. Collagen type I from rat tail (4 mg/ml, Sigma-Alridch) was thiolated by mixing neutralized 

collagen with Traut’s reagent (2-iminothiolane, 2IT, Thermo-Fisher) in phosphate-buffered saline 

(PBS) at a molar ratio of 0.5:1 [2IT]:[Collagen] for a minimum of 2 hours on ice.39 Similarly, 

TGF-β3 (Peprotech) dissolved in 10mM citric acid was thiolated by mixing with 2IT in PBS at a 

molar ratio of 4:1 [2IT]:[TGF-β3] for 1 hour at room temperature as previously described.34 For 

calculating total thiols, we assumed 5 thiols per collagen molecule39 and 1 thiol per TGF-β3 

molecule.   

3.3.2 Hydrogel Fabrication 

The hydrogel formulations and their abbreviations used in this study are shown in Table 

3.1. Thiolated TGF-β3 (TGF-β3-SH) and CRGDS were pre-tethered to the PEG norbornene (PEG-

NB) by combining PEG-NB, CRGDS (GenScript), TGF-β3-SH, and 0.05 wt% (g/g) photoinitiator, 

1-(4-(2- Hydroxyethoxy)-phenyl)-2-hydroxy-2-methyl-1-propane-1-one (I2959; BASF), in PBS 

to obtain final precursor concentrations of 4 mM CRGDS and 50 nM TGF-β3. The PEG-NB wt% 

used in this study included 5.9, 11, or 14 wt% (g/g), but the [crosslinking thiol]:[ene] ratio was 

kept constant at 0.8 to maintain the same percentage of crosslinks to be cleaved before reverse 

gelation.40 In degradable hydrogels, PEG-NB wt% was either 11 or 14%. Because the thiol of the 

PEG-dithiol crosslinker is more reactive than the cysteine on the degradable crosslinkers, the PEG-

NB wt% in the ND hydrogel was lowered to 5.9% to adjust for this difference. A precursor solution 
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of the PEG-NB with the pre-tethered CRGDS and TGF-β3 was combined with either a non-

degradable PEG-dithiol crosslinker (1012 g/mol, Sigma-Aldrich) or an MMP-degradable 

crosslinker containing the sequence GCGPLG-LWARCG (1189 g/mol, Genscript) or GCVPLS-

LYSGCG (1155 g/mol, Genscript) at a [crosslinker thiol]:[NB ene] molar ratio of 0.8:1, along with 

0.05 wt% (g/g) I2959 in PBS. For collagen or hydroxyapatite (HA) hydrogels, thiolated collagen 

I or HA nanoparticles (<200 nm size, Sigma-Aldrich, 677418) were added to the precursor solution 

to obtain 0.1 wt% (g/g) collagen or 1 wt% (g/g) HA. OCY454 cells were encapsulated into the 

precursor solution at a concentration of 80 million cells/mL and photopolymerized in 3 mm 

diameter x 3 mm height molds for 8 minutes with 352 nm light at 1.5-2.1 mW/cm2. The wt% (g/g) 

for each component was calculated based on the weight of all components.  

 

Table 3.1: Hydrogel formulations and their abbreviations used in this study.  

Hydrogel 
abbreviation 

Cross-
linker 
type 

PEG-
NB 
wt% 
(g/g) 

 thiol: 
ene 

TGF-
β3 

(nM) 

CRGDS 
(mM) 

Collagen 
I wt% 
(g/g) 

Hydroxy- 
apatite 

wt% (g/g) 

ND PEG-
dithiol 

5.9 0.8 50 4 0.1 0 

P1-11-RGD P1 11 0.8 50 4 0 0 
P1-14-RGD P1 14 0.8 50 4 0 0 
P1-11-COL P1 11 0.8 50 4 0.1 0 
P1-14-COL P1 14 0.8 50 4 0.1 0 
P2-11-RGD P2 11 0.8 50 4 0 0 
P2-14-RGD P2 14 0.8 50 4 0 0 
P2-11-COL P2 11 0.8 50 4 0.1 0 
P2-11-HA P2 11 0.8 50 4 0.1 1 

The MMP-degradable sequences are termed P1 (GCVPLS-LYSGCG) and P2 (GCGPLG-
LWARCG).  
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3.3.3 Cell Culture 

OCY454 cells were expanded at 33˚C and 5% CO2 on collagen type I-coated tissue culture 

polystyrene in growth media which consisted of alpha MEM (Gibco) with 1% Antibiotic-

Antimycotic (Gibco) and 10% FBS (Atlanta Biologicals). At the start of the experiment, cells were 

either plated on collagen-coated polystyrene (2D) or encapsulated in hydrogels and then cultured 

in osteogenic media at 37˚C and 5% CO2 on a shaker plate. Osteogenic media for 2D samples 

consisted of alpha MEM with 1% Antibiotic-Antimycotic, 10% FBS, 50 mg/ml ascorbic acid 

(Sigma-Aldrich) and 4 mM β-glycerophosphate (Sigma-Aldrich). 3D samples were cultured in 

chemically defined osteogenic media, which we have previously observed increases degradation 

in MMP-degradable hydrogels with TGF-β3. The chemically defined medium replaced the 10% 

FBS with 1% ITS+ Premix (Corning).  

3.3.4 Live/Dead Imaging 

On days 1 and 21, samples (n = 3) were stained with 4 μM Calcein AM (Corning) for 40 

minutes and and 2uM ethidium homodimer (Corning) for 10 minutes in defined differentiation 

media on a shaker plate. Samples were rinsed in PBS and immediately imaged using a Leica DM6 

CFS stellaris upright confocal (Leica Microsystems) with LAS X software (V4.1.1.23273). 

3.3.5 Mechanical Testing 

Immediately after Live/Dead imaging, the samples (n = 3) were subjected to unconfined 

compression using a mechanical testing system Insight II (MTS) with a 5N load cell. The top 

platen started out-of-contact with the hydrogel and then applied a constant displacement rate of 

1.2 mm/min until approximately 50% strain (based on initial height of the hydrogel) was reached. 

The point of contact was determined using custom MATLAB code and the true modulus was 

calculated from the slope of the linear true-stress/true-strain curve from 10-15% strain.  
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3.3.6 Gene expression 

Pre-encapsulated cells (day 0), 2D cultures (day 1 and 21), and 3D hydrogels (day 1 and 

21) were collected for RNA extraction (n = 4 except P2-11-COL n = 8)). Pre-encapsulated cells 

and 2D samples were immediately lysed in Qiazol, flash-frozen, and stored at -80˚C. 3D samples 

were collected and immediately flash-frozen and stored at -80˚C. 3D samples were later 

homogenized in Qiazol using a tissue lyser (Qiagen). RNA was isolated from all samples using 

QIA shredder columns (Qiagen), phase lock gel tubes (Quantabio), and the miRNeasy Micro Kit 

(Qiagen). RNA was quantified using a Nanodrop instrument (ND-1000, Thermo Scientific) and 

260/280 and 260/230 values were confirmed to be between 1.8 and 2.2. RNA was converted to 

cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) at 1000ng 

per reaction. Each sample was diluted to 2.5-5 ng/μL and analyzed by real-time quantitative 

polymerase chain reaction (qPCR) using custom primers (Table 3.2) and SYBR Green Master Mix 

(Applied Biosystems) with a 7500 Fast PCR Machine (Applied Biosystems). Gene expression was 

analyzed with the Pfaffl method41 using the housekeeping gene L32 to obtain the relative 

expression (RE) and normalizing to an experimental control to obtain the normalized expression 

(NE).  
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Table 3.2: Custom primer sequences and their calculated efficiencies for each gene  

Gene Protein Efficiency Forward Reverse 
Dmp1 DMP1 2.1 GCTTCTCTGAGA

TCCCTCTTCG 
GCGATTCCTCTAC

CCTCTCT 
Gja1 Cx43 2 GAGTTCCACCAC

TTTGGCGT 
GTGGAGTAGGCTT

GGACCTT 
L32 L32 2.01 CCATCTGTTTTA

CGGCATCATG 
TGAACTTCTTGGT

CCTCTTTTTGA 
Panx1 Pannexin 

1 
2.12 TGGACCTAAGAG

ACGGACCT 
GCTCCACGATTGG

GTACTTG 
Pdpn E11 2.01 GGGATGAAACGC

AGACAAC 
CAATGAAGATCCC

TCCGACG 
Ptger1 42 EP1 2.14 TTTATTAGCCTT

GGGCCTCGTGGA 
ATTGCACACTAAT
GCCGCAAGGAG 

Ptger2 42 EP2 1.99 GATGAAGCAACC
AGAGCAGAC 

CAGAGAGGACTCC
CACATGAA 

Ptger3 42 EP3 2.05 GGTCATCCTCGT
GTACCTGTC 

GTCATGGTTAGCC
CGAAGAA 

Ptger4 42 EP4 2.07 GCCCTCTCCTGC
CAATATAAC 

TTTCAACACTTTG
GCCTGAAC 

Ptges mPGES1 2.17 TACAGGAGTGAC
CCAGATGT 

GGAATGAGTACAC
GAAGCCG 

Sost Sclerostin 2.09 GGCAAGCCTTCA
GGAATGATG 

TCTTTGGCGTCAT
AGGGATGG 

Tnfrsf11b OPG 2.09 AGAAGCCACGCA
AAAGTGTG 

TTCACTTTGGTCCC
AGGCAA 

Tnfsf11 RANKL 2.18 CCATTTGCACAC
CTCACCATC 

CGTGGTACCAAGA
GGACAGAG 

 

3.3.7 Fluorescent Staining and Imaging  

After 21 days of culture in osteogenic media, hydrogels (n = 3 except P2-11-COL n = 6) 

were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) for 24 hours at 4˚C, rinsed in 

PBS, then stored in PBS at 4˚C for 1-3 weeks. Samples were permeabilized in 0.5% Triton X-100 

(VWR) in PBS for 5 min on a shaker plate at room temperature (RT), rinsed twice, and blocked in 

5% Bovine Serum Albumin (BSA, Sigma-Aldrich) in PBS for 1 hour on a shaker plate at RT. 

After rinsing twice, F-actin was stained using Phalloidin (Texas Red, Thermo-Fisher used at 1:80 

dilution in PBS with 0.1% Triton X-100 and 3% BSA) for 6 hours on a shaker plate at RT. Samples 
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were rinsed twice and the nuclei were stained with DAPI (supplier, used at 1:500 dilution in PBS) 

for 10 min on a shaker plate at RT. Samples were rinsed twice and stored in PBS at 4˚C until 

imaging.  

Confocal images were acquired using a Leica DM6 CFS stellaris upright confocal (Leica 

Microsystems) with LAS X software (V4.1.1.23273) with a 25x and 63x water immersion 

objective. Maximum intensity projections were generated for image quantification from 20 slices 

of the z-stacks taken with the 63x objective with 0.6 μm spacing in between slices, for a total depth 

of 12 μm per image. Dendritic cells were defined as cells that show F-actin connections to other 

cells or protrusions outwards from the cell while spherical cells were defined as having no F-actin 

connections to neighboring cells or protrusions (Figure 3.6A). The number of dendritic and 

spherical nuclei in each image was counted using NIH ImageJ software. Three hydrogels per 

condition were imaged, and the mean number and percentage of dendritic nuclei per image (n=5 

images per sample) were calculated.  

3.3.8 Prostaglandin E2 and Agonist Treatment 

After 21 days of culture, osteogenic media was replaced with media containing either PGE2 

(1 μM, Cayman Chemical), CP544326 (1 μM, EP2 agonist, Cayman Chemical), L902688 (1 μM, 

EP4 agonist, Cayman Chemical), or NS-398 (1 μM, COX-2 inhibitor, Cayman Chemical). 

Hydrogels from the P2-11-COL and ND conditions were treated (n=4 per treatment). The final 

solvent (DMSO or methanol) concentration was 0.002% (v/v) for all treatments. Following 24 

hours of incubation at 37˚C and 5% CO2 on a shaker plate, samples were collected and flash-frozen 

for qPCR analysis.  
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3.3.9 Statistics 

All statistics were analyzed using JMP Pro 14.1.0. Data were analyzed using one- or two-

way analysis of variance (ANOVA) with a significance level of 0.05 where factors included time, 

culture condition, and treatment. For two-way ANOVAs, if the interaction term was significant, 

separate one-way ANOVAs were run for each individual effect. For significant effects from the 

ANOVA, Tukey’s post hoc analysis was performed. The data were confirmed to have 

homogeneous variance and normal distribution. Outliers were removed using Grubb’s outlier test. 

Graphical results are presented as a bar plot (mean and standard deviation error bars) or box plot 

including all points. When statistical significance is shown in figures with symbols, one symbol 

represents p < 0.05. 

3.4 Results 

3.4.1 Cell viability  

To assess cell viability, hydrogel samples were stained for Live/Dead imaging on days 1 

and 21 of culture in osteogenic media (Figure 3.2). Cell viability remained high at both time points 

in all hydrogel conditions. On day 1, cells regardless of hydrogel condition were rounded with no 

noticeable cell spreading. On day 21, many cells remained rounded, but there were regions that 

had form cell aggregates, which showed some evidence of cell spreading.  
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Figure 3.2: Representative Live/Dead images of each hydrogel condition on day 1 (A) or day 21 
(B). Scale bar is 100 μm. 

 

3.4.2 Mechanical properties of cell-laden hydrogels 

 On days 1 and 21 of culture, hydrogel samples (n = 3 per condition) were tested in 

unconfined compression to obtain the elastic modulus (Figure 3.3) of the different hydrogel 

formulations (Figure 3.1B). The mean and standard deviation of elastic moduli for each condition 

and day are compiled into Table 7.1. The initial modulus (day 1) of the ND hydrogels (2.5 ± 0.1 
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kPa) was significantly lower than all other hydrogel conditions except P1-11-RGD and P1-14-

COL. The hydrogel with the highest modulus was the P2-14-RGD (13.2 ± 0.8 kPa). The P2 

hydrogels were stiffer than the P1 hydrogels, changing the modulus by +50%, +32%, and +30% 

from P1 to P2 in the 11-RGD, 14-RGD, and 11-COL hydrogels, respectively. Increasing from 11 

to 14 wt% in the RGD hydrogels changed the modulus by +51% and +36% in the P1 and P2 

hydrogels, respectively. Interestingly, from 11 to 14 wt% in the P1-COL hydrogel, the modulus 

changed by -32%. Similarly, adding collagen to the P1-14 hydrogel decreased the modulus by -

53%. Adding hydroxyapatite (HA) to the P2-11-COL hydrogel did not change the modulus.   

Over the 21-day differentiation period, a few conditions showed significant changes in 

modulus: ND, P1-14-COL, and P2-11-COL. The ND hydrogels changed +64% while the P1-14-

COL and P2-11-COL hydrogels both changed by -34% and -43%, respectively. The P1-11-RGD 

hydrogels exhibited the largest mean increase in modulus by +162% but was not statistically 

significant.  

 
 
Figure 3.3: Elastic modulus calculated from the true-stress, true-strain curve for each hydrogel 
condition after 1 and 21 days of culture. Data are presented as the mean with standard deviation as 
error bars (n = 3). 



91 
 

3.4.3 Osteocyte Differentiation  

 To assess the differentiation after 21 days of culture, the gene expression for two key 

osteocyte differentiation markers, Dmp1 and Sost, was measured. For Dmp1, a marker of early-to-

late osteocyte differentiation, the NE of 2D and ND significantly increased from day 0 (58-fold 

for 2D and 8-fold for ND). The NE of ND was significantly lower from 2D by 7-fold. Within all 

hydrogels, there was a significant effect of crosslinker type (non-degradable vs. degradable, p = 

0.005). Within the degradable hydrogels, there was also a significant effect of attachment type 

(RGD vs. RGD+COL, p = 0.016). Within P1, all conditions significantly increased from day 0, 

while the collagen conditions were higher than 2D and ND. Increasing the wt% significantly 

increased the NE in the RGD conditions within P1 (3-fold). Within the same wt%, adding collagen 

significantly increased the NE at 11% (6-fold) and was trending towards significance at 14% (2-

fold, p = 0.054). Within P2, all conditions significantly increased from day 0, while the 14-RGD 

and 11-COL conditions were also significantly higher than 2D and ND. Increasing the wt% 

significantly increased the NE in the RGD conditions (2.5-fold). There was no significant 

difference between any of the P2, 11 wt% conditions. There was no significant effect of degradable 

crosslinker type (P1 vs. P2).  

For Sost, a marker of mature osteocyte differentiation, the NE of 2D did not change from 

day 0, but the NE of ND significantly increased from day 0 by 154-fold. The NE of ND also 

significantly increased from 2D by 214-fold. Within all hydrogels, the effect of crosslinker type 

was not significant (non-degradable vs. degradable). In P1, all conditions significantly increased 

from day 0 and was higher than 2D and increasing the wt% had no effect. At 14 wt%, adding 

collagen significantly increased the NE (1.6-fold). Within P2, all conditions significantly increased 

from day 0 and from 2D. Increasing the wt% increased the NE in the RGD conditions (1.3-fold, p 

= 0.08). There was no significant difference between any of the P2, 11 wt% conditions. There was 
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only a significant effect of degradable crosslinker type with the 14-RGD conditions, where the P2 

condition was 1.6-fold higher than the P1 condition. 

 

Figure 3.4: Normalized expression (NE) to the day 0 pre-encapsulated cells of Dmp1 and Sost as 
measured in each hydrogel condition after 21 days of differentiation (n = 4-8). 

 

3.4.4 Dendrite formation after 21 days of differentiation  

 After 21 days of culture, cells were assessed by staining for F-actin and imaging with 

confocal microscopy. Qualitatively, there were regions observed in all hydrogel conditions with 

only spherical cells (Figure 7.2). However, there were also regions of cell aggregates in all 

hydrogels with varying degrees of dendritic protrusions and connections (Figure 3.5). Image 

quantification was performed on the cell aggregate regions (175 μm x 175 μm), and the number 

(#) and percentage (%) of the dendritic cells per image were assessed (Figure 3.6A-C). A dendritic 

cell was defined by at least one protrusion. The mean, standard deviation, and maximum for the # 

and % of dendritic cells for each condition (from all images taken) are shown in Table 3.3.  
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Figure 3.5: Representative images of cell aggregates in each hydrogel condition with a few 
dendrites per image denoted with an arrow. F-actin was stained with Phalloidin (red) and nuclei 
were stained with DAPI (blue). Images were taken with a 63X objective and are maximum 
intensity projections of 12 μm depth, with 0.6 μm spacing in between slices. Scale bar is 20 μm 
and image size is 175 μm x 175 μm. The lower right three panels zoom in on regions 1-3 labeled 
in the P2-11-COL and P2-11-HA images. 

 

All hydrogels with collagen were significantly higher in # and % of dendritic nuclei as 

compared to the ND hydrogels. P2-14-RGD also had higher # and % as compared to ND, and P1-

14-RGD had higher %. There is a clear trend of increasing number and percentage of dendritic 

cells with increasing wt% in the P1-RGD, P2, RGD, and P1-COL hydrogels (although not 

statistically significant). Collagen also increased the # and % of dendritic cells. In P1, the % of 
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dendritic cells significantly increased when collagen was added. The only significant difference 

between degradable crosslinkers was the increase in # of dendritic nuclei in P2 as compared to P1 

in the 11-COL hydrogels. Adding HA did not have a significant effect compared to the P2-11-

COL hydrogel.   

 

 

Figure 3.6: (A) Sample image denoting nuclei of dendritic and spherical cells with arrows. Mean 
number (B) and percentage (C) of dendritic nuclei per image for each sample (n = 5 images per 
sample) and condition (n = 3-6 samples per condition). In each image, the number of dendritic 
nuclei was counted (B) and then divided by the total number of nuclei in that image (C). 

 

By qualitative and quantitative assessment, the dendrite formation within the degradable 

hydrogels spanned a larger range than in the ND hydrogels. All conditions had regions in the 

hydrogel with no dendritic cells (i.e., 0 for the # and % of dendritic cells). Yet, the maximum 
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values for each condition differed. There were regions that reached a maximum percentage of 

dendritic cells of 16% for ND, but 100% with collagen. Figure 3.5B and Figure 3.5C represent the 

mean # and % of dendrites assessed per sample. Dot plots of the same data are provided in Figure 

7.3. These quantitative results support the qualitative finding that the range of dendrite formation 

throughout the ND hydrogels was much lower than in the degradable hydrogels.  

 

Table 3.3: The mean, standard deviation (S.D.), and maximum for the number (#) and percentage 
(%) of dendritic cells for all the images that were quantified. All conditions had a minimum of 0 
for # and % of dendritic cells. 

 # dendritic cells % dendritic cells 
 Mean S.D. Maximum Mean S.D. Maximum 

ND 2 4 11 3% 6% 16% 
P1-11-RGD 3 6 18 10% 16% 49% 
P1-14-RGD 17 20 55 39% 42% 95% 
P1-11-COL 25 30 108 49% 40% 100% 
P1-14-COL 44 38 121 60% 44% 100% 
P2-11-RGD 14 20 53 31% 40% 98% 
P2-14-RGD 27 23 68 58% 37% 100% 
P2-11-COL 45 37 161 65% 39% 100% 

P2-HA 41 38 132 76% 37% 100% 
 

3.4.5 Dendrite extension gene expression after 21 days 

The gene expression for three genes that are associated with osteocyte dendrite extension 

was measured after 21 days: Gja1, Panx1, and Pdpn (Figure 3.7). Gja1 encodes for the protein 

connexin 43, which form gap junctions in osteocytes. Panx1 encodes pannexin-1, an ion channel 

that forms on dendrites in vivo, and Pdpn encodes E11, a protein that is expressed by early 

osteocytes during dendrite formation in vivo.  
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Figure 3.7: Normalized expression (NE) to the day 0 pre-encapsulated cells of Gja1, Panx1, and 
Pdpn as measured in each hydrogel condition after 21 days of differentiation (n = 4-8). 

 

For Gja1, which encodes the gap junction protein connexin 43, the NE of 2D did not change 

from day 0. The NE of ND significantly increased from day 0 (6-fold) but was not significantly 

different than 2D. Within all hydrogels, there was no effect of crosslinker type (non-degradable 

vs. degradable). In the degradable hydrogels, there was also no effect of attachment type (RGD vs. 

RGD+COL). Within P1, all conditions significantly increased from day 0, while the collagen 

conditions and 14-RGD also increased from 2D. Increasing the wt% or adding collagen did not 

significantly change the NE in the P1 hydrogels. Within P2, all conditions significantly increased 

from day 0 and were higher than 2D, while the 14-RGD condition also significantly increased 

from ND. Increasing the wt% significantly increased the NE in the RGD conditions (1.6-fold). 
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There was no significant difference between any of the P2, 11 wt% conditions. There was only a 

significant effect of degradable crosslinker type with the 14-RGD conditions, where the P2 

condition was 2-fold higher than the P1 condition. 

For Panx1, encoding a protein that comprises atypical focal adhesions in the dendrites of 

osteocytes, the NE of 2D did not change from day 0. The NE of ND significantly increased from 

day 0 (4-fold) and significantly increased from 2D (2-fold). Within all hydrogels, there was a 

significant effect of crosslinker type (non-degradable vs. degradable, p = 0.0001). In the 

degradable hydrogels, there was no effect of attachment type (RGD vs. RGD+COL). Within P1, 

all conditions significantly decreased from ND, did not change from day 0 or 2D. There was no 

effect of wt% or adding collagen within P1. In P2, all conditions significantly decreased from ND, 

and all but HA were unchanged from day 0 or 2D. The HA condition significantly increased from 

2D (1.5-fold). There was no effect of wt% or adding collagen in P2, but adding HA significantly 

increased the NE as compared to the P2-11-COL condition (2-fold) and P2-11-RGD (2.2-fold). 

There was no significant effect of degradable crosslinker type (P1 vs. P2). 

For Pdpn, which is expressed in early osteocytes extending dendrites, the NE of 2D did not 

change from day 0. The NE of ND significantly also did not change from day 0 or from 2D. Within 

all hydrogels, there was a significant effect of crosslinker type (non-degradable vs. degradable, p 

= 0.026). In the degradable hydrogels, there was no effect of attachment type (RGD vs. 

RGD+COL). Within P1, all conditions significantly decreased from ND and from 2D. There was 

no effect of wt% or adding collagen within P1. In P2, all RGD conditions significantly decreased 

from ND and from 2D. The 11-COL and HA conditions were both unchanged from 2D and ND. 

The HA condition significantly increased from day 0 (2-fold). There was no effect of wt% or 

adding collagen in P2, but adding HA significantly increased the NE as compared to the P2-11-
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COL condition (2-fold) and P2-11-RGD (4-fold). There was no significant effect of degradable 

crosslinker type (P1 vs. P2). 

3.4.6 Gene expression after treatment with PGE2 and EP agonists 

 After 21 days of differentiation, the gene expression for the genes that encode all four EP 

receptors EP1-4 (Ptger1, Ptger2, Ptger3, Ptger4) were measured in two conditions: ND and P2-

11-COL (Figure 3.8A). All four genes were present, and there was no significant difference in the 

RE values comparing the two conditions. However, there were significant differences in RE 

between the genes. In both conditions, Ptger1 was significantly lower than all other genes. 

Additionally, in the P2 hydrogel Pger2 and Ptger4 were significantly higher than Ptger3. In both 

hydrogels, there was no significant difference between Ptger2 and Ptger4 expression.  

 On day 21, hydrogels from two conditions (ND and P2-11-COL, n=4 per treatment) were 

treated with PGE2, a rapid response to mechanical loading in osteocytes.38 NS-398 was added to 

the base samples, which inhibits COX-2, an intracellular enzyme that is involved in the 

biosynthesis of PGE2.43 Agonists for EP2 (EP2A, CP544326 ) and EP4 (EP4A, L902688) were 

investigated, as EP2 and EP4 are the two cell-surface receptors for PGE2 that induce anabolic 

effects in bone.44–46 Following 24-hours of treatment, samples were collected and the expression 

of five genes important to anabolic, catabolic, or PGE2 signaling was measured (Gja1, Ptges, 

Tnfrsf11b, Tnfsf11, and Sost) and normalized to the RE of the NS-treated samples within each 

hydrogel condition to obtain the NE (Figure 3.8B). In the ND hydrogels, the expression of these 

five genes was also measured in samples that were treated in media alone (Figure 7.4). There was 

no significant difference in gene expression between the NS-treated and untreated samples, 

indicating that endogenous PGE2 lacked a significant effect.  
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Figure 3.8: (A) Relative expression (RE) of Ptger1, Ptger2, Ptger3, and Ptger4 in the P2-11-COL 
and ND-COL hydrogels after 21 days of differentiation (n = 4). (B) Gene expression of Gja1, 
Ptges, Tnfrsf11b, Tnsfsf11, and Sost was measured in P2-11-COL or ND-COL hydrogels after 24-
hours of incubation in 1 μM NS-398, PGE2, CP544326, or L902688 (n = 4). RE was normalized 
to the NS-398 treated samples to obtain the normalized expression (NE). 
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Treatment did not significantly change Gja1 or Ptges expression. In the P2 hydrogel, PGE2 

treatment reduced the Gja1 NE by 1.7-fold and was trending towards significance (p = 0.07). Also, 

PGE2 reduced the Ptges NE by 2-fold in the P2 hydrogel and was trending towards significance 

(p = 0.08).  

 Treatment significantly changed the Tnfrsf11b, Tnfsf11, and Sost expression in only the 

ND hydrogel. EP4A treatment significantly reduced the Tnfrsf11b expression in the ND hydrogel 

by 1.3-fold and had no effect in the P2 hydrogel. PGE2 treatment did not significantly alter the 

Tnfsf11 expression in the ND hydrogel, but both EP2A and EP4A treatment did. EP2A reduced 

the NE by 2-fold and EP4A reduced the NE by 4-fold, both compared to NS. In the ND hydrogel, 

PGE2 treatment increased the Tnfrsf11b/Tnfsf11 ratio by 1.5-fold, trending towards significance (p 

= 0.07). The EP4A treatment significantly reduced the Tnfrsf11b/Tnfsf11 ratio by 2.7-fold 

compared to NS (p = 0.03) only in the ND hydrogel. With PGE2 treatment, Sost NE was reduced 

by 1.6-fold (p = 0.008).  

3.5 Discussion 

 This study investigated the effects of physical and biochemical factors of a hydrogel on 

osteocyte differentiation and dendrite extension in 3D culture. To achieve extensive dendrite 

formation in 3D hydrogels, degradability was necessary. Further, dendrite formation and 

differentiation were stimulated by increasing the modulus and adding biochemical cues, indicating 

that both physical and biochemical cues regulate osteocyte behavior. Together, this work shows 

that osteocytes express mature osteocyte markers and form dendritic connections in degradable 

PEG hydrogels, enabling a platform to study osteocyte mechanobiology with relevance to in vivo 

conditions in a highly tunable system.   
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Extensive dendrite formation was observed only in degradable hydrogels. Osteocyte 

dendrites in vivo are estimated to have a diameter of 100 nm,1 which is much larger than the 1-10 

nm mesh size of these PEG hydrogels. Therefore, cell-mediated degradation allows for dendrite 

extension. Interestingly, Dmp1 was also enhanced in degradable hydrogels but there was no 

difference in Sost expression between the non-degradable and degradable conditions. This 

suggests that the 3D environment may play a larger role in dominating mature osteocyte markers 

such as Sost while degradability dominates the dendrite formations and earlier osteocyte markers 

Dmp1.  

There was little difference between the degradable (P1 vs. P2) crosslinkers in the RGD 

hydrogels. However, in the hydrogels with collagen, the P2 crosslinker significantly increased the 

number of dendrites at 11 wt%. The P1 crosslinker has been shown to be degradable by MMP-2 

and MMP-14,47 while the P2 crosslinker has been shown to be degradable by MMP-2 and MMP-

13.31 The non-specific nature of these degradable crosslinkers and the few differences observed 

between suggests that any differences in the rate of degradation was not enough to have an impact 

on dendrites. 

The PEG-NB wt% was varied between 11 and 14% within the degradable hydrogels to 

affect the crosslinking density of the hydrogel network. Increasing the PEG-NB wt% increased the 

elastic modulus in the RGD hydrogels, which is expected when [crosslinking thiols]:[ene] is 

constant and indicates increased crosslinking density.20 In these RGD hydrogels, increasing the 

modulus also upregulated the Dmp1 expression. The Dmp1 expression did not change between the 

two RGD hydrogels with different crosslinkers that were both approximately 10 kPa (P1-14-RGD 

and P2-11-RGD), further indicating a connection between modulus and osteocyte differentiation. 

Increasing the modulus also slightly increased the number and percentage of dendrites in the P2-
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RGD hydrogels. The few dendrites in the non-degradable hydrogels indicates that the polymer 

mesh must degrade for dendrite formation. However, more dendrite formation in initially stiffer 

hydrogels suggests that the stiffness is involved in mechanotransduction events that increase 

osteocyte differentiation and dendrite extension together despite a higher crosslinking density that 

the cells must degrade to form dendrites. Cultured osteoblasts in 2D increase cell spreading with 

increased modulus,22 and stiffness provides traction for cell spreading on 2D substrates.21,22 Yet, 

mesenchymal stem cells in non-degradable 3D hydrogels show no effect of stiffness on cell 

spreading.21 Rather, in that study, osteogenic differentiation was enhanced in the 10-20 kPa range 

which was modulated in part by integrin-RGD binding, but not cell morphology. Thus, the results 

from this study are consistent with previous studies that show modulus regulating differentiation, 

but our findings also suggest that an initially stiffer hydrogel increases dendrite extension in 3D 

hydrogels which may be a result of higher traction combined with cell-mediated degradation.  

Adding hydroxyapatite (HA) particles or collagen did not change the initial modulus, and 

therefore the crosslinking density. The finding that the HA particles did not alter the modulus is 

supported by previous work using the same low concentration in degradable hydrogels.48 The 

collagen molecules can likely bind to multiple PEG-NB molecules due to the difference in size 

and multiple thiols per collagen molecule. Yet, any crosslinking that did occur was undetectable 

by the modulus measurements, indicating that any effect on cellular behavior that the collagen 

induced was likely via biochemical signaling rather than physical crosslinking. Dendrite formation 

was increased by the addition of the collagen and HA, compared to the hydrogels with only RGD. 

RGD provides cell attachment sites for αv integrin binding21 and in vivo, osteocyte cell dendrites 

express integrin αv.10,49 It is possible that the αv integrin binding affinity to other peptide sequences 

unique to collagen I may have increased the dendrite extension in the hydrogels with collagen. It 
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is also possible that the cell-collagen interaction in the hydrogels with collagen mimicked aspects 

of the cell-matrix interaction that occurs when osteoblasts are surrounded by unorganized collagen 

I in vivo, which stimulates dendrite extension. The HA hydrogel was not significantly different 

than the HA+COL hydrogel, indicating that the increased dendrite formation was dominated by 

the collagen biochemical signaling effects rather than HA effects. Interestingly, the osteocyte 

differentiation markers of Dmp1 and Sost were unchanged by the addition of collagen and HA, 

indicating that these extracellular matrix cues stimulated dendrite formation unrelated to gene 

expression changes. This suggests that dendrite formation may be independent of differentiation 

gene expression changes, or that one may precede the other.  

None of the genes that were selected for relevance to dendrite extension in vivo (Gja1, 

Panx1, and Pdpn) investigated in this study showed any difference between the RGD and 

RGD+COL hydrogels, but dendrite formation was enhanced in RGD+COL hydrogels. This 

indicates that the day 21 expression of these genes does not directly relate to the day 21 dendrites. 

The hydrogel with HA was not significantly different than the same hydrogel without HA (P2-11-

COL) in number or percentage of dendrites. Yet, the gene expression of Panx1 and Pdpn were 

both upregulated with HA. This further supports the conclusion that these genes do not indicate 

the cell dendrites as assessed by the fluorescent microscopy.  

We identified one hydrogel condition that had a high number and percentage of dendrites, 

P2-11-COL, which showed a different osteocyte response to PGE2 as compared to the ND 

hydrogel. Osteocytes rapidly produce PGE2 in response to mechanical loading,50,51 and PGE2 

induces an overall anabolic response on bone52,53 by regulating both osteoblasts and osteoclasts.54–

56 In previous work, we showed that dimensionality, which affects differentiation, also affects the 

osteocyte response to PGE2. Here, we hypothesized that the degradable environment, which affects 
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osteocyte differentiation and dendrite formation, would also affect the response to PGE2. Further, 

we treated with agonists for EP2 and EP4, the two cell surface receptors for PGE2 responsible for 

anabolic signaling.44–46 The gene expression response to PGE2 varied between hydrogel types: the 

P2 hydrogels were highly variable and not significant. We attribute the variability in the P2 

hydrogel to larger range of dendrite formations that were observed. In the ND hydrogel, Sost 

expression decreased with PGE2 treatment, which aligns with previous studies.57,58 Additionally, 

Tnfsf11 expression decreased with both EP2 and EP4 agonist treatment, but not with PGE2. This 

indicates that Tnfsf11 expression is regulated by intracellular signaling pathways that EP2 and EP4 

activate, but activation of EP1 and/or EP3 may inhibit the effects of EP2/EP4. The decrease in 

Tnfsf11/Tnfrsf11b and Sost both indicate anabolic signaling, aligning with our previous study 

(Chapter 4).  

3.6 Conclusion 

In conclusion, this study varied physical (crosslinking density, degradability) and 

biochemical (collagen, hydroxyapatite) factors in a tunable 3D hydrogel with tethered TGF-β3 and 

RGD to study osteocyte differentiation and dendrite formation. The results of this study indicate 

that degradability is necessary for dendrite formation and that a small amount of collagen (0.1 

wt%) can increase dendrites independent of differentiation gene expression. Additionally, modulus 

affects dendrite formation and differentiation gene expression together. Taken together, this study 

shows that dendrites form in 3D degradable hydrogels, which enables the study of osteocyte 

mechanobiology and signaling in vitro in an environment and with a cell phenotype that more 

accurately resembles osteocytes in vivo than 2D cultures. 
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4.1 Abstract 

Prostaglandin E2 (PGE2) is a key signaling molecule that osteocytes produce in response to 

mechanical loading. Yet, the effect of PGE2 autocrine signaling on osteocytes is not fully 

understood. This work characterizes the effect of PGE2 on osteocyte gene expression of common 

signaling molecules in two culture environments: the commonly used 2D tissue culture plastic vs. 

a 3D enzyme-degradable hydrogel that promotes mature osteocyte differentiation. Encapsulated 

IDG-SW3 osteocytes in 3D expressed 100-fold elevated levels of Sost, a mature osteocyte marker, 

as compared to 2D after 35 days, suggesting that the cells differentiated into mature osteocytes to 

a greater extent in 3D as compared to 2D. Additionally, PGE2 induced an anabolic response as 

indicated by the increased levels of Gja1 and Sost and decreased Tnfsf11/Tnfrsf11b ratio only in 

3D. Further, in 3D we showed that EP4, a cell surface receptor for PGE2, is not necessary for the 

mature osteocyte response to PGE2 in all genes investigated except Tnfsf11 (encoding for 

RANKL). This study demonstrates that dimensionality of the osteocyte culture in vitro 

significantly affects osteocyte gene expression in response to PGE2.  

  

4. A 3D, in vitro, Enzyme-Degradable Hydrogel Reveals that Dimensionality 
Alters Osteocyte Gene Expression Response to Prostaglandin E2  
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4.2 Introduction 

 Osteocytes maintain bone homeostasis by responding to mechanical and hormonal cues. In 

response to these external cues, osteocytes direct the anabolic and catabolic activity in bone by 

secreting molecules that regulate the activity of bone-forming osteoblasts or bone-resorbing 

osteoclasts.1 One signaling molecule that osteocytes produce in response to mechanical loading is 

Prostaglandin E2 (PGE2).2,3 PGE2 induces significant increases in bone mass and strength4,5 and 

increases local repair after fracture when administered in vivo.6 In vitro, addition of PGE2 increases 

osteoblast mineralization.7 Yet, PGE2 also increases osteoclast recruitment and differentiation.8,9 

These prior studies indicate that PGE2 has an anabolic (i.e., bone forming) effect in response to 

mechanical loading by regulating both osteoblast and osteoclast activity.  

 Although it is established that PGE2 is secreted by osteocytes to regulate osteoblast and 

osteoclast activity, the role of PGE2 autocrine signaling on osteocytes is unclear. It is challenging 

to isolate the effects of PGE2 on osteocytes in vivo because PGE2 affects osteoblast and osteoclast 

activity as well. Thus, osteocyte PGE2 signaling has largely been studied in vitro and in 2D cultures 

of either osteoblasts2,7,9–17 or MLO-Y4 osteocyte-like cells.2,3,15,18–20 These studies have been 

fundamental in increasing our understanding of the role of PGE2 signaling in bone. Yet, the stage 

of differentiation affects cell behavior, such as the production of PGE2,7 in osteoblasts and 

osteocytes.2,21 Newer osteocyte-like cell lines have been developed in the last decade, such as the 

IDG-SW3 cells, which express mature osteocyte markers (e.g. Sost) that osteoblasts and MLO-Y4 

cells lack.22 Our previous work has shown that IDG-SW3 cells develop a more mature osteocyte 

phenotype in 3D as compared to 2D.23 In this study we investigated if the dimensionality (i.e., 2D 

vs. 3D), which greatly impacts osteocyte differentiation,23–25 also affects the osteocyte response to 

PGE2. We hypothesized that the anabolic response to PGE2 would be higher in 3D.  
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In this study, we addressed three main questions. First, is the osteocyte response to PGE2 

time-dependent? Osteocytes have been shown to respond to mechanical loading at the gene and 

protein level after both 1 and 24 hours in vivo26,27 and in vitro.28 Because PGE2 is produced in 

response to mechanical loading, we investigated the time-dependence of the osteocyte response to 

PGE2 after 1 and 24 hours. Second, how does the dimensionality of the culture environment (i.e., 

2D vs. 3D) affect the osteocyte response to PGE2? Third, using our 3D system we asked if EP4, 

one of the cell surface receptors for PGE2, is necessary for the osteocyte response to PGE2. In vivo 

studies have identified EP4 as the key EP receptor responsible for anabolic activity.29–32 To answer 

these three questions, osteocytes were cultured in 2D on collagen coated standard tissue culture 

plastic or encapsulated in an enzyme-sensitive poly(ethylene glycol) hydrogel that supports 

osteocyte maturation.23 Osteocyte response to PGE2 was assessed by gene expression for key 

PGE2-signaling, catabolic, and anabolic genes.  
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4.3 Materials and Methods 

4.3.1 2D Cell Culture 

 IDG-SW3 cells (Kerafast, Inc.) were grown in the same conditions as previously 

reported.23 For the 2D studies, IDG-SW3 cells were plated on rat-tail collagen type I (Sigma-

Aldrich) coated 6-well plates at 80,000 cells/cm2. Proliferation media was replaced with 

differentiation media, which removes IFN- γ and adds 50 mg/ml ascorbic acid (Sigma-Aldrich) 

and 4mM β-glycerophosphate (Sigma-Aldrich). For differentiation, cells were cultured for 35 days 

at 37°C with 5% CO2.  

4.3.2 3D Hydrogel Fabrication and Culture 

For 3D studies, IDG-SW3 cells were encapsulated in enzyme-sensitive hydrogels as 

previously reported 23 and shown in Figure 4.1A. In brief, an 8-arm PEG (20000 g/mol, JenKem 

Technology) was functionalized with norbornenes and confirmed to reach 92% conjugation of 

norbornene to each arm of PEG with 1H NMR using established protocols.23 Hydrogels were 

formed from a precursor solution of 6.5% (w/w) 8-arm PEG-norbornene, enzyme-sensitive 

crosslinker containing the sequence GCGPLG-LWARCG (GenScript) at 0.65:1 thiol:norbornene 

ratio, 2mM CRGDS (GenScript) for cell adhesion, and 0.05% (w/w) photoinitiator, 1-(4-(2- 

Hydroxyethoxy)-phenyl)-2-hydroxy-2-methyl-1-propane-1-one (I2959; BASF), in phosphate-

buffered saline (PBS). IDG-SW3 cells were encapsulated into the precursor solution at 80x106 

cells/ml, photopolymerized for 8 minutes with 352 nm light at 1.5-2.1 mW/cm2 in molds that were 

3 mm in diameter and 3 mm in height. After photopolymerization, hydrogels were immediately 

cultured in differentiation media at 37°C with 5% CO2. On days 1 and 35 of differentiation, three 

hydrogels were assessed for cell viability by incubating with 4 μM Calcein AM (Corning) and 2 

μM ethidium homodimer (Corning) for 40 and 10 minutes, respectively. Calcein AM stains the 
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cytosol of cells while ethidium homodimer stains the DNA in the nucleus of dead cells. Stained 

hydrogels were imaged by confocal microscopy immediately (Zeiss LSM 5 Pascal system using a 

Zeiss Axiovert microscope).  

4.3.3 Prostaglandin E2 Treatment 

 After 35 days of differentiation, 2D and 3D samples were treated with Prostaglandin E2 

(PGE2, Cayman Chemical) at concentrations of 0, 5, and 1000 nM. 2D samples were collected for 

RT-qPCR after both 1 and 24 hours of PGE2 treatment while all 3D samples were collected after 

24 hours. Some of the 3D samples were also treated with 5 μM AH 23848 (Cayman Chemical), 

an EP4 inhibitor.10,33 With inhibitor studies, samples were pre-incubated with the inhibitor for 30 

minutes.  

4.3.4 RNA Extraction and Gene Expression 

 RNA was extracted using a miRNeasy Micro Kit (QIAgen, USA) with QIA shredder 

columns (Qiagen) and phase lock gel tubes (Quantabio), as described in detail elsewhere.34 2D 

samples were lysed directly in the well plates with Qiazol. 3D samples were snapped frozen in 

liquid nitrogen and homogenized in Qiazol using a tissue lyser (TissueLyser II, Qiagen). Isolated 

RNA was quantified using a Nanodrop instrument (ND-1000, Thermo Scientific) and reverse 

transcribed into cDNA (50-100 ng) using a High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems). The gene expression of key PGE2-signaling, catabolic, and anabolic genes 

that were analyzed in response to PGE2 are shown in Table 4.1.  
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Table 4.1: Osteocyte PGE2-, catabolic-, or anabolic-signaling genes measured in study. 

Gene 
Name Protein Name Category Function 

Gja1 Connexin 43 (CX43) PGE2 
signaling 

PGE2 release mechanism 18 

Ptgs2 Cyclooxygenase-2 
(COX-2) 

PGE2 
signaling 

Enzyme involved in PGE2 synthesis 35 
Involved in bone resorption 36 and 
formation 37 

Ptger1 EP1 PGE2 
signaling 

PGE2 receptor 38 
↓ activation leads to bone formation 39 

Ptger2 EP2 PGE2 
signaling 

PGE2 receptor 38 
↑ activation leads to bone formation 40 

Ptger3 EP3 PGE2 
signaling 

PGE2 receptor 38 

Ptger4 EP4 PGE2 
signaling 

PGE2 receptor 38 
↑ activation leads to bone formation 29–32 

Il6 IL-6 Catabolic 
signaling 

↑ leads to bone resorption 9,12,41,42 

Tnfrsf11b Osteoprotegerin 
(OPG) 

Catabolic 
signaling 

↓ leads to bone resorption 43 

Tnfsf11 Receptor activator of 
nuclear factor kappa 
B ligand (RANKL) 

Catabolic 
signaling 

↑ leads to bone resorption 43–47 

Bglap Osteocalcin (OCN) Anabolic 
signaling 

↓ leads to bone formation 48,49 

Sost Sclerostin (SOST) Anabolic 
signaling 

↓ leads to bone formation 50 
↑ leads to bone resorption 51 

 

Each sample was analyzed by quantitative real-time polymerase chain reaction (RT-qPCR) 

on a 7500 Fast System (Applied Biosystems) using custom primers (Table 4.2) and SYBR Green 

Master Mix (Applied Biosystems). Gene expression for each gene of interest (GOI) was analyzed 

following Pfaffl method52 using primer efficiency (E) relative to the housekeeping gene (HKG), 

ribosomal protein L32. The gene expression data are presented as normalized expression (NE) by: 
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𝑁𝑁𝐸𝐸 = (𝐸𝐸𝐻𝐻𝐺𝐺𝐺𝐺)∆𝐶𝐶𝑡𝑡,𝐻𝐻𝐺𝐺𝐺𝐺(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠) (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻)∆𝐶𝐶𝑡𝑡,𝐻𝐻𝐻𝐻𝐻𝐻(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠)⁄  

where Ct is the cycle threshold and the control is specified in the text and figures.  

 

Table 4.2: Custom primer sequences and their calculated efficiencies (E) for each gene used.  

Gene Forward Primer Reverse Primer E 
Phex CAACGTTCCGCGGTC

AATAC 
GTGTTGCTTGGTCCAG

CTTC 
2.04 

Dmp1 GCTTCTCTGAGATCC
CTCTTCG 

GCGATTCCTCTACCCT
CTCT 

1.98 

Gja1 GAGTTCCACCACTTT
GGCGT 

GTGGAGTAGGCTTGGA
CCTT 

1.97 

Ptgs2 TTCTTTGCCCAGCAC
TTCAC 

GGCGCAGTTTATGTTG
TCTG 

1.98 

Ptger1 53 TTTATTAGCCTTGGG
CCTCGTGGA 

ATTGCACACTAATGCC
GCAAGGAG 

1.83 

Ptger2 53 GATGAAGCAACCAG
AGCAGAC 

CAGAGAGGACTCCCA
CATGAA 

1.97 

Ptger3 53 GGTCATCCTCGTGTA
CCTGTC 

GTCATGGTTAGCCCGA
AGAA 

1.89 

Ptger4 53 GCCCTCTCCTGCCAA
TATAAC 

TTTCAACACTTTGGCC
TGAAC 

1.96 

Il6 TCGGAGGCTTAATTA
CACATGTTC 

TGCCATTGCACAACTC
TTTTCT 

1.95 

Tnfrsf11b AGAAGCCACGCAAA
AGTGTG 

TTCACTTTGGTCCCAG
GCAA 

2.12 

Tnsfsf11 CCATTTGCACACCTC
ACCATC 

CGTGGTACCAAGAGG
ACAGAG 

2.11 

Bglap CAGACACCATGAGG
AGGACCATCTT 

GATAGCTCGTCACAAG
CAGG 

2.18 

Sost GGTGGCAAGCCTTCA
GGAAT 

GGACACATCTTTGGCG
TCAT 

1.91 

L32 CCATCTGTTTTACGG
CATCATG 

TGAACTTCTTGGTCCT
CTTTTTGA 

1.91 
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4.3.5 Statistical Analysis 

Statistical analysis was performed using JMP Pro 14.1.0. Data were analyzed using two-

way analysis of variance (ANOVA) with a significance level of 0.05 where factors included PGE2 

concentration, time, culture condition, or inhibitor presence. When an interaction term was 

significant, separate one-way ANOVAs tested each main effect separately. If a main effect was 

significant, Tukey’s post hoc analysis was performed. The data were confirmed to have 

homogeneous variance and normal distribution. Graphical results are presented as the mean with 

standard deviation as error bars. Statistical significance is shown in figures with a (*) or (#) symbol 

representing p < 0.05 and denoted in the figure. The sample size was n = 3 unless noted otherwise.  

4.4 Results 

4.4.1 Cell viability and differentiation over a 35-day culture period 

IDG-SW3 cells were cultured in 2D and 3D conditions for 35 days using the study design 

shown in Figure 4.1A-B. Qualitative assessment of viability of cells encapsulated in 3D hydrogels 

on days 1 and 35 showed high cell viability at all time points (Figure 7.5). On day 1, cells 

demonstrated a rounded morphology, but by day 35, cells developed a morphology consistent with 

three-dimensional spreading in enzyme-degradable hydrogels.23  
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Figure 4.1: (A) Schematic of culture environments used: 2D tissue culture plastic and 3D MMP-
degradable hydrogels. (B) Timeline used in study. IDG-SW3 cells were either plated on 2D tissue 
culture plastic or encapsulated in 3D hydrogels on day 0 and then cultured for a differentiation 
period of 35 days. On day 35, samples were treated with PGE2 for 1- or 24-hours, after which 
samples were collected for RT-qPCR (C) Gene expression levels for osteocyte markers Sost, 
Dmp1, and Phex from day 0 to day 35 in 2D and 3D (n = 3). The gene expression was normalized 
to the day 0 pre-plated/pre-encapsulated cells to obtain the normalized expression. Statistical 
significance was determined by a one-way ANOVA with PGE2 as the effect followed by Tukey’s 
post hoc. Symbols denote significance (p < 0.05) from post hoc Tukey’s test. 

 

Samples were collected for RT-qPCR on days 0 (pre-seeded/pre-encapsulated cells) and 

35 (2D and 3D samples) to assess the maturation state of the IDG-SW3 cells through osteocyte-

marker genes of Sost, Dmp1, and Phex (Figure 4.1C). The gene expression was normalized to the 

day 0 pre-encapsulated condition within each gene to obtain the normalized expression. The 

expression of Sost in 3D on day 35 was 465-fold higher than day 0 and 100-fold higher than day 

35 2D samples (p < 0.0001). The 2D day 35 condition was 5-fold higher than day 0 but was not 
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significant from the post hoc test. However, using an independent comparison (student’s t-test) the 

2D and day 0 expression levels were significantly different (p < 0.022). The expression of Dmp1 

on day 35 was 246-fold higher in 2D and 247-fold higher in 3D than day 0 (p < 0.002), with no 

significant difference between the 2D and 3D conditions on day 35. The expression of Phex was 

11-fold higher in 3D than 2D on day 35 (p < 0.025), but neither 3D nor 2D were significantly 

different from day 0. These results confirm that the IDG-SW3 cells differentiated into a more 

mature osteocyte phenotype in our 3D system as compared to collagen-coated 2D tissue culture 

polystyrene. However, the 5-fold increase in Sost and 246-fold increase in Dmp1 in 2D as 

compared to day 0 confirm that the IDG-SW3 cells do differentiate in 2D over 35 days, just to a 

lesser extent than in 3D.   

4.4.2 PGE2 response is time-dependent 

To comprehend the time-dependence of the osteocyte response to PGE2 treatment, we 

incubated IDG-SW3 cells with PGE2 (0 or 1000 nM) for 1 or 24 hours in a 2D culture environment. 

After treatment, gene expression (of the genes outlined in Table 4.1) was analyzed and the NE was 

calculated by normalizing to the untreated (0 nM), 1-hour treatment (Figure 4.2). 

All genes except Tnfs11 and Gja1 elicited a significant response to PGE2 in 2D. Several 

genes increased expression in response to PGE2 after 1 hour treatment (Ptger1, Ptger2, Ptger4, 

Ptgs2, and Il6). However, after 24 hours treatment, the response to PGE2 was variable, as 

illustrated by increasing expression of Ptger2 and Ptger3, and decreasing expression of Bglap, 

Ptger1, and Tnfrsf11b. Only Ptger1 and Ptger2 responded to PGE2 treatment at both time points. 

Interestingly, Ptger1 expression increased in response to PGE2 after 1 hour, but decreased after 24 

hours, while Ptger2 expression increased at both time points.  
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Figure 4.2: Gene expression in 2D culture after 1 and 24 hours of PGE2 treatment. After 35 
days of differentiation, IDG-SW3 cells in 2D were treated with 0 or 1000 nM of PGE2 for 1 (blue) 
or 24 (red) hours (n = 3). The gene expression was normalized to the 0 nM, 1 hour condition to 
obtain the normalized expression. Statistical significance was determined by a two-way ANOVA 
with PGE2 and time as main effects followed by Tukey’s post hoc. Symbols denote significance 
(p < 0.05) from post hoc Tukey’s test. 

 

The gene expression was not consistently higher for either 1 or 24 hours at the same PGE2 

concentration. With 0 nM PGE2, the gene expression was higher after 24 hours (compared to 1 

hour) for most genes (Bglap, Sost, Ptger1, Ptger2, Ptger3, and Tnfrsf11b). The expression was 

higher after 1 hour (compared to 24 hours) for two genes (Ptgs2 and Il6), and no different between 

the time-points for two genes (Ptger4 and Tnfs11). At 1000 nM PGE2, the gene expression was 

higher at 24 hours for three genes (Ptger1, Ptger2, Ptger3), higher at 1 hour for three genes 
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(Ptger4, Ptgs2, Il6), and no different for three genes (Bglap, Tnfrsf11b, and Tnfsf11). The 

differences observed between 1 and 24 hours are attributed to the media exchange at the onset of 

the experiment, which can influence the cell response.54 To avoid confounding factors, the 

following studies assessed the 24-hour time point for PGE2 treatment.  

4.4.3 PGE2 response is environment dependent (i.e., 2D vs. 3D) 

 The osteocyte response to PGE2 (0, 5, or 1000 nM) was assessed using our 3D environment 

and compared to the response in 2D. Samples were incubated with PGE2 for 24 hours, after which 

samples were collected to measure gene expression (Figure 4.3 and Figure 7.6).  

The environment played a role in the IDG-SW3 basal expression levels (0 nM PGE2). Sost 

and all four of the Ptger genes showed higher expression in 3D, ranging from ~5-fold (Ptger1) to 

~35-fold (Ptger4) to ~100-150-fold (Sost, Ptger2, and Ptger3). Gja1, Bglap, and Tnfrsf11b showed 

the opposite, with higher expression in 2D, while the difference between 2D and 3D was not 

significant for Ptgs2, Il6, and Tnfsf11.  

The cell response to PGE2 was also mediated by the environment. Sost and all four of the 

Ptger genes decreased with increasing levels of PGE2 in 3D, with no significant change in 2D, 

except for Ptger4, which increased slightly in 2D in response to PGE2. Ptgs2 expression showed 

similar trends between 2D and 3D, although the increase in response to PGE2 was only significant 

in 3D. Blgap expression also showed similar (but decreasing) trends in response to PGE2 between 

2D and 3D, but only the 2D changes were significant. Interestingly, Tnfrsf11b and Tnfsf11 

expression were slightly higher in 2D (but only significant for Tnfrsf11b), but the response to PGE2 

for both genes was only significant in 3D. In 3D, Tnfrsf11b expression increased in response to 

PGE2 while Tnfsf11 expression decreased. Gja1 expression was non-monotonic in that at 0nM, 

expression was higher in 2D, but at 1000 nM, expression was higher in 3D. Additionally, the Gja1 
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expression in response to PGE2 did not change significantly in 2D but increased significantly in 

3D.  

 

Figure 4.3: Gene expression in 2D and 3D after 24 hours of PGE2 treatment. After 35 days of 
differentiation, IDG-SW3 cells in 2D (blue) and 3D (red) were treated with 0, 5, or 1000 nM of 
PGE2 for 24 hours (n = 3). The gene expression was normalized to the 0 nM, 2D condition to 
obtain the normalized expression. Statistical significance was determined by a two-way ANOVA 
with PGE2 concentration and environment (2D vs. 3D) as main effects followed by Tukey’s post 
hoc. Symbols denote significance (p < 0.05) from post hoc Tukey’s test and are color-coded by 
condition (# for 2D, * for 3D). + symbols denote significance from post hoc for condition. 
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4.4.4 PGE2 response does not require EP4 signaling in most genes 

 To evaluate one mechanism by which PGE2 induces gene expression changes in mature 

osteocytes, 3D samples with PGE2 (1000 nM) were incubated with and without an EP4 inhibitor 

(AH 23848). Samples were incubated for 24 hours, after which samples were collected for gene 

expression analysis. RE values were normalized to the no inhibitor, untreated (0 nM PGE2) control 

within each gene (Figure 4.4).  

 For Sost and Ptger1-4, inhibiting EP4 had no effect on the PGE2-induced change in gene 

expression. However, inhibiting EP4 caused the Tnfsf11 expression to decrease ~2-fold from the 

PGE2-treated, no inhibitor samples, bringing the expression to levels from a 3-fold reduction to a 

2-fold reduction from the control (0 nM PGE2).  

 

Figure 4.4: Gene expression when treated with PGE2 and an EP4 inhibitor. (A) After 35 days 
of differentiation, IDG-SW3 cells in 3D were treated with 1000 nM of PGE2 for 24 hours with 
(1000+) and without (1000-) an EP4 inhibitor (n = 3). The gene expression was normalized to the 
no inhibitor, 0 nM PGE2 condition to obtain the normalized expression. Statistical significance 
was determined by a one-way ANOVA between conditions followed by Tukey’s post hoc. 
Symbols denote significance (p < 0.05) from post hoc Tukey’s test. (B) Hypothesized mechanism 
by which PGE2 induces gene expression changes in osteocytes. 
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4.5 Discussion 

This study utilized a novel, 3D, enzyme-degradable hydrogel to demonstrate that the 

dimensionality (i.e., 3D vs. 2D) affects the osteocyte gene expression response to PGE2 in IDG-

SW3 cells. We first confirmed that the IDG-SW3 cells differentiate into mature osteocytes to a 

greater extent in 3D as compared to 2D after 35 days. We established that PGE2 treatment induced 

an anabolic gene expression response in 3D, but not 2D. Additionally, we demonstrated that the 

dimensionality alters the initial expression levels of all four EP receptor genes. Using the 3D 

system, we also showed that the PGE2-induced changes in gene expression do not require PGE2 

binding to the EP4 receptor in all genes except Tnfsf11.  

Our previous study demonstrated that IDG-SW3 cells express elevated levels of mature 

osteocyte markers and deposit elevated levels of bone matrix in the 3D enzyme-degradable 

hydrogel as compared to 2D and non-degradable hydrogel culture conditions after 28 days.23 

Additionally, cells in the 3D enzyme-degradable hydrogel showed enhanced amounts of cellular 

spreading, which may be required for mature osteocyte differentiation.55 In this study, we 

measured the gene expression of three mature osteocyte markers after 35 days: Sost, Dmp1, and 

Phex. Sost and Phex were substantially elevated in 3D as compared to 2D after 35 days, while 

Dmp1 was equally high in 2D and 3D as compared to day 0. Dmp1 is expressed in early osteocytes, 

while Sost is expressed by mature osteocytes. These findings confirmed the results from our 

previous study that although the cells differentiate to some extent in 2D, a 3D environment may 

be necessary to achieve mature osteocyte differentiation in vitro. 

Overall, the 3D response to PGE2 indicates anabolic signaling. Tnfsf11 decreased while 

Tnfrsf11b increased, which together decreased the Tnfsf11/Tnfrsf11b ratio, a common indicator of 

osteoclast regulation.56 A decrease in the secreted protein levels of RANKL/OPG ratio decreases 
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osteoclast recruitment and differentiation, thus decreasing bone resorption.43 Interestingly, our 

finding at the gene level is opposite to a previous study that cultured osteoblasts in 2D and found 

that PGE2 treatment increased protein levels of RANKL and decreased protein levels of OPG.9 

The decrease in Sost expression in 3D is consistent with previous studies10,11,57 and also indicated 

an anabolic response, as sclerostin (encoded by Sost) is an inhibitory regulator of osteoblast 

activity.50,56,58 Additionally, Gja1 increased in 3D, which aligns with previous studies28 and is a 

key indicator of the osteocyte anabolic response to mechanical loading.3 None of the anabolic 

responses observed in 3D were observed in 2D, further indicating that the dimensionality altered 

the gene expression response to PGE2. Osteocytes and osteoblasts respond differently to 

mechanical loading stimuli2,15,59,60 in part due to cell morphology differences,15 and osteocytes 

grown in 2D vs. 3D show morphology differences.61,62 This, in combination with our finding that 

the 2D environment does not support mature osteocyte differentiation, suggests that the increased 

anabolic response in 3D may be a combined effect of the differentiation and morphology that is 

achieved in 3D.   

Gene expression for the EP receptors was investigated because PGE2 can bind to any one 

of the four EP receptors. Upon binding to a receptor, intracellular signaling cascades are initialized 

that eventually regulate gene expression of other key signaling molecules such as Sost, Bglap, or 

Gja1.10,28,38 In this study, the genes for all four EP receptors ranged from 6-fold to 150-fold higher 

in 3D than in 2D. Previously, osteoblasts cultured in 2D did not express detectable levels of Ptger1 

and Ptger3.10 These findings indicate that the initial (0 nM PGE2) gene expression levels for the 

EP receptors may be regulated by the environment (3D vs. 2D) or may increase as osteoblasts 

differentiate to early and mature osteocytes, which is enhanced in 3D. 
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Interestingly, the expression of the EP receptors in response to PGE2 in this study 

contrasted previously published 2D studies. Herein, genes for all four EP receptors decreased in 

3D when treated with PGE2. In an earlier study, MLO-Y4 cells cultured in 2D showed no change 

in Ptger1, Ptger3, and Ptger 4, but an increase in Ptger2 expression after 24 hours of treatment 

with equivalent PGE2 as this study (1000 nM).28 When subjected to fluid flow in this same study, 

MLO-Y4 cells showed similar results, indicating that treatment with PGE2 influences the gene 

expression levels of the EP receptors similar to that of mechanical stimulation. In another study, 

Saos2 osteoblasts cultured in 2D did not express Ptger1 or Ptger3, while Ptger2 and Ptger4 

increased with applied strain.10 In our current study, the 2D response to PGE2 was not significant 

for any EP receptors except Ptger4, where expression slightly, but significantly, increased ~2-fold 

from 5 to 1000 nM PGE2. The 2D response was more in line with the previous MLO-Y4 and 

osteoblast studies showing an increase in either Ptger2 or Ptger4 with applied strain or PGE2.10,28 

It is likely that the PGE2-induced reduction of Ptger gene expression only in 3D is a combined 

effect of the difference in initial Ptger levels and osteocyte differentiation between 3D and 2D in 

this study.  

By inhibiting EP4, we showed that EP4 signaling is not required for the gene expression 

osteocyte response to PGE2 in all genes except Tnfsf11. In our study, when treated with PGE2, 

Tnfsf11 significantly decreased, but the EP4 inhibitor dampened this effect and resulted in no 

significant difference from the untreated samples. This indicates that PGE2 binds to the EP4 

receptor to induce a reduction in Tnfsf11 expression. Although the EP4-inhibited NE was not 

statistically different than the untreated NE, it did still show a 2-fold reduction, which suggests 

that part of the PGE2-induced reduction of Tnfsf11 signals through another EP receptor. EP2 and 

EP4 activation both increase intracellular 3,5’-cyclic adenosine monophosphate (cAMP) while 
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EP3 decreases intracellular cAMP and EP1 increases intracellular Ca2+.38 cAMP activates protein 

kinase A (PKA)-mediated phosphorylation of glycogen synthase kinase-3β (GSK-3β).28,57,63 The 

cAMP/PKA pathway has been shown to be dominated by EP2,64 whereas GSK-3β can also be 

phosphorylated in a phosphatidylinositol 3-kinase (PI3K)-dependent mechanism, which only 

couples to EP4.38,63 Therefore, we hypothesize that the reduction of Tnfsf11 was likely mediated 

by both EP2 (cAMP/PKA/GSK-3β) and EP4 (PI3K/GSK-3β), and that Tnfsf11 expression depends 

more heavily on the PI3K pathway than any other genes investigated in this study (Figure 4.4B). 

It is possible that there were contributions from EP1 or EP3 or that there was crosstalk with another 

pathway, such as the canonical Wnt pathway65 to reduce Tnfsf11 expression, but because we see 

the expression changing with the EP4 inhibitor, it was likely activated by both EP2 and EP4.  

The results from this study indicate that the reduction in Sost and Ptger1-4 do not require 

EP4 activation. Previous conflicting studies have shown that osteoblasts in 2D decrease Sost 

expression in response to PGE2 through exclusively EP211 or exclusively EP4 signaling.10 EP2 and 

EP4 agonists both stimulate anabolic effects in bone,31,40,66 and sclerostin (encoded by Sost) 

reduction stimulates bone formation.50,56,58 Taken together, it is likely that the PGE2-induced Sost 

reduction signals primarily through EP2 in osteocytes, but further studies using inhibitors for EP’s 

1, 2, and 3 are also needed to confirm this hypothesis (Figure 4.4B). The finding that Ptger 

expression does not require EP4 activation is partially supported by a study showing that Ptger2 

expression increased in MLO-Y4 cells in response to PGE2 via EP2 stimulation.28 Therefore, it is 

likely that the reduction in Ptger expression is regulated by EP2. Another consideration is that EP4 

quickly desensitizes from PGE2 in part due to rapid internalization that EP2 does not undergo.63 

Thus, any gene expression changes that are driven by either EP2 or EP4 may be dominated by 

EP2, further explaining why EP4 inhibition had little effect in this study.  
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4.6 Conclusion 

In conclusion, this study showed that the dimensionality affects the cellular response to 

PGE2 treatment via gene expression. We confirmed that culturing IDG-SW3 osteocytes in a 3D 

enzyme-degradable hydrogel enhances mature osteocyte differentiation as compared to 2D 

cultures on collagen-coated polystyrene. When treated with PGE2, some of the genes show an 

opposite response in 3D as compared to previous work using 2D cultures, and the anabolic 

response in our 3D system was not evident in our 2D cultures. Additionally, we showed that EP4 

is not required for the PGE2-induced gene expression changes in any genes except Tnfsf11 in 

mature osteocytes. These results demonstrate that 3D in vitro culture systems that enhance mature 

osteocyte differentiation are necessary to study osteocyte signaling, as the results in 2D did not 

produce similar results to 3D. Osteocyte signaling drives bone degeneration and homeostasis – 

thus 3D in vitro models will enable the effect of different treatments (e.g., drug treatments, 

hormone levels, or inflammatory mediators) on osteocyte signaling to be studied during bone 

degenerative diseases such as osteoarthritis.  
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Dynamically Loaded Hydrogel Model of the Osteochondral Unit to Study Osteocyte 
Mechanobiology. Advanced Healthcare Materials 9, 2001226 (2020). 

 

5.1 Abstract  

Osteocytes are mechanosensitive cells that orchestrate signaling in bone and cartilage 

across the osteochondral unit. The mechanisms by which osteocytes regulate osteochondral 

homeostasis and degeneration in response to mechanical cues remain unclear. This study 

introduces a novel 3D hydrogel bilayer composite designed to support osteocyte differentiation 

and bone matrix deposition in a bone-like layer and to recapitulate key aspects of the osteochondral 

unit’s complex loading environment. The bilayer hydrogel was fabricated with a soft cartilage-like 

layer overlaying a stiff bone-like layer. The bone-like layer contained a stiff 3D-printed hydrogel 

structure infilled with a soft, degradable, cellular hydrogel. The IDG-SW3 cells embedded within 

the soft hydrogel matured into osteocytes and produced a mineralized collagen matrix. Under 

dynamic compressive strains, near-physiological levels of strain were achieved in the bone layer 

(≤ 0.08%), while the cartilage layer borne the majority of the strains (>99%). Under loading, the 

model induced an osteocyte response, measured by prostaglandin E2, that was frequency, but not 

strain, dependent: a finding attributed to altered fluid flow within the composite. Overall, this new 

hydrogel platform provides a novel approach to study osteocyte mechanobiology in vitro in an 

osteochondral tissue-mimetic environment. 

  

5. A 3D, Dynamically Loaded Hydrogel Model of the Osteochondral Unit to 
Study Osteocyte Mechanobiology 
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5.2 Main 

Osteocytes are mechanosensitive cells that help to orchestrate signaling in bone and 

cartilage across the osteochondral unit. Yet the mechanisms by which osteocytes regulate 

osteochondral homeostasis and degeneration in response to normal and aberrant mechanical cues 

remain unclear.1,2 Currently, we lack sufficient means of studying osteocyte mechanobiology both 

in vivo and in vitro. This study aimed to develop an in vitro platform to study osteocyte 

mechanobiology within a subchondral bone mimetic. Our novel platform uses a 3D hydrogel 

bilayer composite designed to support osteocyte differentiation and bone matrix deposition in a 

bone-like layer and to recapitulate key aspects of the osteochondral unit’s complex loading 

environment with a specific focus on achieving near-physiological levels of strain. Overall, this 

new osteochondral model may help to elucidate how changes in mechanical and hormonal cues 

affect homeostatic and degenerative processes in osteochondral tissues. 

Osteocytes play a key role in regulating osteochondral homeostasis and degeneration. In 

bone, osteocytes detect hormonal and mechanical cues and respond by secreting signaling 

molecules that direct bone-forming osteoblasts and bone-resorbing osteoclasts.3–6 In subchondral 

bone, osteocytes also engage in crosstalk with chondrocytes that reside in articular cartilage across 

the osteochondral interface.1,2 During the progression of osteoarthritis, bone and cartilage undergo 

property changes; for example, cartilage permeability increases,7 which in turn increases the fluid 

flow in bone and cartilage.8,9 Osteocytes detect increased fluid flow in subchondral bone and then 

secrete signaling molecules that affect chondrocyte, osteoblast, and osteoclast activities that further 

contribute to osteochondral degeneration.1,2,10–13 A 3D in vitro model that recapitulates the strain 

and fluid flow of the osteochondral unit would enable key questions to be answered about the 

osteocyte’s role in regulating osteochondral homeostasis and degeneration. 
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Currently, 3D in vitro osteocyte models that capture relevant mechanical cues are 

insufficient. The loading environment in bone and, in particular the osteochondral unit, 

experiences matrix strains, typically between 0.001% and 0.3%,3,14 and interstitial fluid flow. 

Studying osteocyte mechanobiology in vivo15–21 is challenging due to the difficulty in isolating and 

controlling the effects of different mechanical stimuli on cells. While in vitro studies in 2D culture 

allow for tighter control over mechanical stimuli (e.g., fluid flow) and have advanced our 

knowledge of osteocyte mechanotransduction,22–25 to date, these studies lack 3D aspects of the in 

vivo environment.26 To this end, researchers developed 3D osteocyte culture models to improve 

upon the limitations of 2D cultures.27–33 For example, one study achieved mature osteocyte 

differentiation in a 3D collagen gel but this culture system lacked mechanical cues.34 Other studies 

revealed new effects of direct matrix strains on osteocytes in 3D 27,29,35 such as strain-induced 

osteocyte regulation of osteoblast bone formation.27 These prior studies applied matrix strains 

ranging from 0.4-10%, which exceed physiological levels of strain in bone. Other studies 

incorporated fluid perfusion into 3D cultures15,28,30,32,36,37 and revealed, for example, the link 

between fluid-induced shear and gene expression of proteins that regulate osteoblast bone 

formation (e.g., sclerostin).28 However, 3D models that adequately capture both physiologically-

relevant matrix strains and fluid perfusion are limited.   

Here, we designed a bilayer composite hydrogel to mimic the osteochondral unit and 

control strain within the cellular niche where the osteocytes reside. While numerous studies have 

developed bilayer scaffolds for osteochondral defect repair models (e.g.38–46), few studies examine 

osteocytes in these scaffolds. A representative image of a histological section of human 

osteochondral tissue (Figure 5.1A) illustrates articular cartilage overlaying a thin interfacial 

calcified cartilage layer, underlying cortical subchondral bone plate, and subchondral trabecular 
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bone.10,47,48 The osteochondral unit possesses a large mismatch in the compressive moduli between 

articular cartilage, ranging from 1-10 MPa,49,50 and the subchondral bone, ranging from 1-10 

GPa.51,52 These disparate properties influence strain transfer from cartilage to bone during normal 

joint movement. To capture this difference, we fabricated a bilayer hydrogel with a soft cartilage-

like layer overlaying a stiff bone-like layer. Because cells encapsulated in a 3D hydrogel, including 

bone cells, require soft and degradable hydrogels to form 3D interconnected cellular networks,53 

we introduced a stiff 3D-printed hydrogel structure into the bone layer to increase its composite 

modulus while maintaining a soft cellular niche. We designed the geometry of the 3D-printed 

structure to consist of vertical pillars which serve as stiff reinforcements to bear load, control strain 

and protect the cells within the cellular niche.54 Rather than mimicking the modulus of bone, which 

is difficult to achieve in a 3D printed polymeric scaffold, we aimed to recapitulate the level of 

strain in bone with this osteochondral model. Discussed below are four aspects of this 

osteochondral model for the study of osteocyte mechanobiology: (1) fabrication of a bilayer 

hydrogel, (2) calculation of strain in each layer, (3) demonstration of osteocyte differentiation and 

bone matrix deposition, and (4) demonstration that loading induces an osteocyte response. 

The bilayer composite was fabricated from poly(ethylene glycol) (PEG)-based hydrogels 

whose formulations were chosen to achieve functional differences in moduli that approach those 

of osteochondral tissues (Figure 5.1B). The 3D-printed structure was fabricated using 

stereolithography and a PEG diacrylate resin whose material compressive modulus was 31.1 (1.2) 

MPa (i.e., mean (SD)). This 3D-printed PEG structure was chosen for its stiff mechanical 

properties, hydrophilicity, and cytocompatibility.54,55 The 3D-printed structure was infilled with 

IDG-SW3 osteocytes encapsulated in a soft and degradable PEG hydrogel that supports osteocyte 

differentiation.56 PEG was chosen as the base synthetic chemistry for it tunability, 
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cytocompatibility, and ease of modifying with groups (e.g. norbornenes) that participate in thiol-

ene click reactions and allow for facile incorporation of peptides (e.g. RGD) and peptide 

crosslinks. The hydrogel was made with crosslinks of matrix-metalloproteinase (MMP) sensitive 

peptides to enable cell-mediated degradation and tethered with RGD peptides to facilitate cell-

hydrogel interactions. Over 35 days of static culture, the soft hydrogel supported cell viability 

(Figure 5.1C with live cells stained green by Calcein-AM and Figure 7.7) with dead cells stained 

red with ethidium homodimer) and cellular spreading (Figure 5.1C) with dendrite-like protrusions. 

The latter is important for creating an interconnected cellular system, known in bone as the 

lacunocanalicular network.4 Some cell aggregation was observed, which is likely to have occurred 

prior to the encapsulation process,57 but did not adversely affect cell viability. The compressive 

modulus of the acellular MMP-sensitive hydrogel was 8.8 (0.4) kPa, and after 35 days of 

differentiation the cell-laden hydrogel was 2.2 (0.2) kPa. The softer cell-laden hydrogel is 

attributed to several effects. At the time of encapsulation, cells can sequester crosslinker molecules 

prior to polymerization which lowers the effective crosslink density and hence stiffness.58 After 

encapsulation, secretion of MMPs can lead to rapid degradation of the hydrogel before the cells 

have time to differentiate and deposit their own ECM.57,59 The modulus of the 3D-printed structure 

infilled with the soft hydrogel (i.e. the bone layer shown in Figure 5.1B) was 2.4 (0.5) MPa. The 

cartilage layer was made from a PEG hydrogel containing non-degradable PEG-dithiol 

crosslinkers and a modulus of 2.9 (0.4) kPa.  
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Figure 5.1 A bilayer composite hydrogel was designed to mimic the osteochondral unit and 
achieve near-physiological levels of strain in the bone layer. (A) Representative healthy human 
osteochondral tissue stained with Safranin-O Fast Green. (B) Schematic of the bilayer composite 
hydrogel. The cartilage layer is comprised of a soft, acellular, non-degradable hydrogel. An 
enlarged section shows the different components of the bone layer: IDG-SW3 cells (purple) 
encapsulated in a soft, MMP-degradable hydrogel, which is a continuous matrix infill of the 3D-
printed pillar scaffold structure. (C) Representative images of live cells stained green by Calcein-
AM, scale bar is 50 μm. Arrows denote dendrite-like cellular protrusions. (D) Schematic of the 
strain in each layer with an applied strain. (E) Cartilage and (F) bone layer strain as a function of 
applied strain (n=4). 

 

We applied Hooke’s Law to determine the relative transfer of strain to each layer when the 

bilayer composite is subjected to an applied compressive strain (Figure 5.1D). The strain in the 

cartilage layer was approximately twice the applied strain (Figure 5.1E): 20% applied strain 

resulted in 40 (0.012) % strain in the cartilage layer (Table 7.2). In contrast, strain in the bone layer 
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was minimal compared to the applied strain (Figure 5.1F): 20% applied strain resulted in 0.066 

(0.012) % strain in the bone layer (Table 7.2). We applied strains of 5, 10, or 20% and in each 

case, the cartilage layer took on > 99% of the applied strain while strain in the bone layer was 

consistently ≤ 0.08%. These results confirm near-physiological strains were achieved within the 

bone layer.  

We evaluated two requirements of the cellular niche within this bilayer composite: mature 

osteocyte differentiation and bone matrix deposition. The IDG-SW3 cell line was derived from 

murine long bone chips and was chosen for the ability to differentiate from osteoblasts to late 

osteocytes and deposit a mineralized collagen matrix.60 Over a 35-day static culture (Figure 5.2A), 

IDG-SW3 cells differentiated from osteoblasts to osteocytes. Connexin 43 was observed by 

punctate staining in the hydrogel (Figure 5.2B), which is consistent with connexin 43 staining in 

a 2D culture control (Figure 5.2C) and typical for connexin 43 (negative control images included 

in Figure 7.8).61,62 Connexin 43 comprises hemichannels and gap junctions along the cell 

membrane and is essential for osteocyte function, survival, and differentiation.63–65 Concomitant, 

normalized expression (NE) of osteocyte-related genes Dmp1 and Sost, as measured by qPCR, 

increased over culture time (Figure 5.2D). DMP1 plays a role in hydroxyapatite formation and 

lacunocanalicular formation5 and marks the beginning of the osteoblast to osteocyte transition.60,66–

68 Sclerostin (encoded by Sost), expressed by mature osteocytes, regulates osteoblast-mediated 

bone formation.5,69The NE of Dmp1 and Sost at day 35 was significantly higher than both day 0 

pre-encapsulated cells (Dmp1: p = 0.002, Sost: p = 0.009) and day 1 encapsulated cells (Dmp1: p 

= 0.002, Sost: p = 0.022). Collectively, these results indicate that the statically-cultured IDG-SW3 

cells in the bone layer differentiated toward a mature osteocyte phenotype.  
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Figure 5.2: IDG-SW3 cells differentiated towards mature osteocytes and deposited bone 
matrix within the bilayer composite hydrogel. (A) Study design and corresponding assays at 
each time point. (B-C) Representative confocal microscopy images of Connexin 43 (red, denoted 
with arrows) counterstained with DAPI for nuclei (blue) on (B) day 35 within hydrogel by 
immunohistochemistry and (C) day 3 on collagen type I coated glass dish by 
immunocytochemistry, scale bar = 20 μm. (D) Normalized gene expression (to Day 0) of 
osteocyte-marker genes Dmp1 and Sost on Days 0 (pre-encapsulated cells), 1, and 35 (n=3). (E) 
Photograph of bilayer composite at Day 35 depicting a translucent cartilage layer and opaque bone 
layer. (F) Representative 3D X-Ray Microscope (XRM) images show mineralization (black) on 
days 14 and 35. At day 1, there was no detectable mineral content and hence an image was not 
included. (G) Volume fraction of mineral content from the XRM images (n=3). (H-K) 
Representative images of day 35 Glycol methacrylate-embedded sections stained with von Kossa 
for mineralization (black) (H-I) and for collagen type I (red) and counterstained with DAPI for 
nuclei (blue) (J-K). Scale bar = 100 μm (H, J), 20 μm (I), 10 μm (K). In (H) and (J) 3D-printed 
pillar regions are outlined with dotted circles. Symbols denote significance from post hoc Tukey’s 
test (D) or two-sided t-test (G): * p<0.05; **p<0.01; ***p<0.001. 
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The deposition of bone matrix by the encapsulated osteocytes was also assessed after 35 

days of differentiation in static culture. Matrix deposition was limited to the bottom layer, as 

evidenced by opaque coloration in images of the bilayer composite on day 35 (Figure 5.2E). 

Organic and inorganic components comprise bone matrix: the organic component includes mostly 

collagen type I while the inorganic component includes predominantly hydroxyapatite crystals, 

which are initially deposited as amorphous calcium phosphate.47 The collagen serves as the 

organizational backbone for mineralization, following nucleation,70 and binding71–73 of 

hydroxyapatite crystals. We therefore assessed bone matrix deposition by 3D X-Ray microscopy 

(XRM) imaging and staining for calcium and collagen type I deposits in the bottom layer. XRM 

confirmed no detectable mineral content in the cartilage layer at any time point or in the bone layer 

on day 1. However, mineral was present through the bone layer by day 14 and further increased 

on day 35 (Figure 5.2F-G). The 3D printed pillars were visible by an absence of mineralization. 

Minimal difference was observed in the spatial distribution of deposited mineral, which suggests 

that the cellular-mediated mineral deposition was unimpacted by the 3D-printed structure. Calcium 

deposition was further confirmed by von Kossa staining of sections from glycol methacrylate 

(GMA)-embedded samples (Figure 5.2H-I). Collagen type 1 deposition was confirmed by 

immunohistochemical staining of sections from GMA-embedded samples (Figure 5.2J-K). GMA 

embedding limited extracellular staining; yet the positive staining for calcium and collagen type I 

within intracellular regions confirmed that the osteocytes produced bone matrix. Taken together, 

the bone layer of the composite hydrogel promoted both osteocyte differentiation and deposition 

of mineralized and collagenous matrix.  

We next assessed the effect of loading on the osteocyte response by compressing the 

bilayer composite at varying applied strains (0, 5, 10, 20%) and frequencies (0.5, 1, 2 Hz) (Figure 
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5.3A). To determine whether osteocytes could sense and respond to an applied load in the 3D 

model, prostaglandin E2 (PGE2) was chosen as a measure of osteocyte response. PGE2 is rapidly 

secreted by osteocytes, on the order of minutes,74,75 in response to a mechanical stimulus (e.g., 

fluid flow74,76 and compression77). Herein, PGE2 was measured in the culture medium immediately 

after on hour of loading. Bilayer composite hydrogels were cultured between 35-43 days to first 

establish a bone matrix and mature osteocytes within the cellular niche. Then, on the final day of 

culture, hydrogels were dynamically loaded in a bioreactor for one hour. PGE2 levels released into 

the culture medium immediately after loading were affected (p < 0.0001) by loading group (Figure 

5.3B). We did not investigate loading of the infill hydrogel alone (i.e., without the stiff structure) 

due to its low modulus, which when placed in the bioreactor will lead to high tare strains imparted 

by the weight of the loading platens. All loading groups showed higher (p < 0.05) PGE2 levels 

when compared to the unloaded group. Pair-wise comparisons between loading groups revealed 

several interesting findings. There was no significant effect of strain for comparisons within the 

same frequency. Here, bone layer strains were 0.033% and 0.066% (Table 7.2) for applied strains 

of 10 and 20%, respectively. This suggests that a difference in strain of 0.033% experienced by 

the osteocytes was insufficient to further influence PGE2 levels. However, there were differences 

with loading frequencies. PGE2 levels increased from 1 to 2 Hz frequency at both 10% (p < 0.0001) 

and 20% (p = 0.0003) applied strain. But an opposite effect was observed where PGE2 levels 

decreased with increased frequency from 0.5 Hz to 1 Hz at 20% applied strain (p = 0.0013). These 

findings suggest that in this culture system and with IDG-SW3 cells, the osteocyte PGE2 response 

is more sensitive to loading frequency than strain magnitude. 

We next added an inhibitor of COX2, NS-398, which is required for PGE2 synthesis,78 to 

evaluate load-induced osteocyte synthesis of PGE2 (Figure 5.3C). NS-398 was added to the media 
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in the unloaded control and for the condition with the highest PGE2 concentration (10% strain, 2 

Hz). In the absence of loading, osteocytes secreted low levels of PGE2, which was further reduced 

(p = 0.001) by NS-398. NS-398 treatment abrogated (p = 0.0002) the load-induced PGE2 levels, 

bringing the levels lower than the control samples without NS-398 (p < 0.05). These findings 

confirm that dynamic compressive loading, when applied to this composite hydrogel, induced 

PGE2 synthesis by osteocytes. 

 

Figure 5.3 Osteocytes could sense and respond to loading within the bilayer composite 
hydrogel. (A) Experimental loading regimes. (B) PGE2 concentration in the media directly after 
loading as a function of applied strain, frequency, and applied strain rate. Outliers were removed 
and experimental sample size of all groups was 6, except for the 20% applied strain/1 Hz frequency 
condition which represents a sample size of 12. Symbols denote significance of post hoc Tukey’s 
test: # compared to unloaded condition; * between strain-matched or frequency-matched 
conditions. (C) PGE2 in the media was analyzed directly after loading (n=5) or in unloaded controls 
(n=3) with or without NS-398, a COX2 inhibitor. Symbols denote significance of post hoc Tukey’s 
test: # compared to unloaded -NS-398, * compared to unloaded +NS-398; % between NS-398 
treatment within the same loading condition. Significance levels: one symbol p<0.05; two symbols 
p<0.01; three symbols p<0.001. 
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While dynamic loading frequency elicited an osteocyte response via PGE2 production, the 

magnitude of applied strain had no effect. The applied strains that are translated to the bone layer 

are small, which is consistent with in vitro 2D studies that show bone cells are unaffected by 

cellular strains less than 0.5%.79 Yet, tissue-level strains within bone range from 0.001-0.3% and 

rarely exceed 0.2%.14 When bone is strained, fluid moves through the lacunocanalicular system 

and the elements that tether osteocytes to the canalicular walls are subjected to tension. This 

process amplifies the tissue-level strains on the cell’s cytoskeleton by 10-100 fold.11 Strain-

amplification also occurs due to the softer pericellular matrix that surrounds osteocytes in vivo, 

where strain increases by 1.4-2.7×.80 Thus, we postulate that osteocytes sense strain-induced 

mechanical cues when the environment leads to cellular strain amplification. In this study, we 

surmise that the effects dominated by frequency may be in part due to fluid flow-induced cellular 

strain amplification that occurs as fluid moves through the soft hydrogel and adjacent to the 

embedded osteocytes. Although the exact mechanisms remain to be determined, findings from this 

study indicate that osteocytes are more sensitive to fluid flow than physiologically relevant tissue-

level strains, which is in agreement with computational models11,81,82 and in vitro experiments11,83. 

Our findings also suggest that the bilayer composite hydrogel can generate fluid-induced 

flow in the bone layer despite the low strains that are transferred to the hydrogel. Increases in 

frequency during unconfined compression of cartilage amplify the velocity of interstitial fluid.84 

In our system, unconfined compression of the bilayer composite generated large strains (~10-40%) 

in the cartilage layer. As the cartilage layer hydrogel contains 98% water and PEG hydrogels 

exhibit poroelastic behavior,85–87 fluid movement in the cartilage layer will be, in part, forced 

downward and into the bone layer when compressed.38 This phenomenon is similar to fluid 

movement across the osteochondral interface between articular cartilage and subchondral bone 
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when the unit is compressed.8 We expect the magnitude of fluid flow to be relatively low within 

the hydrogel (e.g.,  1-10 nm second-138) based on previous computational modeling of bilayer 

hydrogels where the bone layer underwent ~1% strain. Contrarily, lacunocanalicular flow in bone 

is predicted to have velocities of ~300 nm second-1.88 This, in combination with the finding that 

strains did not affect load-induced PGE2 synthesis by osteocytes, further points to the hypothesis 

that our 3D model may enable cellular strain amplification when subjected to frequency-induced 

small changes in fluid flow. While fluid flow magnitudes are difficult to determine, future studies 

will utilize experiments and computational modeling to evaluate this complex loading 

environment.  

In conclusion, this study presents a new 3D model of the osteochondral unit to study the 

effects of simulated in vivo loading on osteocytes. Near-physiological levels of strain were 

achieved in the bone layer of the composite hydrogel. Further, the model induced an osteocyte 

response that was frequency, but not strain, dependent; we attribute the cellular response to altered 

fluid flow and possibly cellular strain amplification, which is observed in vivo. Our model will 

empower in vitro studies of osteocytes in a highly controlled system that mimics the mechanical 

environment of the osteochondral unit’s subchondral bone plate. While this study used an MMP-

sensitive PEG hydrogel, other hydrogels that support osteocyte differentiation could readily be 

infilled into the stiff 3D-printed structure and attain near-physiological levels of strain in the bone-

like layer. Other environmental considerations that are known to influence osteocytes could be 

studied within this model, which include pH,89 oxygen tension,90 drug treatment,91 hormone 

levels,92,93 or inflammatory mediators.94 Further, this unique model may generate new insights into 

the osteocyte’s role in propagating osteoarthritis progression in response to the changes in fluid 

flow.7,8 Even further, chondrocytes can be encapsulated the top layer and osteocyte-chondrocyte 
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crosstalk—a key part of osteochondral homeostasis and degeneration—can be investigated under 

different loading or inflammatory environments. 

5.3 Experimental Section 

Details of all methods are provided in the Supporting Information and all materials used 

are provided in Table 7.3. A custom-built stereolithography system54 was used to 3D-print the stiff 

structure (Figure 7.9). A rectangular structure (3 mm x 3 mm x 1.5 mm) was designed with an 

array of 250 μm diameter pillars occupying 25% of the volume and resulting in a 75% void volume. 

A lattice on top and bottom connects the pillars and allows fluid flow between the layers. The resin 

was comprised of poly(ethylene glycol) diacrylate (700 g/mol) and pentaerythritol tetrakis(3-

ercaptopropionate) mixed at a ratio of 99:1 by weight with 2-(2-hydroxyphenyl)-benzotriazole 

derivative (10 mg ml-1, Tinuvin CarboProtect), Diphenyl-(2,4,6-trimethylbenzoyl)phosphine 

oxide (0.05 wt%, TPO) as a photoinitiator, and  2,20-Azobis(2-methylpropionitrile) (0.56 mg ml-

1, AIBN) for thermal post-curing. The structure was printed in 10 μm thick layers and each layer 

was exposed to 405 nm light for 12 seconds at an average intensity of 76 mW cm-2. Post-printing, 

structures were briefly washed in 100% ethanol to remove the resin and then placed in an oven at 

a temperature of 105˚C under vacuum for 1 hour. The structures were soaked in 100% ethanol for 

72 hours to remove any unreacted monomers within the material and then sterilized in 70% ethanol 

for 48 hours.   

The bilayer hydrogel was fabricated by first infilling the 3D-printed structure with the 

MMP-sensitive cellular hydrogel containing IDG-SW3 cells (at a concentration of 80x106 cells 

ml-1 of hydrogel precursor) and then forming an overlying acellular layer using established 

protocols.95 The compressive modulus values were obtained by testing cylindrical samples in 

unconfined compression.56 Throughout static culture, samples were stained using a Live/Dead 
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assay (Calcein-AM and ethidium homodimer) and imaged using confocal microscopy.56 After 35 

days of culture, samples were collected for: immunohistochemical and histological staining for 

connexin 43, collagen type I, and calcium96; RNA extraction and qPCR analysis; X-Ray 

Microscope imaging of mineralization; and dynamic loading using a custom bioreactor.97–100 After 

loading, PGE2 in the media was measured using a standard ELISA. Data were analyzed for 

statistical significance using either a two-tailed t-test (mineral fraction) or a one- or two-way 

analysis of variance followed by Tukey’s post hoc analysis (α = 0.05). Data are presented as mean 

(standard deviation) in the text, while graphical results are presented as box plots or as a mean 

with standard deviations as error bars. 
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5.6 Supplementary Methods 

5.6.1 Infilling Support Structure to Form a Bilayer Hydrogel 

The bilayer hydrogel was fabricated by first infilling the 3D-printed structure with the 

MMP-sensitive cellular hydrogel containing IDG-SW3 cells, and then forming an acellular layer 

on top, using established protocols.1 The cellular and acellular hydrogels were formed from 

precursor solutions of 8-arm PEG-norbornene, synthesized from 8-arm PEG amine following 
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established protocols.2 The precursor solution for the cellular hydrogel consisted of PEG-

norbornene (6.5% w/w, 20k MW), MMP-sensitive crosslinker containing the peptide sequence 

GCGPLG-LWARCG at a 0.65 thiol:ene ratio, CRGDS (2mM), and photoinitiator, 1-(4-(2- 

Hydroxyethoxy)-phenyl)-2-hydroxy-2-methyl-1-propane-1-one (0.05% w/w I2959) in phosphate-

buffered saline (PBS). Murine IDG-SW3 cells were suspended in the precursor solution (80x106 

cells ml-1). A volume of 33 μl of the cell-laden precursor solution was infilled into the scaffold 

structure in a 1ml syringe-mold and was polymerized for 8 minutes with 352 nm light at 5–10 mW 

cm-2. The precursor solution for the acellular hydrogel consisted of PEG-norbornene (2% w/w 10k 

MW), PEG-dithiol crosslinker (3.4k MW) at a 1 thiol:ene ratio, and I2959 photoinitiator (0.05% 

w/w) in PBS. A volume of 44 μl of the precursor solution was deposited on top the 3D printed 

structure with the infilled polymerized cellular layer and then photopolymerized for 5 minutes as 

described above. After polymerization, bilayer composite hydrogels were cultured at 37˚C with 

5% CO2 in osteogenic medium consisting of Modified Essential Medium (MEM) α containing L-

glutamine and deoxyribonucleosides supplemented with FBS (10%), ascorbic acid (50 mg ml-1), 

β-glycerophosphate (4 mM), and penicillin/streptomycin (1%).  

On days 1, 14, and 35 of culture, samples (n = 3) were removed from culture and stained 

using a Live/Dead assay. Samples were incubated with Calcein AM (4 μM) for 20 minutes and 

eithidium homodimer (2 μM) for 10 minutes and immediately imaged by confocal microscopy 

(Zeiss LSM 5 Pascal system using a Zeiss Axiovert microscope). 

5.6.2 Mechanical Characterization 

The cellular and acellular hydrogel components of the bilayer composite hydrogel were 

mechanically tested using a Mechanical Testing Insight II to obtain the bulk true compressive 

modulus. Hydrogels of 3 mm diameter by 3 mm height were made for both the acellular (n = 3) 
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and cellular MMP-degradable (n = 5) hydrogels. The cellular hydrogels were cultured for 35 days 

before compression testing. Testing was performed using a 2N load cell with the top platen out-

of-contact with the hydrogel and then a constant displacement rate of 1.2 mm min-1 until an 

approximate 50% strain (based on the initial height of the hydrogel) was reached. The point of 

contact was determined using MATLAB. The true compressive modulus was calculated from the 

slope of the linear region of the true stress-strain curve between 10 and 15% strain. The 3D-printed 

infilled (n = 6) structures were tested with a 5N load cell and a 0.25 N pre-load to calculate the 

height of the structure. The true compressive modulus was calculated from the linear portion of 

the true stress-strain curve up until buckling. Any structures that had visible pillar misalignment 

(i.e. pillars at an angle) were excluded from the analysis. To test the modulus of the 3D-printed 

resin, single pillars were printed, tested, and analyzed in the same way as the entire structure (n = 

7). Every sample was tested in unconfined compression and in its swollen state.  

5.6.3 Assessment of Matrix Deposition using Histology and X-Ray Microscope Imaging 

 Samples were removed from culture and fixed in 4% paraformaldehyde (PFA) for 24 hours 

at 4˚C. Histology samples (n = 3) from Days 1 and 35 were embedded in glycol methacrylate using 

the Technovit 7100 kit. Sections (5 μm) were stained for Collagen I and Connexin 43 and 

counterstained with DAPI using established immunohistochemistry (IHC) protocols. Sections (5 

μm) were also stained by von Kossa to identify calcium deposits using established protocols.3 

Collagen I and Connexin 43 stained sections were imaged using a Nikon A1R Confocal System 

and the von Kossa stained sections were imaged using a light microscope (Zeiss Axioskop 40) 

with a digital camera (Diagnostic Instruments, MN 14.2 Color Mosaic). Following fixation, nano-

CT samples (n = 3) from days 1, 14, and 35 were imaged using a Zeiss Xradia 520 Versa X-Ray 

Microscope (XRM). Each sample was scanned with a 4x objective, LE3 filter, and power and 
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voltage settings of 3 W and 40 kV, respectively. The pixel size of the scans was 4.17 μm. Images 

were analyzed using Dragonfly Pro and segmented using Otsu methods. The volume fraction of 

mineral content was calculated by determining the volume of mineral particles in each sample and 

normalized to the sample size. The total volume of each sample was not affected by time (Figure 

7.10). 

 2D control samples were seeded with IDG-SW3 cells at a concentration of 20,000 cells 

cm-2 on collagen type I-coated glass-bottom petri dishes. Cells were cultured up to 3 days in 

osteogenic medium and fixed in 4% PFA for 20 minutes at room temperature. Samples were 

stained for collagen type I and DAPI using established immunocytochemistry protocols and 

imaged using a Nikon A1R Confocal System. 

5.6.4 Gene Expression 

RNA was extracted from samples (n = 3) via tissue homogenization and the miRNeasy 

Mini Kit, and reverse transcribed into cDNA using a High Capacity cDNA Reverse Transcription 

Kit. Quantitative real-time polymerase chain reaction (RT-qPCR) using custom primers (Table 

7.4) was conducted using SYBR Green Master Mix.  

Gene expression was analyzed using the true efficiency following the Pfaffl method,4 

normalized to the housekeeping gene L32 to obtain the relative expression, and normalized to the 

day 0 pre-encapsulated cells for normalized expression (NE).  

5.6.5 Mechanical Loading using a Custom Bioreactor 

A custom bioreactor was used to compress bilayer hydrogels during culture.5–8 After a 

differentiation period (35-43 days), each sample (n = 5-6) was loaded for 1 hour at 5, 10, or 20 % 

applied strain with a frequency of 0.5, 1, or 2 Hz (Figure 5.3) with or without NS-398 (5 μM), a 

cyclooxygenase 2 (COX2) inhibitor. A baseline unloaded group (n = 3) was included as a control. 



160 
 

Directly after the 1 hour of loading, samples were removed from the bioreactor, and 200 μl of 

media was removed from each well for PGE2 analysis using a standard ELISA kit. There was no 

significant effect of day (35 vs. 43, p = 1 for unloaded, p = 0.963 for 20%, 1 Hz) between the 

repeated measures (Figure 7.11); thus, all samples were graphed and statistically analyzed 

together. 

5.6.6 Statistical Analysis 

Statistics was performed using JMP Pro 14.1.0. To analyze the effect of time on gene 

expression, a one-way analysis of variance (ANOVA) was run with the effect of time. Post-hoc 

Tukey’s test was used. For this analysis, distribution was confirmed to be normal, but sample size 

was small (n=3) and variances were not always equal. To analyze the effect of time on the volume 

fraction of mineral, the two-tailed t-test was used. To analyze the cellular release of PGE2 as a 

function of loading, the PGE2 concentration data was log-transformed to meet the normal 

distribution criteria. A one-way ANOVA was run with the effect of loading regime, and the data 

was confirmed to have homogeneous variance. Post-hoc analysis was performed using Tukey’s 

test to compare pairs, and significant p-values between loading regimes that share common loading 

condition (i.e. strain or frequency) are shown in the figure. To analyze the effect of loading and 

NS-398 on PGE2 release, the interaction term was significant of the two-way ANOVA and thus 

single effects were analyzed with post-hoc analysis using Tukey’s test if the single effect was 

significant. The data from the loading experiment with NS-398 was confirmed to have 

homogeneous variance and normal distribution.  
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6.1 Significance 

Osteocytes are difficult to study in vivo and in vitro. In vivo, osteocytes are entombed 

within the heavily mineralized matrix of bone. Additionally, we lack a transgenic mouse model 

that specifically targets osteocytes without negative side effects.1,2 Therefore, most of our current 

understanding of osteocyte mechanobiology and signaling is from in vitro culture. In vitro, primary 

osteocytes de-differentiate into osteoblasts when cultured in 2D.3 Additionally, I showed in 

Chapter 4 that cells from one osteocyte-like cell line, IDG-SW3, upregulate the gene Sost (which 

is indicative of mature osteocyte differentiation) 5-fold in 2D culture and 465-fold in the 3D 

hydrogel after 35 days (compared to day 0). The 5-fold increase in Sost expression in 2D aligns 

with previous work by others culturing IDG-SW3 cells in 2D.4 In Chapter 3, I showed a similar 

result with Sost expression using the OCY454 cell line: in 2D there was no significant change in 

expression, but culturing these osteocyte-like cells in 3D upregulated Sost expression by 120-fold 

(compared to day 0). This work showed that although osteocyte-like cell lines differentiate to some 

extent in 2D, a 3D environment may be necessary to achieve mature osteocyte differentiation in 

vitro.  

In Chapter 4, I showed that the dimensionality (2D vs. 3D), which significantly affects 

differentiation, also significantly impacts the osteocyte response to a common signaling molecule 

in response to mechanical loading, Prostaglandin E2 (PGE2). To date, most in vitro studies of 

osteocyte PGE2 signaling have largely used in vitro, 2D cultures of either osteoblasts5–15 or MLO-

Y4 osteocyte-like cells.5,13,16–19 I showed that the IDG-SW3 cells cultured in 3D express gene 

markers for anabolic signaling, a well-documented response to PGE2 in bone.20,21 This same 

6. Conclusions and Future Directions 
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anabolic response was not observed in 2D. Further, I showed that the gene expression for all four 

PGE2 cell-surface receptors, EP1-4, (Ptger1, Ptger2, Ptger3, Ptger4) were upregulated in 3D as 

compared to 2D. Previous studies showed that neither Ptger1 nor Ptger3 were detectable in 2D 

cultures of osteoblasts.8 These findings indicate that gene expression levels for the EP receptors 

may be regulated by the environment (2D vs. 3D) or may increase as osteoblasts differentiate to 

early and mature osteocytes. Additionally, all four EP receptor genes decreased in 3D when treated 

with PGE2, but not in 2D (Chapter 4). In an earlier study, MLO-Y4 cells cultured in 2D showed 

no change in Ptger1, Ptger3, and Ptger 4, but an increase in Ptger2 expression after 24 hours of 

treatment with equivalent PGE2 as I used.22 It is likely that the PGE2-induced reduction of Ptger 

gene expression only in 3D in Chapter 4 is a combined effect of the difference in initial Ptger 

levels and stage of osteocyte differentiation between 3D and 2D. Together, these findings indicate 

that studying osteocyte signaling in response to PGE2 in 2D cultures yields different results than 

3D cultures. It is likely that other signaling molecules that play a role in osteocyte mechanobiology, 

such as Wnt, influence the osteocyte anabolic response differently between 2D and 3D. Since the 

3D cultures support mature osteocytes to a greater extent than the 2D cultures, in vitro studies of 

osteocyte signaling appear to require growth in 3D environments to mimic a mature osteocyte 

response.  

Several groups have recently developed promising 3D culture systems that improve mature 

osteocyte differentiation and incorporate aspects of mechanical loading in 3D.23–29 Most of these 

3D cultures use collagen gels or mineral beads as a scaffold to mimic a certain characteristic of 

the in vivo bone matrix. Yet, these types of 3D scaffolds are subject to lack of tunability. This 

dissertation develops a 3D osteocyte culture system that enhances osteocyte differentiation using 

a poly(ethylene glycol) (PEG) hydrogel. Utilizing the tunability of the PEG hydrogel, I 
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incorporated degradable crosslinks, which increased osteocyte differentiation and bone matrix 

deposition, and were necessary for dendrite formation (Chapters 2.4 and 3.4). Incorporating TGF-

β3, collagen type I, hydroxyapatite, and RGD into the degradable PEG network and culturing in 

chemically defined medium further increased dendrite formation and mature osteocyte 

differentiation (Chapter 3.4). This is the first PEG hydrogel-based 3D scaffold that has been 

developed that achieves mature osteocyte differentiation and dendrite formation.  

To mimic the mechanical environment of subchondral bone, I incorporated the degradable 

PEG hydrogel into a bilayer composite design that uses a stiff, 3D-printed scaffold to control the 

strains in the bone layer. I incorporated an acellular, soft cartilage-like layer to mimic the elastic 

modulus mismatch between articular cartilage and subchondral bone within the osteochondral unit. 

When loaded in compression, this model achieved physiologically relevant strains (i.e., 0.001-

0.3%)30,31 and interstitial fluid flow in the subchondral bone layer. Together, this work developed 

a 3D, ex vivo model of subchondral bone.   

The utility of this system is extensive. Different growth factors, proteoglycans, or proteins 

could be tethered to the PEG network to investigate their impact on osteocyte differentiation or 

dendrite extension. Osteocyte signaling mechanisms due to inflammatory mediators or increased 

fluid flow during osteoarthritic degeneration could be investigated. Understanding the role that 

osteocytes play in osteoarthritis progression could inform new drug treatments to treat or slow the 

disease. Since bone is an endocrine organ in its ability to regulate phosphate levels, osteocytes in 

this hydrogel could be treated with different hormones or drugs; the osteocyte response could 

inform how endocrine signaling affects bone metabolism.  
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6.2 Major Conclusions 

Osteocyte differentiation is enhanced in 3D PEG hydrogels as compared to collagen-coated 

2D tissue culture polystyrene. In this dissertation, IDG-SW3 and OCY454 cells were used and 

both cell lines showed increased osteocyte markers such as Dmp1, Phex, and Sost after extended 

culture in 3D (Chapter 2-4). Additionally, the osteocyte response to Prostaglandin E2 (PGE2) is 

affected by dimensionality (2D vs. 3D). The anabolic response in 3D was not observed in 2D. 

Also, in 3D the gene expression for all EP receptors decreases, which is a response that is not seen 

in 2D (Chapter 4). We also showed that Tnfsf11 (gene encoding the regulatory protein Receptor 

activator of nuclear factor kappa-β ligand, RANKL) is downregulated in mature osteocytes (IDG-

SW3 and OCY454) in response to PGE2 (Chapters 3 and 4). This finding at the gene level is 

opposite to a previous study that cultured osteoblasts in 2D and found that PGE2 treatment 

increased protein levels of RANKL.7 By using an EP4 inhibitor and EP2 and EP4 agonists, we 

showed that the downregulation of Tnfsf11 is mediated by PGE2 binding to EP2 and EP4 (Chapters 

3 and 4). 

Some osteocyte differentiation markers are enhanced in degradable hydrogels as compared 

to non-degradable. OCY454 osteocyte dendrite formation (a morphological indicator of mature 

osteocyte differentiation) requires degradable hydrogels and is further enhanced in hydrogels with 

TGF-β3, RGD, collagen type I, and hydroxyapatite (Chapter 3). IDG-SW3 cells increased 

expression of Dmp1 and Phex (Chapter 2) and OCY454 cells showed increased expression of 

Dmp1 in degradable hydrogels as compared to non-degradable (Chapter 3). Degradable hydrogels 

also enhance bone matrix deposition (collagen type I, mineralization) in IDG-SW3 cells (Chapter 

2). With higher cell densities (i.e., 80 million cells/mL), the total matrix deposition increases, 
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indicating that these cells need a higher cell density to replace hydrogel with neotissue (Chapter 

2).  

A bilayer composite hydrogel was designed to generate bone-level strains and fluid-

induced flow in a bone layer. IDG-SW3 cells encapsulated in a soft, degradable hydrogel was 

infilled into a 3D-printed stiff scaffold. This composite hydrogel created a bone layer that includes: 

(1) a soft, cellular niche that enhances cell spreading, osteocyte differentiation, and bone matrix 

deposition, and (2) a stiff scaffold that controls the strain. I also incorporated a soft, acellular, 

cartilage-like layer on top of the stiff bone layer to mimic the modulus mismatch between articular 

cartilage and subchondral bone. When compressed, the cartilage layer bore ~600x more strain that 

the bone layer, resulting in physiologically relevant strain in the bone layer (i.e., 0.001-0.3%).30,31 

For example, a total strain of 10% or 20% resulted in approximately 0.033% or 0.066% bone layer 

strain and approximately 20% or 40% cartilage layer strain. When I loaded this structure in 

dynamic compression, increasing the strain (i.e., 10% to 20%) had no effect on PGE2 production 

by IDG-SW3 osteocytes. Thus, we concluded that the applied strains that are translated to the bone 

layer are small, which is consistent with in vitro 2D studies that show bone cells are unaffected by 

cellular strains less than 0.5% in vitro.32 Yet, increasing the frequency of loading from 1 to 2 Hz 

increased the PGE2 production. Increases in frequency during unconfined compression of cartilage 

have been shown to amplify the velocity of interstitial fluid.33 In our bilayer system, unconfined 

compression of the total structure generated large strains (~10-40%) in the cartilage layer. The 

cartilage layer hydrogel is 98% water and PEG hydrogels exhibit poroelastic behavior.34–36 Thus, 

when compressed, fluid from the cartilage layer will be, in part, forced downward into the bone 

layer.37 This is similar to fluid movement between articular cartilage and subchondral bone when 

the osteochondral unit is compressed.38 We expect this fluid flow to be relatively low: previous 
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computational modeling of a bilayer hydrogel with higher strains (~1%) predicted low magnitude 

fluid flows in the bone layer (e.g.,  1-10 nm second137). Contrarily, in bone, lacunocanalicular flow 

is predicted flow at ~300 nm second.139 This, in combination with the finding that strains did not 

affect PGE2 synthesis by osteocytes, points to the conclusion that our 3D model may enable 

cellular strain amplification when subjected to frequency-induced small changes in fluid flow. 

6.3 Future Directions 

In this dissertation, I developed a degradable PEG hydrogel that enhances osteocyte 

differentiation, bone matrix deposition, and dendrite formation. This work identified several 

biochemical and physical cues that facilitate dendrite formation, with the goal of developing a 

lacunocanalicular network (LCN) in vitro. Yet, further work is needed to establish a more elaborate 

LCN that is observed in vivo. There are several potential directions including higher collagen 

concentrations. I saw that incorporating 0.1 wt% collagen type I increased some osteocyte 

differentiation markers and dendrite formation. At this low concentration, the collagen likely 

affected the dendrite formation via biochemical signaling rather than as a crosslinker. Higher 

concentrations of collagen could potentially further increase dendrite formation, as the collagen 

may provide a biochemical cue that stimulates osteocyte dendrite formation. Further, increasing 

the hydroxyapatite concentration (beyond the 1 wt% used in this dissertation) may also increase 

osteocyte differentiation or dendrite formation, as it increases osteogenesis in osteoblasts in a 

similar hydrogel model.40 Additionally, investigating the impact of other growth factors, 

proteoglycans, or proteins on dendrite formation may show that osteocytes need other biochemical 

cues for extensive LCN development. For example, perlecan is a proteoglycan that constitutes 

most of the pericellular matrix in bone41 and it may impact osteocyte dendrite formation. Another 

direction could be investigating dendrite extension with higher elastic modulus hydrogels. Other 



168 
 

studies have shown that osteogenic differentiation is enhanced in the 12-20 kPa range.42 In Aim 2, 

the highest initial modulus was 13.3 kPa. Therefore, increasing the modulus to include 20 kPa in 

hydrogels with TGF-β3, collagen I, hydroxyapatite, and RGD as well may increase osteocyte 

differentiation and/or dendrite formation. 

In hydrogels, a high cell density may be required for cell viability and communication in 

vitro due to the small mesh size of the initial polymer network that limits communication until 

degradation occurs. In Chapter 3, I used one cell concentration, 80 million cells/mL to investigate 

dendrite formation with OCY454 cells. Although this cell concentration was shown in Chapter 2 

to increase matrix deposition and elastic modulus over 28 days in IDG-SW3 cells, we never 

investigated the impact of cell density on dendrite formation. In vivo, osteocyte density is 5-6 

million cells/mL in young mice.43 There likely exists a balance between spacing the cells out (to 

achieve longer dendrite formations) and spacing them closer (to allow for early communication 

via cell-mediated degradation of the polymer network). Varying the cell density (e.g., 5, 10, 15, 

20, 50, 80 million cells/mL) may show some tradeoff between cell viability and dendrite extension 

in the PEG hydrogel.  

In Chapter 3, the degradable hydrogels were highly variable in dendrite assessment 

outcomes, depending on the image. For example, in most of the hydrogels with collagen added, 

the minimum and maximum percentage of dendritic cells were 0% and 100%. This indicates that 

the cells were still in the transition period of replacing hydrogel with ECM. Culturing these 

hydrogels longer may eventually result in a more complete LCN development and less (or even 

no) regions with 0% dendritic cells. If attained, this may also produce a more homogenous 

response to PGE2 than we observed in Chapter 3.  
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This dissertation used IDG-SW3 and OCY454 cells which are newer (developed in the last 

6-8 years) osteocyte cell lines that express mature osteocyte markers (e.g., Sost) after extended 

culture. However, in 2019, an even newer cell line was developed: OMGFP66. These cells display 

a highly dendritic morphology that resembles the LCN in 2D.44 Incorporating these cells into the 

PEG hydrogel may yield even more dendritic formations than I achieved with the OCY454 cells. 

Additionally, primary osteocytes may develop a more mature phenotype (differentiation markers 

and dendrite extension) earlier than the OCY454 cells did in this dissertation. Further, if a Sost-

cre mouse is developed, then primary osteocytes (or a cell line derived from the mouse) could 

develop a mature osteocyte phenotype earlier than the OCY454 cells.  

In Chapter 5 of this dissertation, I focused on developing a bilayer design that achieves 

relevant biological and mechanical cues only in the subchondral bone. Now, the system can be 

broadened. For example, incorporating chondrocytes into the top layer would enable investigation 

into chondrocyte-osteocyte crosstalk during osteoarthritis. Alternatively, this design could be used 

to investigate the osteocyte response to any biological treatment when the osteocytes are cultured 

in a 3D environment with physiologically relevant mechanical loading. Static cultures do not 

properly mimic the in vivo mechanical environment where osteocytes are subjected to different 

mechanical cues. Thus, this system could be used to treat osteocytes with hormones, drugs, or 

inflammatory mediators in a physiologically relevant environment with mechanical loading. The 

bilayer scaffold developed in this dissertation uses a pillar design for the stiff scaffold to reinforce 

the bone layer. This design leads to heterogeneity in mechanical loading – some regions likely are 

subjected to low fluid flow whereas some (underneath a hole in the lattice) likely are subjected to 

higher fluid flow. Using a more homogenous design may lead to more uniform fluid flow. One 

idea is to mimic the trabecular structure of bone.  
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Overall, this dissertation focused on developing a 3D culture system for osteocytes, but in 

vivo osteocytes communicate with other cell types such as osteoblasts. To study osteocyte-

osteoblast signaling, a bilayer hydrogel could be made by encapsulating osteocytes in one layer 

and osteoblasts in another layer. A treatment (such as PGE2) could be applied, and the osteocyte 

and osteoblast communication could be assessed. For example, when treating with PGE2, does 

osteocyte production of sclerostin increase, and do the osteoblasts in turn increase collagen 

production and mineralization? If certain ligand receptors (e.g., EP2 or EP4) or intracellular 

signaling mechanisms (e.g., GSK-3β) are inhibited, how does the osteocyte and osteoblast 

response change? Alternatively, osteocytes in the 3D hydrogel could be subjected to mechanical 

loading or PGE2, and the media could be collected and then applied to osteoblast cultures. This 

would investigate the osteocyte-produced anabolic effect on osteoblasts in response to loading or 

PGE2 in a more tightly controlled experiment.  

Finally, if a Sost-transgenic mouse is developed, then further double transgenic mice could 

be used to study osteocyte mechanobiology in vivo. For example, a double Sost-transgenic, EP2-

knockout mouse could investigate the impact of EP2 activation in only osteocytes on bone 

formation or resorption. Current methods do not isolate knockout models to osteocytes alone due 

to the lack of a Sost-transgenic mouse.  
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8.1 Supplementary Tables 

Table 7.1: Mean and standard deviation (S.D.) elastic modulus values for each hydrogel condition 
after 1 and 21 days of culture. The elastic modulus was calculated from the true-stress, true-strain 
curve. 

 Day 1 Elastic 
Modulus (kPa) 

Day 21 Elastic 
Modulus (kPa) 

Condition Mean S.D. Mean S.D. 

ND 2.5 0.1 4.1 0.7 

P1-11-RGD 6.6 0.2 17.3 9.3 

P1-14-RGD 10.0 0.8 8.1 1.3 

P1-11-COL 7.8 0.4 7.3 1.6 

P1-14-COL 5.3 0.4 3.5 0.8 

P2-11-RGD 9.7 0.9 8.2 3.0 

P2-14-RGD 13.2 0.8 10.9 3.1 

P2-11-COL 7.7 1.7 5.1 0.3 

P2-11-HA 9.9 2.3 7.0 2.2 

 

Table 7.2: Mean strain in the cartilage and bone layers as a function of applied strain used in this 
study. All values are listed at two significant figures.  

Applied 
Strain [%] 

Cartilage Layer 
Strain [%] 

Bone Layer 
Strain [%] 

5 10 0.016 

10 20 0.033 

20 40 0.066 
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Table 7.3: List of materials and suppliers used in this study 

Chemical or Material Supplier 

1920 x 1152 Analog SLM Meadowlark Optics 
2‐(1H‐7‐azabenzotriazol‐1‐yl)‐1,1,3,3‐
tetramethyl uranium hexafluorophosphate 
methanaminium 

Chem‐Impex International, Inc. 

8-arm PEG (10,000g/mol) JenKem 

8-arm PEG (20,000g/mol) JenKem 

AIBN Sigma-Aldrich 

Ascorbic Acid Sigma-Aldrich 

Calcein AM Corning 

CRGDS GenScript 

Custom Primers Invitrogen 

DAPI Life Technologies 

Dichloromethane Sigma-Aldrich 

Diethyl Ether Cole-Parmer 

Dimethylformamide Sigma-Aldrich 

Ethidium Homodimer Corning 

Fetal Bovine Serum Atlanta Biologicals 
Goat Anti-Rabbit Secondary Antibody Alexa 
Fluor 568 ThermoFisher 

High Capacity cDNA Reverse Transcription Kit Applied Biosystems 

I2959 BASF Company 

IDG-SW3 Cell Line Kerafast 

miRNeasy Mini Kit Qiagen 

MMP-sensitive crosslinker GenScript 

Modified Essential Medium (MEM) α Gibco 

N,N‐diisopropylethylamine Chem‐Impex International, Inc. 

Paraformaldehyde Sigma-Aldrich 

PEGDA 700 Sigma-Aldrich 

PEG-dithiol crosslinker Sigma-Aldrich 



215 
 

penicillin/streptomycin Invitrogen 

PETMP Sigma-Aldrich 

PGE2 ELISA kit Cayman Chemical 

Phosphate Buffered Saline Corning 

QIA Shredder Columns Qiagen 

Rabbit Anti-Collagen I Antibody Abcam 

Rabbit Anti-Connexin 43 Antibody Abcam 

Rat-Tail Collagen Type I Sigma-Aldrich 

Recombinant Mouse Interferon-Gamma (INF-γ) Peprotech 

Silver Nitrate Sigma-Aldrich 

SOLIS-405C Thorlabs 

SYBR Green Master Mix Applied Biosystems 

Sylgard 184 PDMS DOW CORNING 

Technovit 7100 kit Electron Microscopy Sciences 

Tinuvin CarboProtect BASF Company 

TPO Sigma-Aldrich 

β-glycerophosphate Sigma-Aldrich 
 

 
Table 7.4: Forward primer, reverse primer, accession number, and calculated efficiency for each 
gene. 

Gene Forward Primer Reverse Primer Accession # Efficiency 

L32 CCATCTGTTTTA 
CGGCATCATG 

TGAACTTCTTGG 
TCCTCTTTTTGA NM_172086 1.91 

Sost GGTGGCAAGCC 
TTCAGGAAT 

GGACACATCTTT 
GGCGTCAT NM_024449.6 1.92 

Dmp1 GCTTCTCTGAGA 
TCCCTCTTCG 

GCGATTCCTCTA 
CCCTCTCT NM_016779.2 1.98 
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8.2 Supplementary Figures 

8.2.1 Chapter 2 Supplementary Figures 

 

Figure 7.1: Confocal images depicting dead cells stained by ethidium homodimer for IDG-SW3 
cells at days 1, 14 and 28 in osteogenic differentiation media encapsulated at low, medium, and 
high cell seeding densities in MMP-sensitive and non-degradable PEG hydrogels. The fluorescent 
red stain was converted to white color to enable visualization of the dead cells. Scale bar is 150 
μm. 
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8.2.2 Chapter 3 Supplementary Figures 

 

Figure 7.2: Representative images of regions showing only spherical cells in each hydrogel 
condition. F-actin was stained with Phalloidin (red) and nuclei were stained with DAPI (blue). 
Images were taken with a 63X objective and are maximum intensity projections of 12 μm depth, 
with 0.6 μm spacing in between slices. Scale bar is 20 μm. 
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Figure 7.3: Number (B) and percentage (C) of dendritic cells per image for each sample (n=5 
images per sample) and condition (n=3 samples per condition). In each image, the number of 
dendritic nuclei was counted (A) and then divided by the total number of nuclei in that image (C). 
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Figure 7.4: Gene expression of Gja1, Ptges, Tnfrsf11b, Tnsfsf11, and Sost was measured in ND-
COL hydrogels after 24-hours of incubation in 1 μM NS-398 or in media alone (untreated). RE 
was normalized to the NS-398 treated samples to obtain the normalized expression (NE). 
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8.2.3 Chapter 4 Supplementary Figures 

 

Figure 7.5: Representative images of samples stained with Calcein AM (live, green) and ethidium 
homodimer (dead, red) on day 1 and 35 of study. Scale bar is 100 μm.  
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Figure 7.6: Gene expression in 2D and 3D after 24 hours of PGE2 treatment with different 
y-axes for 2D and 3D. After 35 days of differentiation, IDG-SW3 cells in 2D (blue) and 3D (red) 
were treated with 0, 5, or 1000 nM of PGE2 for 24 hours. Relative expression levels were 
normalized to the 0nM, 2D condition to obtain the normalized expression (NE). Statistical 
significance was determined by a two-way ANOVA with PGE2 concentration and environment 
(2D vs. 3D) as main effects followed by Tukey’s post hoc. Symbols denote significance (p < 0.05) 
from post hoc Tukey’s test and are color-coded by condition (# for 2D, * for 3D). + symbols denote 
significance from post hoc for condition.  
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8.2.4 Chapter 5 Supplementary Figures 

 

Figure 7.7: Representative images of ethidium homodimer stained samples showing dead cells. 
Scale bar is 50 μm. 

 

 
 

 
 
Figure 7.8:  Representative immunohistochemistry images of negative control (did not receive 
primary antibody) Connexin 43 (red) counterstained with DAPI for nuclei (blue) on (A) day 35 
within hydrogel and (B) day 3 on collagen type I coated glass dish, scale bar = 20 μm.  
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Figure 7.9: The 2D images of the (A) lattice and (B) pillars that were used to print the 3D structure 
using stereolithography. 
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Figure 7.10: Volume of region-of-interest that was analyzed for mineral content from XRM 
images. There was no significant effect of day.  

 

 

 

Figure 7.11: PGE2 concentration in the media directly after loading, colored by day of loading. 
Data are presented as points colored by day (n = 6 for loaded, n=3 for unloaded). P-values 
comparing the effect of day for the same loading condition are shown. 
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